1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2025 April 29.

-, HHS Public Access
«

Published in final edited form as:
Am J Physiol Heart Circ Physiol. 2025 April 01; 328(4): H945-H962. doi:10.1152/ajpheart.00673.2024.

Oxidative stress and pediatric diabetic cardiovascular
complications: emerging research and clinical applications

Saman Saedil”, Yi Tan234" Sara E. Watson?35, Joshua D. Sparks®, Kupper A.
Wintergerst?357, Lu Cai?34.78
1Department of Animal Science, College of Agriculture, Shiraz University, Shiraz, Iran

2Pediatric Research Institute, Department of Pediatrics, University of Louisville School of
Medicine, Louisville, Kentucky, United States

SWendy Novak Diabetes Institute, Norton Children’s Hospital, Louisville, Kentucky, United States

“Department of Pharmacology and Toxicology, University of Louisville School of Medicine,
Louisville, Kentucky, United States

SNorton Children’s Endocrinology, Department of Pediatrics, University of Louisville School of
Medicine, Louisville, Kentucky, United States

5Division of Pediatric Cardiology, Department of Pediatrics, University of Louisville School of
Medicine, Louisville, Kentucky, United States

’Center for Integrative Environmental Health Sciences, University of Louisville School of
Medicine, Louisville, Kentucky, United States

8Department of Radiation Oncology, University of Louisville School of Medicine, Louisville,
Kentucky, United States

Abstract

The prevalence and incidence of diabetes in pediatrics have dramatically increased over the last
three decades. Comparatively, pediatric diabetes has faster pancreatic -cells decline and early
progression to complications compared with adult diabetes. Therefore, diabetic complications

are a major concern in children and adolescents with diabetes. Diabetes has detrimental effects
on the macro- and microvascular systems, resulting in cardiovascular diseases, leading causes

of morbidity and mortality in youth with diabetes. Oxidative stress plays a critical role in
developing cardiovascular complications in the context of pediatric diabetes. In pediatric patients
with diabetes, several factors can contribute to the development of excess reactive oxygen species
and oxidative stress, including nutritional deficiencies, puberty, environmental exposures, and
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metabolic disorders such as obesity and high blood pressure. The present study aims to raise
awareness of diabetic cardiovascular complications in children and adolescents with diabetes and
the role of oxidative stress and their molecular mechanisms in the pathogenesis of cardiovascular
complications. In addition, some novel therapeutic strategies for the treatment and prevention of
diabetic cardiovascular complications in the pediatric populations are highlighted. In summary,
children and adolescents with diabetes no matter type 1 diabetes (T1D) or type 1 diabetes (T2D),
have many features similar to those in adults with same kinds of diabetes, but also have many
their own features distinct from adults. By developing targeted therapies and preventive measures,
healthcare providers can better address the rising incidence of diabetes-related complications in
children and adolescents.

Keywords
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therapeutic strategies

INTRODUCTION

Diabetes is a group of metabolic disorders caused by abnormal carbohydrate metabolism,
insufficient insulin production, and/or insulin resistance resulting from environmental

and genetic components (1). The two most common classifications of diabetes are type

1 diabetes (T1D) and type 2 diabetes (T2D), which have unique pathophysiological
foundations, risk factors, and clinical manifestations (2). Individual metabolic lesions
leading to pancreatic B-cells destruction in patients with diabetes result in an underlying
relative or absolute insulin deficiency in T1D, whereas variable peripheral resistance to
the effects of insulin or insufficient insulin production is seen in T2D (3). Although the
prevalence of diabetes has dramatically increased over the last three decades, the early
diagnosis and classification of diabetes are often difficult in practice (4). According to the
International Diabetes Federation Diabetes Atlas, the global prevalence of diabetes was
536.6 million people aged between 20 and 79 yr in 2021, and this number is expected to
reach 12.2% (783.2 million) by the year 2045 (1). The total estimated cost of diagnosed
diabetes in the United States in 2022 is $412.9 billion, and the cost category analysis showed
that care for people diagnosed with diabetes accounts for 1 in 4 healthcare dollars spent

in the United States, 61% of which are attributable to diabetes. Based on the 2022 data,
this inflation-adjusted direct medical costs of diabetes increased by ~7% from 2017 and
35% from 2012 calculations and will be continually increased in the following decades
(5). The statistics above emphasize the importance of comprehending the mechanisms that
contribute to the diabetes epidemic and the extensive impact it has on healthcare systems and
economies (6).

In addition to the detrimental effects of diabetes on the microvascular system such

as diabetic retinopathy and neuropathy, diabetes also has detrimental effects on the
macrovascular system such as cardiovascular diseases (CVDs), which are the leading
causes of morbidity and mortality in individuals with diabetes (7, 8). CVDs, including
coronary artery disease (CAD), stroke, and peripheral arterial disease (PAD) mostly develop
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in patients with diabetes (9). Cardiovascular complications are also a major concern in
children and adolescents with diabetes, particularly for T1D. This begins early in life, with
a high prevalence of cardiovascular complications in infants of diabetic mothers: 18.7 and
46.9% of which had congenital heart disease and hypertrophic cardiomyopathy (10). A
review has highlighted the T1D as a major risk factor for CVDs, causing both systolic

and diastolic cardiac dysfunction in children (11). In addition, emerging research indicates
that the presence of additional autoimmune diseases, such as celiac disease or Hashimoto’s
thyroiditis, may further increase the risk of cardiovascular complications in young patients
with T1D (12). This risk may be mitigated in part by the use of continuous glucose
monitoring, insulin pumps, and hybrid closed-loop systems, which have been shown to
improve glycemic control and reduce the risk of long-term complications, including CVDs
(13).

Excess production of reactive oxygen species (ROS) or reactive nitrogen species (RNS)
from metabolic abnormalities disorder and altered redox signaling in cells and tissues results
in increased cellular oxidative stress. Oxidative stress plays a critical role in developing
macro- and microvascular complications in pediatric diabetes (14, 15). Oxidative stress
disrupts cellular function in multiple ways including mitochondrial dysfunction, altered
molecular pathways, deregulation in cell cycle control, cell death, inflammation, and
impairment of the antioxidant systems not only in B-cells, leading to its dysfunction or
death but also in the insulin-dependent and insulin-independent peripheral tissues, resulting
in systemic insulin resistance and chronic damage and dysfunction (14, 16, 17). All these
cellular changes lead to the initiation of diabetes and the development of cardiovascular
complications (14-16, 18). Therefore, a better understanding of the underlying mechanisms
by which oxidative stress and associated pathogenic consequences promote cardiovascular
complications in pediatric diabetes is crucial to developing more effective, targeted treatment
strategies beyond just improved glycemic control.

Therefore, the current study will summarize the current status of children and youth with
diabetes and their complications with a focus on the oxidative stress and its association with
pediatric diabetic cardiovascular complications in the research and clinical applications.

To this end, we collected the relevant articles written in English from PubMed and

Google Scholar. Although the search was done without publication year restriction until
January 22, 2025, the selected literature is predominantly from the 2000s to the present
with a focus on new insights and advances, specifically, articles pertaining to oxidative
stress and its potential role in the pediatric diabetic cardiovascular complications, as well
as the implication in the pediatric population. For these ends, the current study used
multiple key words alone or combined in diverse ways. The key words included three

main terms: “pediatric diabetes,” “children with diabetes,” and “youth with diabetes,”

and other secondary key words that included “complications,” “cardiovascular diseases,”
“oxidative stress,” “mechanistic feature,” “insulin signaling,” “therapy or treatment.” In
addition, the current study also followed the link of “similar articles” under certain typical
single publication to trace more relevant articles. All cited articles were ready by more than
three authors, and clinical concepts and conclusions were reviewed and confirmed by the
coauthors in pediatric cardiology and endocrinology.
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DIABETES IN PEDIATRICS: A GROWING CONCERN

Although there is an overlap in the features of cardiovascular complications in adults and
youth with diabetes, it is important to consider the pathophysiology and epidemiology that
are unique to younger patients. This section will discuss certain features of diabetes and its
cardiovascular complications found in children and teenagers with diabetes. The incidence
and prevalence of diabetes vary by gender, age, race, ethnicity, and geographic location

(3). T1D is the most common form of diabetes in youth, although there are more adults
living with and diagnosed with type 1 diabetes (19). The number of children diagnosed with
T1D has also been growing at an annual rate of ~3% (20) in Europe and the United States
(21). Over the past 20 years, the prevalence of T2D in the children and youth population
has also risen worldwide (22), particularly in the United States (23, 24). Most recently,

the coronavirus disease 2019 (COVID-19) pandemic brought increased attention to children
with pre-existing disorders such as diabetes (25) and an increase in the incidence of both
T1D and T2D (26-28).

Updated Prevalence and Incidence of Diabetes in Pediatrics

The overall prevalence of T1D has been gradually rising ~3-5% annually worldwide, with
significant geographic variation (29-32). Historically, a World Health Organization 10-yr
program, Multinational Project for Childhood Diabetes (Diabetes Mondiale or DIAMOND),
investigated and characterized global incidence and mortality for T1D by collecting
population-based data concerning T1D in >90 centers in 50 countries worldwide during
1990-1999 (33). Consequently, this program collected and published data on 75.1 million
children (<14 yr of age) with a total of 19,164 cases identified as having a diagnosed as T1D
(34). In 2006, an updated report included a total of 43,013 cases of T1D out of 84 million
children from 112 centers in 57 countries (32). The overall age-adjusted incidence rates of
T1D varied from 0.1/100,000 in Zunyi, PR China, to 36.5/100,000 (34) or 40.9/100,000 (32)
in Finland, with variations by age and sex, showing slightly higher in boys than in girls

and lowest in children aged 0-4 yr and highest in youths aged 10-14 yr. Similarly, the T1D
incidence of children of 0-14 of age from 1996 to 2022 demonstrated an increasing trend as
26.1/100,000 in a separate Germany study (35) with the similar variations of age and sex to
those in Finland (32, 34).

In North America, the prevalence was relatively high, ranked in the top 10 with 11/100,000
(United States) to the top 6 with 25/100,000 (Canada). Among these populations, the
incidence increased with age and was the highest among children 10-14 yr of age (34),
similar to those (35). Figure 1, based on the most recent SEARCH for Diabetes in Youth
study by Wagenknecht et al. (36), shows that the prevalence of children and youth people
with T1D at different ages (<20 yr old) during the time period 2017-2018 (brown bars) is
higher than the prevalence during 2002-2003 (green bars) except for ages 04 yr old (Fig.
1A1). The increased trend is predominantly in the boys (Fig. 1A2). Recently the SEARCH
for Diabetes Youth Study also estimated the increase from 185,000 in 2017 to 191,000
youths with T1D in 2060 with a relative increase in 3% (37), similar to those from 1996 to
2022 in Germany (35).
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Although diagnosed T2D was rare in the adolescent population in the past, age now is no
longer the most important differentiating feature between T1D and T2D. Figure 1B clearly
indicates the increased prevalence of youth or adolescents with T2D in the eased (2010s and
2020s) (38-40): 7) T2D mainly occurs in the youths aged 10-19 yr; 2) compared with 2002—
2003, the prevalence of youth with T2D are almost double in 2021-2028. The latter was
consistent with the historical report by Lawrence et al. (38): the estimated T2D prevalence
per 1,000 youths aged 10-19 yr increased significantly from 0.34 in 2001, to 0.46 in 20009,
and to 0.67 in 2017, an absolute increase of 0.32 per 1,000 youths and a 95.3% relative
increase over 16 yr. As predicted for youths with T1D, the number of youths with T2D was
also predicated significant increase from 28,000 in 2017 to 48,000 in 2060 if the incidence
remains constant as observed in 2017, with a relative increase in 69% for T2D (37).

Few cases of T2D were identified in children under the age of 10 yr, according to SEARCH
reported in 2002—-2012 (24). For those aged 15-19 yr, a higher incidence of T2D than T1D
was observed (24). In alignment with this result, a Tokyo study showed that the incidence
of T2D in children aged 13-15 yr was about six times higher than that in children aged
7-12 yr (41, 42). According to this evidence, the prevalence of T2D is more common among
children in the age group between 10 and 19 yr, corresponding to the hormonal dynamics of
puberty (43, 44). During puberty, there is a surge in growth hormone (GH) and insulin-like
growth factor-1 (IGF-1), which increases insulin resistance (45), leading to increased lipid
breakdown and increased free fatty acids (FFAS) in the circulation. Besides, an increase

in sex hormones during puberty, especially androstenedione, increases the acute insulin
response, which is an independent predictor of T2D (46, 47).

Discussions outlined earlier indicate that the significant trend of children or young people
with either T1D or T2D is globally increasing; however, it was significantly different among
different racial and sex populations (Table 1; Fig. 1) and different countries (Table 1) for
both T1D and T2D (72, 73). For instance, the prevalence of youths with T1D among
non-Hispanic White is ~4-5 folds of American Indian, but the prevalence of youths with
T2D is the lowest in non-Hispanic White compared with others (Fig. 1A3; Table 1). As
shown in Fig. 1, A2 and B2, boys have a higher prevalence of T1D than girls but a lower
prevalence of T2D than girls. In terms of geographic difference, a recent systematic review
of literature on T2D incidence among children and adolescents from 25 countries revealed
41,600 new instances of youth-onset T2D worldwide in the year 2021, with the highest
prevalence in PR China (734 cases/100,000 population), India (397/100,000), and the United
States (285/100,000) and the lowest in Pakistan (88/100,000) (72).

Diabetic Cardiovascular Complications in Pediatrics

A large body of evidence suggests that individuals with the early onset of T1D and T2D
have prolonged exposure to the associated metabolic abnormalities, resulting in amplified
long-term cardiovascular complications. Therefore, childhood and adolescence are critical
periods to monitor for the onset of cardiovascular risk factors (74). The younger an
individual is at diagnosis of T1D, the higher the risk of atherosclerosis and CVD (75).
Rawshani et al. (76) reported that individuals with onset of T1D before 10 yr of age had ~11
times higher risk of atherosclerotic and CVDs compared with matched control participants,
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whereas girls with disease onset before 10 yr of age had ~13 times increased risk of
atherosclerotic and CVD. The risk of acute myocardial infarction also was ~30 times higher
in patients diagnosed with T1D under the age of 10 yr (76).

A study on clinical outcomes of patients with T2D (7= 354) and T1D (7= 470) with an
onset age between 15 and 30 yr with a median follow-up of 21.4 and 23.4 yr, respectively,
revealed a significantly higher mortality in T2D cohort with a twofold mortality compared
with those with T1D. Total death and cardiovascular deaths for T2D occurred significantly
earlier and more than T1D after diabetes onset at a relatively young age. They found that
even with equivalent glycemic control, the prevalence of albuminuria remained high and
the favorable cardiovascular risk factors were lower in the T2D cohort soon after diabetes
onset. Macrovascular complications were also increased in patients with T2D. Therefore,
this study suggests that young-onset T2D is the more aggressive phenotype of diabetes and
is associated with greater mortality, more complications, and unfavorable cardiovascular
disease risk factors when compared with T1D (77). This was also supported by the later
study (78); however, the reason for the high incidence of T2D complications in young adults
is not well understood but may be related to insulin resistance and a rapid worsening of
B-cell function (79).

Cardiovascular complications in children and youths with diabetes contain diabetic
cardiomyopathy (DCM) and accelerated atherosclerosis. DCM is when ventricular
dysfunction occurs in patients with diabetes in the absence of CAD and hypertension

(14, 80). DCM is caused by a combination of metabolic disorders, myocardial fibrosis,
impaired energy utilization, small vessel disease, cardiac autonomic neuropathy, and insulin
resistance. An early study with 40 teenagers aged 12-18 yr with T1D and 20 matched
controls revealed all individuals with T1D had normal left ventricle (LV) dimensions,

mass index, and systolic functions, but 25% of individuals with T1D had LV and right
ventricle (RV) diastolic dysfunction, and 52.5% of individuals with T1D had delayed
myocardial relaxation compared with controls, diagnosed by conventional Doppler (81).

In the following study with asymptomatic T1D children with a mean age of ~9 yr (82) and
~11 yr (83), subclinical LV and RV systolic and diastolic dysfunctions even within a short
duration of diabetes were also noticed, and poor glycemic control was associated with early
subclinical LV systolic and diastolic impairment (83). However, it should be mentioned that
for children with T1D, alterations in LV myocardial function could not be easily detected
either clinically or by conventional echocardiography, but could be detected with tissue
Doppler and speckle tracking (84). Moreover, concentric LV hypertrophy is noted to be
common among adolescents with diabetes, especially in those with obesity, and is identified
by the increase in left ventricular wall thickness over time (85).

Relatively less information on the features of DCM in children and adolescents with T2D

is available. Echocardiographic examination for T2D Adolescents and Youth (TODAY)

with an average of age 18 yr, revealed that adolescents with T2D have adverse measures

of cardiac structure and function positively related to body mass index (BMI) and blood
pressure (86). Moreover, concentric LV hypertrophy is common among adolescents with
diabetes, especially in those with obesity, and is identified by the increase in left ventricular
wall thickness over time (85). However, direct comparisons of youths with T2D (average age
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of ~24 yr) and those with T1D (average age of ~21 yr) with a median diabetes duration of
~12 yr revealed that participants with T2D had greater LV mass index and worse diastolic
function compared with participants with T1D (87).

Atherosclerosis is a progressive disease that starts in childhood, and subclinical CVD may
be present in youth within 10 yr of diagnosis with T1D (88). A cohort of patients with
diabetes with a mean age of 15.6 yr showed higher levels of inflammatory biomarkers than
their healthy peers, particularly the subgroup with T2D, compared with that with T1D (89).
Obesity and T2D in pediatrics are characterized by a state of systemic chronic low-grade
inflammation that triggers insulin resistance, oxidative stress, and endothelial dysfunction,
which lays the basis for early accelerated atherosclerosis (90).

Recent studies have reported that young patients with T1D have delayed or reduced brachial
artery flow-mediated dilatation reactivity and higher carotid-femoral pulse wave velocity
(PWV), compared with healthy controls (91, 92). These findings are consistent with arterial
stiffness. This peripheral arterial dysfunction might be a contributing cardiovascular risk
factor. For instance, pulse pressure, which reflects arterial stiffness, has been reported to
increase at a younger age in T1D as compared with healthy controls (93). A recent study has
demonstrated arterial stiffness in the small resistance arteries to be independently associated
with all-cause mortality and a composite of cardiovascular and/or diabetes-related mortality
in T1D (94). On the contrary, in young patients with T1D, arterial stiffness is positively
associated with glycated hemoglobin levels, disease duration, and insulin resistance (95).
T2D has been identified as a major risk factor for accelerated vascular aging, measured

as PWV or augmentation index (96, 97). Approximately one in four youth with T2D has

a microvascular complication or hypertension at diagnosis, and the cumulative prevalence
rises to >60% in 10-12 yr (98). These findings support accelerated vascular aging in
youth-onset T2D and emphasize the need to identify the modifiable mechanistic drivers of
disease progression (99).

Pathophysiology of Diabetic Cardiovascular Complications in Pediatrics

Despite the exponential increase in the number of preclinical and clinical studies on diabetic
cardiovascular complications over the past decades, pathophysiological mechanisms of
cardiovascular complications associated with diabetes have not been as extensively evaluated
in children as in adults. In the SEARCH for Diabetes in Youth study, youth with T2D
exhibited a more atherogenic lipid profile compared with youth with T1D. This profile
demonstrated low low-density lipoprotein cholesterol (LDL-C), higher total cholesterol
(TC) and triglycerides (TG), and lower high-density lipoprotein cholesterol (HDL-C) (100,
101). Dyslipidemia, therefore, has been reported as an important target for the prevention

of CVD in youths with diabetes. Consequently, both the American Diabetes Association
(ADA) and the American Academy of Pediatrics (AAP) have recommended screening of
dyslipidemia in youth with new-onset diabetes once glycemic control is established or 3

mo after commencing medication and annually thereafter (102, 103). In addition, diabetic
ketoacidosis, as the most common acute complication in children, also contributes a great
risk for a wide range of life-threatening complications in children and adolescents with T1D
(104).
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Although insulin resistance can take place in both T1D and T2D children and adolescents,
its pathophysiology seems to be different in youth with T1D, as compared with those

with T2D (105). The development of insulin resistance and T2D leads to increased FFA
uptake by cardiomyocytes (14), which impairs mitochondrial FA p-oxidation, leading to
the accumulation of toxic lipid metabolites in the heart of patients with T2D compared

with those with T1D (106, 107). It could be the underlying factor for this increased risk of
CVD complications and mortality in T2D compared with T1D. However, in young patients
with T1D, arterial stiffness is positively associated with glycated hemoglobin levels, disease
duration, and insulin resistance. The arterial stiffness may predict cardiovascular events in
asymptomatic individuals without overt CVVD (108).

Endothelial dysfunction is a common complication in children and adolescents with
diabetes, particularly T1D. Endothelial injury may signify the initial occurrence of vascular
dysfunction, and hyperglycemia is probably the main driver of endothelial injury in
pediatrics (109). A growing number of studies have illustrated a notable escalation

in inflammation and endothelial dysfunction in children and adolescents with diabetes,
which was then associated with an elevated cardiovascular risk (78). Mechanisms for

the cardiovascular complications in adults with diabetes (14, 110-112) have been well
addressed, namely, hyperglycemia increases ROS and advanced glycation end-products
(AGEs) production, activates diacylglycerol (DAG)-protein kinase C (PKC) signaling
pathway, hexosamine and polyol pathways, and affects the function of endothelial progenitor
cells. The activation of the DAG-PKC signaling pathway contributes to the increased
permeability of endothelial cells. Besides, the deposition of AGEs triggers vascular
inflammation and leads to increased connective tissue crosslinking, fibrosis, and cardiac
stiffness, thereby impairing diastolic relaxation. Endothelial dysfunction is a significant
concern in pediatric patients with diabetes, and the early detection of endothelial dysfunction
in children and adolescents with diabetes might be useful to prevent, or at least delay,
cardiovascular complications (113-118).

OXIDATIVE STRESS AND DIABETIC CARDIOVASCULAR COMPLICATIONS
IN PEDIATRICS

There is wide evidence that cellular pro-oxidative status and proinflammatory environment
are strong triggers in the pathophysiology of diabetes and cardiovascular complications
(119, 120). Overproduction of ROS and RNS due to altered redox signaling in cells and
tissues results in elevated cellular-oxidative stress. The excessive oxidative stress in the
cell causes madifications of structural and functional proteins, DNA damage, endoplasmic
reticulum (ER) stress, and lipid peroxidation (LP), leading to cellular dysfunction (118).
Cellular dysfunction results in inflammation and cellular and mitochondrial dysfunction
manifested by altered molecular pathways, inactivation of enzymes, mitochondrial
respiratory chain dysfunction, and deregulation in cell cycle control. This results in overall
decreased biological activity and impairment of the antioxidant systems (118). However,
the underlying mechanism of oxidative stress in diabetic cardiovascular complications,
particularly in pediatrics, has been somehow neglected. Therefore, in this section, the
current study will discuss underlying mechanisms in the formation of oxidative species and
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understand the molecular mechanisms of oxidative stress in pediatric diabetes and pediatric
diabetic cardiovascular complications.

Oxidative Stress

ROS and RNS are classified into two groups of compounds namely, free radicals and
nonradicals. Examples for the radicals include superoxide (O5°”), oxygen radical (05),
hydroxyl (OHs), nitric oxide (NOe), alkoxy radical (RO¢), and peroxyl radical (ROQ¢);
however, other nonfree radicals can also be found, such as hydrogen peroxide (H»05),
ozone (O3), dinitrogen trioxide (N»O3), and peroxynitrite (ONOO-). ROS are essential

for the maintenance of a homeostatic environment for cell survival, and different cellular
processes, such as protein phosphorylation, defense mechanisms, activation of transcription
factors, and apoptosis, depend on the cellular concentration of ROS (121). Therefore, ROS
is important for survival and adaptation. For instance, superoxide anion and hydrogen
peroxide are substantial factors that are involved in the developmental signaling transduction
in the pancreatic p-cell’s control of insulin secretion (118, 122). Approximately 90% of
endogenous ROS are produced in the mitochondria through electron leakage from the
respiratory chain, resulting in the formation of superoxide. Several endogenous antioxidant
enzymes neutralize the produced ROS. The main endogenous antioxidant enzymes are
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). ROS can
be neutralized or scavenged by other nonenzymatic molecules with free radical scavenging
properties such as melatonin, vitamins, glutathione (GSH), and metallothionein (MT).
Nevertheless, oxidative stress is characterized by the imbalance between the production

of ROS/RNS and neutralization by endogenous antioxidant enzymes. Prolonged oxidative
stress leads to various life-threatening pathological conditions such as aging, diabetes, heart
diseases, cancer, autoimmune diseases, and neurological disorders (118, 122, 123).

Oxidative Stress in Pediatrics

Several studies have demonstrated the higher concentrations of oxidative stress markers

in pediatric patients with diabetes compared with healthy controls (118, 124, 125).

As mentioned earlier, oxidative stress is a main candidate accelerator of cardiovascular
complications in patients with diabetes, independent of conventional risk factors. In pediatric
patients with diabetes, several factors can contribute to the development of oxidative stress
and excess ROS, including nutritional deficiencies, puberty, environmental exposures, and
metabolic disorders such as obesity and high blood pressure (hypertension) (118, 126).
These factors can induce cardiovascular complications of diabetes in pediatrics including
CVD, cardiac dysfunction, and atherosclerosis from a variety of molecular mechanisms.
Three potential underlying mechanisms are summarized in Fig. 2. Therefore, this section
will discuss the following oxidative stress-associated factors that may be one key mechanism
for pediatric diabetic cardiovascular complications.

Obesity.—However, hyperlipidemia, in conjunction with the global obesity epidemic,
has emerged as the most prevalent, playing a key role in the development of CVD in
individuals with diabetes (127). According to data from the National Health and Nutrition
Examination Survey (NHANES), 20% of patients aged 12—-19 yr show lipid disorders such
as hyperlipidemia. Particularly, the category of children with obesity usually presents an
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even higher prevalence of hyperlipidemia, up to 42% (128, 129). This condition leads to a
concomitant increase in the prevalence of CVD in childhood. Although these cardiovascular
risk factors can appear at a young age, they tend to track into adulthood and determine a
subsequent high risk for cardiovascular events in adult patients, as recently demonstrated

by Jacobs et al. (130). Therefore, screening for hyperlipidemia is strongly recommended

to detect high-risk children presenting with these disorders, as these patients deserve more
intensive investigation and intervention.

On the contrary, obesity is the risk factor for hypertension, insulin resistance, and
dyslipidemia (131) and has become an important health issue in childhood (132). This

risk is more pronounced in youth with obesity and diabetes, as they may exhibit systemic
inflammation and endothelial injury (133, 134), along with elevated levels of oxidative stress
(135). The correlation among oxidative stress, obesity, and cardiovascular complications
seems to be a consequence of low-grade inflammation (136). Low-grade inflammation

is implicated in the pathogenesis of essential hypertension, with vascular inflammation
occurring before systemic inflammatory changes. Evidence shows the presence of systemic
oxidative stress in hypertensive children and adolescents, regardless of their body mass
index, characterized by decreased nitrate levels and elevated LP end products. The ratio
between LP and NO is directly associated with both systolic and diastolic blood pressures
for the overall patient population (137). Oxidative stress is believed to be linked to the
release of adipocytokines, which is associated with metabolic syndrome, obesity, and
activation of the renin-angiotensin-aldosterone system. A study has indicated that oxidative
stress is connected with organ injury, such as left ventricular hypertrophy and carotid
intima-media thickness, in children with hypertension, along with metabolic abnormalities,
adipose tissue volume, and insulin resistance (138). Leptin is one of the most known
adipocytokines associated predictively with IL-6 in youths with the grade of obesity, which
is higher in children with T2D (139). Moreover, oxidative stress may play a crucial role in
pediatrics with obesity-associated hypercholesterolemia, demonstrated by elevated levels of
adenine dinucleotide phosphate (NADPH) oxidase, along with the oxidized LDL-C levels,
compared with a group of healthy children, children with only obesity, or children with only
familial hypercholesterolemia. The association of multiple cardiovascular risk factors and
NADPH oxidase is related to greater endothelial dysfunction and enhanced oxidative stress
in children (140, 141), as shown in Fig. 2.

Hypertension.—High blood pressure (hypertension) is a complex disease in younger
children that is often related to other health conditions, such as heart defects and hormonal
disorders. Hypertension in children can also contribute to the acceleration of atherosclerosis
and CVD originating from genetic predisposition and environmental factors (142). The
prevalence of hypertension in children with T1D is reported to be between 6% and

16% (143) and is reportedly found in over two-thirds of patients with T2D (144). An
example of the relationship between chronic inflammation and CVD was demonstrated in
a cross-sectional study of children and adolescents who had dental caries-related primary
hypertension. Among hypertensive patients with poor oral status, the intensive oxidation
of several plasma substrates, increase in ROS, LP, and inactivation of prostacyclin and
NO, and an imbalance in the total antioxidant capacity were noted (145). Decreased
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NO bioavailability is associated with atherogenesis and can participate in enhanced cell
adhesion, proliferation, vasoconstriction, and the generation of atherosclerotic lesions (146).
On the contrary, diabetes through various mechanisms affects all the components of

blood pressure, namely, cardiac output and systemic vascular resistance (SVR). Increased
sodium retention in the diabetic state leads to an expanded blood volume and cardiac
output, whereas activation of the sympathetic nervous system in the diabetic state leads to
vasoconstriction and, hence, increased SVR (147). Vascular tone, and thus SVR, is regulated
by the local balance of paracrine, autocrine, endocrine, and autonomic mechanisms of
vasodilation and vasoconstriction. Endothelial dysfunction is a maladaptive phenotype of
abnormal vasoreactivity brought about by an imbalance of these factors. NO is produced
constitutively by vascular endothelial cells via endothelial nitric oxide synthase (eNQOS),
which transfers electrons from a heme group to L-arginine, forming L-citrulline and NO
(148). Taken together, diabetes induces oxidative stress and endothelial dysfunction, leading
to hypertension through increased SVR. Subsequently, hypertension contributes to the
acceleration of atherosclerosis and CVD (Fig. 2).

Inappropriate nutritional intake.—Children and adolescents often adhere to inadequate
diets, which are characterized by insufficient consumption of fruits and vegetables and
excessive intake of sugars and fats, which is associated with a defect antioxidant status (149,
150). A food insecurity or lack of dietary antioxidant intake is associated with an unfadable
cardiometabolic profile in children and adolescents. The presence of dietary vitamins,
specifically carotenoids and tocopherols, is of significant interest due to their bioactive
properties as antioxidants and potential positive effects on adipogenesis, lipid, and glucose
metabolisms (151-154). On the contrary, deficiencies in essential nutrients, such as vitamins
and minerals, in children can contribute to insulin resistance. This can lead to elevated blood
glucose levels. For instance, the association of CVD biomarkers with overall diet quality,

as measured by the Healthy Eating Index-2015 (HEI-2015), and its dietary components

in youth with type 1 diabetes was examined in youth with type 1 diabetes, in an 18-mo
behavioral nutrition intervention trial. Dietary intake from 3-day diet records and CVD
biomarkers were assessed at baseline, 6, 12, and 18 mo. Healthy Eating Index-2015 was

not associated with CVD biomarkers, but whole grain intake or greater increase in whole
fruit intake was associated with lower CVD biomarkers. In contrast, added sugar, saturated
fat, and polyunsaturated fat were positively related to the CVD biomarkers, respectively.
Therefore, findings suggest that the intake of specific dietary components, including whole
grains, whole fruits, added sugar, and PUFA, may influence cardiometabolic health in youth
with type 1 diabetes, independent of glycemic control (155).

Puberty.—The onset of puberty is another factor associated with elevated levels

of oxidative stress in pediatric patients with diabetes (156). Indeed, puberty entails
physiological insulin resistance and triggers hyperinsulinemia that influences oxidative
stress and inflammation (157, 158). Nevertheless, most available studies have investigated
individual cardiometabolic alterations in T1D or obesity, without considering important
aspects such as puberty or studying its influence on their findings. Indeed, pubertal children
have indicated higher levels of LP substances in plasma than prepubertal children (158).
Moreover, puberty could accelerate cardiometabolic alterations, since it has been observed

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2025 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Saedi et al.

Page 12

that puberty worsens endothelial dysfunction in youth patients with T1D (159). By the
onset of puberty, there is a surge in GH and IGF-1, which increases insulin resistance
(45), resulting in increased LP oxidation and increased FFA in the circulation. Besides,
an increase in sex hormones during puberty, especially androstenedione, increases the
acute insulin response, which is an independent predictor of T2D (47). Consequently,
insulin resistance and T2D development led to increased FFA uptake by cardiomyocytes
(14). Overall, these findings demonstrate that the onset of puberty influences insulin
resistance and oxidative stress. This ultimately plays an important role in contributing to
the development and progression of cardiovascular complications of diabetes in pediatrics
(160).

Environmental exposures.—The prevalence of T1D and/or T2D in both children and
adults is increasing worldwide but varies geographically (29-32), suggesting the etiological
mechanisms of these differences related to both genetic and environmental factors (161,
162). The risks of chronic exposure to environmental elements including chemicals (163,
164) and heavy metals such as cadmium, inorganic arsenic, and lead for diabetes and
diabetic CVDs have been proposed (7, 165, 166). Exposure to environmental contaminants
as an endocrine-disrupting (ED) chemical might aggravate risk factors for CVDs, such as
dyslipidemia and hypertension in individuals with diabetes (167, 168). Unhealthy water
and diet, air pollution, tobacco smoke, dangerous chemical agents, and other environmental
threats affect the health of children. Children’s distinctive metabolism, physiology, and
developmental requirements make them more vulnerable than adults to pollutants, which
can have a lifelong impact such as disease, disability, and early death. A cross-sectional
study of Iranian children has shown childhood and adolescent exposure to arsenic, lead,
and chromium can impact metabolic conditions and CVD markers (169), and the early
exposure to environmental risk and ED like metals such as cadmium (170). Exposure

to these environmental chemicals can induce oxidative stress and trigger inflammation,
resulting in increases in blood pressure and insulin resistance. It also induces vascular
injury and accelerates atherogenesis. Environmental chemicals can increase circulating FA
oxidation, leading to an excess influx of FFAs into cardiomyocytes. The excess FFAs
undergo p-oxidation, generating ROS and causing damage to various cellular components,
including mitochondria. Mitochondrial damage, in turn, leads to a reduction in ATP
production. On the contrary, exposure to environmental chemicals has been associated with
an increase in the risk of dyslipidemia, atherosclerosis, and hyperglycemia in children (171,
172). Hyperglycemia is probably the main driver of endothelial injury in pediatrics and
dyslipidemia may explain, in part, the increased incidence of CVD and atherosclerosis
(109).

Environmental exposures in early life that contribute to T1D or children’s insulin resistance
and obese risks may be also related to maternal exposure to these endocrine-function-like
chemicals and metals on the fetus during pregnancy, neonatal factors, or later effects during
infancy and early childhood (173). For example, analyses of T1D incidence of 0-9 yr
individuals with diabetes over the period from April 2000 to March 2011 (7= 13,948)
identify a range of demographic and environmental factors associated with T1D in children
in England (174). A similar conclusion regarding the relationship between the total air
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pollutants emitted and the incidence of T1D and T2D in the Russian Federation was also
reported (175).

THERAPEUTIC STRATEGIES FOR PREVENTION AND TREATMENT OF
DIABETIC CARDIOVASCULAR COMPLICATIONS IN PEDIATRICS

In pediatrics, oxidative stress and low-grade inflammation lead to impaired insulin secretion
and insulin resistance, resulting in diabetes. Excess ROS influences both the formation of
diabetes and its cardiovascular complications. However, the protective mechanism against
oxidative stress and inflammation, and therapeutic strategies for prevention and treatment of
pediatric diabetic cardiovascular complications should be addressed in future studies. Here,
in this section, the current study highlighted the important strategies to prevent and treat
diabetic cardiovascular complications in pediatrics. Therapeutic strategies for prevention and
treatment of diabetic cardiovascular complications in pediatrics are summarized in Table 1.

Lifestyle Strategy

Regular physical activity during early stages of life plays a crucial part in the diabetes
management strategy in pediatrics contributing to various advantages such as weight loss
and improvement in body mass index (BMI). This results in a reduction in oxidative
stress and inflammatory biomarkers, increased tissue sensitivity to insulin, as well as the
improved quality of life of patients with diabetes (49). Indeed, regular exercise has been
shown to increase the release of anti-inflammatory cytokines, and they lead to a reduction
in proinflammatory cytokines, such as TNF-a and IL-1, IL-6, IL-8, and C-reactive protein
(CRP), which play critical roles in the pathogenesis of diabetes (48). Besides, intensive
training improves glycemic control and antioxidant potential including total antioxidant
capacity (TAC), CAT, and manganese-dependent SOD (50). In normal-weight children and
adolescents, physical activity also increases NO bioavailability (176).

Another consideration is cigarette smoke exposure in children, which remains highly
prevalent. Cigarette smoking during childhood and adolescence causes significant health
problems among young people (177). Tobacco smoke contains several harmful compounds
that can cause diabetes and its cardiovascular complications through a mechanism

of increased systemic inflammation and free radical production (178). Smoking may

also contribute to the development of diabetes by increasing levels of inflammatory
markers including IL-6 and CRP (179). Cigarette smoking also induces dyslipidemia

by increasing plasma concentrations of TG coupled with a decrease in HDL and then

with hyperinsulinemia and insulin resistance (51). Dyslipidemia and hyperinsulinemia in
those who smoke are significantly associated with an increased risk of cardiovascular
complications, particularly coronary heart disease (CHD) in both T1D and T2D patients
(52). An effective education program for children to quit smoking gradually reduces the
risk of developing diabetes or vascular complications. Therefore, more emphasis should be
placed on stopping smoking in this high-risk group of patients with diabetes.
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Nutritional Strategy

Medical nutrition therapy is the cornerstone of diabetes treatment, support of which

both Mediterranean (MED) and low-carbohydrate (LC) diets are potentially beneficial for
glycemic control in youths with T1D. Based on a recent prospective interventional study
(180), the change in micronutrient intake of youth with T1D before and after a 6-mo MED
intervention were assessed for 20 adolescents, with a median diabetes duration of 9 yr. At
6-mo postintervention, they demonstrated the feasibility for the MED-based intervention in
youth with T1D to improve monounsaturated fat intake and diastolic blood pressure without
change of caloric intake, BMI, and HbA1c (180). Similarly, the rationale for the LC diet’s
potential benefit for T1D may be because carbohydrates are the primary macro-nutrients
that affect postprandial glycemic response. In addition, reducing dietary carbohydrate
consumption lowers both the amount of insulin administered and fluctuations in blood
glucose levels. To support this notion, several studies support the clinical recommendations
for individuals who choose to adopt a low-carbohydrate diet (181). The most recent study
directly compared MED and LC diets for 6 mo with the conclusion that both MED and LC
diets improved glycemic outcomes in adolescents and youths with T1D, without increasing
hypoglycemia or cardiovascular risk factors, indicating comparable safety and efficacy
(182).

Nutrition might play an important role in low-grade inflammation in children with diabetes,
contributing to the pathogenesis of atherosclerosis. Polyunsaturated fatty acids (PUFAS)
particularly omega-3 intake have beneficial effects on human health, especially CVD, via
the decreased production of inflammatory eicosanoids, cytokines, ROS, and the expression
of adhesion molecules (53). Patients with T2D are at risk of accelerated atherosclerosis due
to elevated rates of inflammation and increased oxidative stress. It has been demonstrated
that adherence to a “methionine-restrictive” diet has been also reported to improve lipid
metabolism, increase oxidative capacity, and decrease systemic inflammation (54).

It has been indicated that oxidative stress and decreases in antioxidant defense mechanisms
increase in children with cardiovascular risk, whereas antioxidant treatment may decline
diabetic cardiovascular complications (183). For instance, treatment with vitamin C blocked
the acute hyperglycemic impairment of endothelial function in adolescents with T1D

(184). Moreover, chronic intake of vitamin C in high doses (=1 g/day) improves glucose
metabolism and increases insulin sensitivity in patients with T2D (55). The supplementation
of several antioxidant vitamins complex exerts a more potent synergistic protective impact
compared with the consumption of individual vitamins alone (56). However, an anti-
oxidative function of the vitamin complex takes place only at low doses while pro-oxidative
action would happen, suggesting that vitamin complex can inhibit or activate oxidative stress
and proinflammatory cytokines dependent on the dose levels (56). Therefore, therapy with
vitamin supplementations may decrease oxidative stress and ROS production in patients
with diabetes, leading to a decrease in diabetic cardiovascular complications in pediatrics.

Zinc is an essential trace element commonly found in red meat, poultry, and fish. Zinc is
involved in many aspects of cellular metabolism as a component of many enzymes. The
recommended dietary allowance of zinc for pediatrics is 2-11 mg/day by the Food and
Nutrition Board (FNB) at the National Academies of Sciences, Engineering, and Medicine

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2025 April 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Saedi et al. Page 15

(185). Zinc plays a crucial role in insulin synthesis, storage, and secretion. Research has
shown that zinc deficiency could increase the risk of insulin resistance, glucose intolerance,
diabetes, atherosclerosis, and CAD. Zinc supplementation improves the apolipoprotein Al
and B levels, oxidized LDL, leptin, malondialdehyde, and CRP (57).

Flavonoids are widely found as secondary metabolites in fruits, plants, and vegetables,
notably berries and citrus fruits, leafy vegetables, garlic, onions, and beverages such as

tea and wine (186). The antidiabetic properties of certain flavonoids and flavonolignans
have been widely reported, including hypoglycemic, antioxidant, and anti-inflammatory
effects and their modulatory role in cell signaling and immune-inflammation responses
(187). The cardioprotective effects of flavonoids have been demonstrated in diabetic animal
models. For instance, the administration of quercetin at 50 mg/kg body wt daily for 6 wk
was found to mitigate diabetes-induced vasoconstriction and lower the heightened blood
pressure in diabetic rats (58). The cardioprotective effects of quercetin may be attributed to
its anti-inflammatory effects exhibited via its inhibition of aortic NF-xB and reducing the
serum level of both TNF-a and CRP (58). Curcumin is a lipophilic polyphenolic substance
from the rhizome of an herb. It has been recognized for its notable role in the prevention
and treatment of CVDs, primarily attributed to its antioxidant and anti-inflammatory
properties (188, 189). Notably, curcumin has demonstrated antiatherosclerotic effects, which
can be ascribed to its ability to reduce elevated plasma cholesterol levels, inhibit LDL
peroxidation, and attenuate LP (59). The main flavonoids that have shown antidiabetic

and cardioprotective function to prevent and treat diabetic cardiovascular complications are
presented in Table 1.

Pharmacological Therapy

Pharmacological therapy for children and adolescents (individuals <18 yr of age) remains
a challenging issue since it cannot be simply following the routine care for the adults with
diabetes. The epidemiology, pathophysiology, developmental considerations, and response
to therapy in pediatric diabetes are often different from those of adult diabetes (Table 2).
There are also differences in recommended care for children and adolescents with T1D and
T2D (190).

Some patients fail to achieve appropriate glycemic control with dietary management and
exercise alone and require pharmacological treatment to improve glycemia (194, 195). A
variety of antidiabetic drugs are currently available for adult patients that can improve blood
glucose levels, prevent acute and chronic diabetes complications, improve insulin sensitivity,
and improve endogenous insulin release and glucagon and incretin physiology (194, 196).
However, options for children and adolescents remain limited, and evidence of the efficacy
and safety of the majority of available treatments in children and adolescents continues to
restrict care delivery. Nevertheless, several clinical trials of newer antihyperglycemic drugs
are ongoing in pediatric patients with diabetes.

Pharmacological treatment of T1D continues to be based on insulin, and the Diabetes
Control and Complications Trial established the role of intensive diabetes management
to reduce complications of T1D. In fact, recently, the intensive management to achieve
glycemic control was also established as the goal of treatment for youth with T2D (197,
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198). In addition, pediatric patients with T2D may be treated with a combination of
lifestyle modifications and pharmacotherapy that includes both oral and injectable diabetes
medications, such as insulin and those that are able to reduce oxidative stress-induced
cardiovascular complications; however, in some cases, pediatric diabetes requires other
medical interventions (199).

To date, statins are considered as the first therapeutic approach due to their efficacy, safety,
and cheapness (63). These drugs are inhibitors of the enzyme 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGCR), the primary player in hepatic cholesterol synthesis. Statins have
been proven to reduce several blood lipids, namely by acting on TG, TC, and LDL-C
blood levels, while also increasing HDL-C (200). Currently, seven commercially available
statins have been approved for children and adolescents. Rosuvastatin is approved for use in
children from the age of 7 yr; pravastatin and pitavastatin are useful in patients with 8 yr or
older, whereas simvastatin, atorvastatin, lovastatin, and fluvastatin may be used in patients
from the age of 10 yr (64). Moreover, their administration decreases the risk of CVD in
children with both hypercholesterolemia and secondary hyperlipidemia, even if lipid levels
are not substantially controlled (201).

Sulfonylureas can also be used to treat diabetes and function by activating the B-cells to
secrete insulin. Although sulfonylureas are not generally used for the pediatric population,
they have been known to be safe for children (202). The specific types of sulfonylureas that
have been studied in children are glimepiride and glipizide. The caveats of sulfonylureas
are usually weight gain and hypoglycemia. Clinical studies using glimepiride in children
showed that it was equally effective in treating T2D as metformin (65).

Numerous preclinical studies have assessed the efficacy of blunting inflammatory cell
trafficking with the use of pharmacological inhibitors to prevent the development of
cardiovascular complications (14). Inhibitors of toll-like receptor 4 (TLR4) signaling and
pro-inflammatory cytokines have been assessed in preclinical studies to prevent diabetic
complications (Table 2). Suppression of TLR4 signaling with matrine or triptolide improves
cardiac function and reduces collagen deposition in rat models of DCM (66, 67). In addition
to strategies targeting FA oxidation to treat diabetic cardiovascular complications, insulin
sensitizers that increase glucose oxidation and decrease lipid metabolism have also been
assessed in preclinical models (14). GLP1 is an incretin that can reduce blood glucose
levels in a glucose-dependent manner by increasing insulin secretion (68). The GLP1
analog exendin 4 and the dipeptidyl peptidase-4 (DPP4) inhibitor saxagliptin prevent the
development of DCM via ameliorating lipotoxicity in a mouse model of T2D (69). However,
a clinical study has recently indicated that the addition of metformin to insulin therapy did
not significantly improve glycemic control in children with T1D but did provide a modest
reduction in total daily insulin dose and BMI (71).

CONCLUSIONS

Substantial evidence suggests that the early onset of T1D and T2D and prolonged exposure
to these metabolic abnormalities amplify long-term cardiovascular complications in the
pediatric population. Regarding this, cellular pro-oxidative status and proinflammatory
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environment are strong triggers in the pathophysiology of diabetes and cardiovascular
complications in pediatrics. In fact, overproduction of ROS and RNS due to altered redox
signaling in cells and tissues results in elevated cellular oxidative stress. Oxidative stress

is connected with organ injuries, such as left ventricular hypertrophy and carotid intima-
media thickness, in children with hypertension, along with metabolic abnormalities, adipose
tissue volume, and insulin resistance. Overall, diabetes in pediatrics induces oxidative stress
and endothelial dysfunction, leading to hypertension through increased systemic vascular
resistance. Subsequently, hypertension contributes to the acceleration of atherosclerosis and
CVD. Nutritional deficiencies, lifestyle habits, and environmental factors can exacerbate
oxidative stress and cardiovascular risk in pediatric patients with diabetes. Antioxidant
treatments, including vitamins, zinc, and flavonoids, have shown potential in reducing
oxidative stress and improving cardiovascular health in individuals with diabetes. Regular
physical activity and a healthy diet are crucial in diabetes management in children.

There are still many open questions regarding the underlying mechanisms of oxidative
stress in diabetic cardiovascular complications in pediatrics and the precise role of lifestyle
habits and nutrition in the development of pediatric diabetic cardiovascular complications.
Therefore, further research is necessary to understand their contribution to pathophysiology
as well as possibilities to modulate them as a therapeutic strategy.

The only treatment for T1D remains insulin replacement, delivered as multiple daily
injections or by an insulin pump (198). Recent advances in technology include the hybrid
closed-loop systems that combine data from a continuous glucose monitor and an insulin
pump to provide real-time insulin dose adjustments. However, an increase in the time that
the blood glucose levels are in the target range has been seen more consistently. This

area warrants further evaluation for potential impact on long-term effects on cardiovascular
complications.

The impact of hybrid closed-loop systems on cardiovascular complications and glycemic
control in youth with T2D has not been sufficiently evaluated, though they are used
clinically. Pharmacological treatment options for T2D have expanded in recent years

and now include insulin, metformin, glucagon-like peptide-1 (GLP-1) agonists, and
sodium-glucose cotransporter 2 (SGLT2) inhibitors. SGLT2 inhibitors decrease the risk of
cardiovascular complications in adults with diabetes (203), whereas it is not known if they
have similar effects in youth with diabetes.

In addition to pharmacotherapy, treatment includes lifestyle interventions with dietary
changes and exercise. Weight loss is also a focus of treatment, including bariatric surgery.
Bariatric surgery in teens has been demonstrated to result in high rates of remission of T2D
(95%) within 3 yr after surgery (204).

In summary, children and adolescents with diabetes, regardless of type, have many
features similar to those seen in adults, but there are some distinct differences (Table 2).
Although pharmacological therapy focused on glucose management remains the primary
focus for the treatment and management of children and adolescents with either T1D

or T2D, innovative, adjuvant strategies that account for the complex interplay between
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oxidative stress, metabolic disorders, and cardiovascular health are urgently needed. By
developing targeted therapies and preventive measures, healthcare providers can better
address the rising incidence of diabetes-related complications in children and adolescents.
Continued collaboration between researchers, clinicians, and public health officials is vital to
effectively tackle this growing public health challenge.
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Figure 1.

The prevalence of children and young people with T1D or T2D. The graph was made based
on the data published by Wagenknecht et al. (36). AZ, AZ, and AZillustrate the incidence

of T1D per 100,000 children and youth people at different age range (AZ), different gender
(A2) and different races (A3), respectively. B1, B2, and B3illustrate the incidence of T2D
per 100,000 children and youth people at different age range (B2), different gender (82) and
different races (B3), respectively. Note: “All” in AZand B2 means combination of males and

females.
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Main factors and their potential underlying signaling pathways that induce cardiovascular
complications of diabetes in pediatrics. Nutritional deficiencies, puberty, environmental
exposures, and metabolic disorders, such as obesity and high blood pressure (hypertension),
can induce cardiovascular complications of diabetes in pediatrics including CVD, cardiac
dysfunction, and atherosclerosis from a variety of molecular mechanisms. AGE, advanced
glycosylation end-products; ATP, adenosine triphosphate; CVD, cardiovascular disease;
DAG, diacylglycerol; eNOS, endothelial nitric oxide synthase; FFA, free fatty acids; GH,
growth hormone; IGF-1, insulin-like growth factor 1; IL, interleukin; LDL oxidation,
lipoprotein cholesterol oxidation; LP, lipid peroxidation; MCP-1, monocyte chemoattractant
protein-1; NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine
dinucleotide phosphate; NO, nitric oxide; O,"", superoxide; PKC, protein kinase C;

ROS, reactive oxygen species; SNS, sympathetic nervous system; SVR, systemic vascular

resistance; TNF-a., tumor necrosis factor-a..

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2025 April 29.



Page 34

Saedi et al.

*D-10)08) SIS0J08U Jown) “D-4N | ‘T-B18Q-1010B)
yimoJB Bulwiojsuen ‘T-g-49 1 ‘seplisak|bL ‘9] ‘Aloedes Juepixonue [e10) ‘D1 ‘eseInwsip apixosadns ‘s ‘se10ads UabAXo aAnoeal ‘SOY BpIX0 JLIU ‘ON :uonepixodad pidi ‘4 ‘unapisul ‘|
‘|o1arsajoyo utsjoadodi| Aisusp-mo| ‘1@ ‘uislosdodi) Ansuap-ybiy ‘“1aH ‘T-apndad axyij-uobiean|b ‘1419 ‘AyredoAwolp.aed onagelp ‘NDQ uIdloid sAdRal D ‘dHD ‘eseered ‘1D ‘Xapul ssew Apoq ‘[INgG

() uaIpiyo Ut [INg pue 8sop uljnsul Ajrep [e10} U1 Uo1oNpal 1sepoN ulwionsiN
(02) 8T-T11 PUB ‘9-T| ‘dUISOJAI0AIU SE YINS SIaysew AIOJeWWRISUI PUE SSBIIS SAITRPIXO Ul 85ealdad undijbens
(69) dz.L 40 |9pow asnow e ui Bulyeloljawe Adixolodi| BIA INDQ J0 Juawidolanap 8y Juanald J0MQIyul ¥dda
(89) uo132499s uljnsul Buisealoul Aq Jauuew juspuadap-asoan|h e ul sjaAs| 8s0an|6 poojq aonpay Td19
(29 ‘99) S|apow Jel Ul uonisodap uabe|j0d aanpas pue uoiouNy JeIpIed anoidw| sionqiyui Buifeubis 4711
(59) uljnsul 919193s 0} S|199-¢ Jo uoneAndy  (spriidawi|b) seainjAuoyins
(¥9 ‘€9) HOOIWH 8wAzus ays Jo Jonqiyul sujels  Adesay [eaiBojooeulreyd
(29) 901W dn3aqeIp Ul uonaunysAp pue ‘AydoaiiadAy ‘sisoiquy dJeIp.Ied JO UoHUBASI uljoan
(T9)  sanssn JelpJed ay} ul sabueyd aAlesauahap [einionJiseliin ayl JO uollesolfawe pue ‘T-g-49 1 pue ‘dyDd ‘“P-4N.L Ul uononpay ITENIEL)
(09) uo13oUNYSAp [e1]3YI0PUS SHGIYUI pPUR SISSYIUAS ON S210WO0ld |0J1RI9ASDY
(65) d71 alenuaspe pue ‘uonepixoiad 7T HAIYul ‘S[aAd] |0J81S8|0Yd ewse|d paieAs]s aanpay ulwnain)
(8g) Burjeubis gx-4N Ul 8dualajiaiul pue gx-4N d11oe Jo uoniqiyu| unadIBnd
(29) dy9 pue ‘spAysplelpuofew ‘unds| ‘1@ paziIpIXo ‘S|aAs| g pue Ty uidoidodijode sy anoidwi 03 8)ngLIIU0D uIZz
(95) 9-711 J0 uondnpoud 8y} 8sealoul pue D-4NL pue #-Tj Jo uononpoid sy} asesldsq X3]dWod UIWelA
(g9) AJIA1IISUSS UIINSUI 8SealoUl pue Wsijogelsw asoan|b anoidw| O UIWeNA
¥9) uoljewlWe|yUI O1WB)ISAS asealdap pue ‘Aloeded aAIRpIXO asealoul ‘wisijogeiaw pidi] anoidw| 191P AAIIO1IIS8I-3UILUOIYIBIN
(e9) SOY pue ‘sauIy01Ad ‘spiouesodla Alojewiwelul Jo uononpoad asealda@  spIde Aney pajenyesunAjod ABayens [euoniinN
(29) elwaulInsuladAy Jo uomaiyu
(19) TJQH 8sealoul pue 9] aInpay Burjows buiddors
(05) aos wapuadap-asauebuey pue ‘1D ‘Ov.L Buipnjoul [erusiod Juepixonue pue j013U0d d1WadA|b sanoidw| Buiures anisuaiu|
(%) ujnsul 03 AJIAIISUSS Jejnjjad saoueyua pue ‘fenuaiod Juepixonue asealoul ‘uonanpoid SOY adnpay
(8y) ddD pue ‘g-11 ‘9-T1 ‘T-T11 “P-4N.L Se yans sauiyoiAo Aloyewwelyuiold asealdsq Ainnoe eaisAyd ABarests ajA1sayl]
S30UB BJY swsiueys N parepdsiemyred bulfeubis sirerd ABere s

Author Manuscript

soLeipad ul suonealjdwod JejnaseAclpled d11agelp JO Juawieal] pue uonuaaaid Joy saibalens annadesay L

‘TalgeL

Author Manuscript

Author Manuscript

Author Manuscript

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2025 April 29.



Page 35

Saedi et al.

pouiad Buoj e 1an0 pa]|043u0d

Aj1ood uaaq sey salaqelp J1ayl 1 Ajjerdadss ‘swajqoid aka

pue ‘afewep anIau ‘9seasIp Aaupiy ‘9x0.1s ‘aseasip 1eay se
4ons suoliedl|dwod aouaLadxa 0} Ajay1| 810w ase Synpy 2z

swiajqoud Asupiy Jo ‘Ayredolnau ‘aseasip Iejnasenolpied
Se 4ans suo1jealjdwod 0} pesj Ued sajaqelp ‘synpe uj T

UJaouo9 e jou Ajjea1dAy ase Juswdojansp pue yimolb ‘JansmoH

AAD Pue SIS013|2s0Jayre
10 s11 ay3 Jaybiy ayr ‘aT.L Jo sisoubelp e s [enpiAipul ue 1abunoA syl Z

aseasIp JejnasenolpJed pue ‘Ayredolydau

‘Ayredourial se yans ‘ajl| ul Jaje| SUOIIEdI|dWOd 8J9A3S a10W 0] pea| Ued pooypjiyd

Burinp 1013u09 Jood ‘J1anamoH "a41] 40 SsIeak Ajres ay) ul paounouoid se aq jou Aew
853y} ‘suojeajdwod wisl-Buoj 1oy si Je aie sa1ageIp YIm uaIp|iyd ybnoyly T suonealjdwo)

JuaWIeal}
pue suonealjdwod
Jejnasenoipied

'swiajqoad ybiam 1o ‘Aagnd pakejap ‘yimolh Jood 03 pes| ued 0130
Jebns poo|q 1004 JuswdojaAsp pue Yimolh [ewiou Yiim a1aia)ul ued salagelp Jo aduasaid ay | UI39U09 Ymoio
suoiealjdwod sa1agelp Jo Juswdojanap palesajadde
pue uonouny [189-g ul auljoap anissaiboid Ajpides alow e moys Azl YIm SYINOA ¥

sa|1y0.d Apogrueolne 18]S 10UNSIP pue ‘uonouny |139-g Jasood Buipnjoul

sassalboid ‘8s1n02 [eatunjoaid Tl anissalbbe pue pides asow Jo aAnsabibns sbuipuly yim
aseasip ay se AdeJay) uljnsul SaWIBWOS pue ‘sabueyo PaIeIO0SSE BIaM X3S dew pue abe J1aBunoA ‘QT.L 19SU0 MaU UIIM UBIP[IYd uj e
91A1S8}1] ‘SUOIIEIIPaW [eJ0 YIM UORIPUOI 8y} abeuew Aey €
s|ana| ANAnoe pue ‘sabueyd feuowoy ‘ymmolh
Adelayy uipnsui paau Ajjeniul ou Aew qzl 4 0 9Np 32UIS3|0PE pue pooyp|1yd Inoybnoays Apuediiubis Area ued spaau uinsuj Z g
s|199-¢ Jo utnsul
90Ue]SISal Uljnsu| T leAinns 1oy Adesay uijnsui Buojayl] asinbai (Aousiogaep ulnsuj T BuipJebas sainyeaq
@z uo pooy Ayyesyun
‘aInsodxa [eIUSWUOIIAUS ‘B]A1Sa1| JO S10a)a JurdlIUBIS b4
dT.L pue azl Yum sjenpiaipul @z uo Apuediyiubis Aew Ing ‘@T.L uo A31Indasul pooy ‘9Insodxa [eJusUoIIAUD
3y} Ul 1s1xa Aew Ing ‘Az 104 10U SI aSBaSIP UNWWIoINY T ‘31158411 40 S)0aYa SS9 (ZQTL 10} 9SLaSIP AUNWIWIOINE JUBUILIOPaId T salfiojone Aayl
(aseasip Jejnasenolpied ‘Ayredoinau “6:9) $IN220
dojanap 01 unfag Apealje aney suo1IedIdWOod UBYM 10 SIS3) POO|g aUINO  SISOPIJR0IdY INaqeIp J1 Aouabiaws ue Burinp uaddey Aew sisoubelq "UOISIA paiin|q pue ‘anbiyey sa1aqeIp
ybnoayy ‘AjfesirewoldwAse sawawos ‘a4l ul Jare| pasoubelp usyo s Azl ‘sso| JyB1am ‘uoizeulIn 111y} BAISSAIXa Se Yyans swoldwAs a1nde 0} anp Ajuappns pasoubelq 10 awn onsoubelq
JueUIWIOPald SOpRISP OM] 1SB| 8 Ul Sasealoul Ajjenpesf Ing ‘21049q LUOWWO0I 10N Aiusaqo
|16 < shog XaS
6¢—8T < 49pJ0 — 09 10 ¥—0€ < 6G-GF -ACL Z 6T-GT > ¥1-0T -:AdcL 4
18pJ0 — 09 < 62-8T < 65-0€ ‘ATL T ¥1-0T>6-G>61-ST>¥—0:ATL T 195U0 J0 3By
sonsialoeseyd uoneindod se |[am Se SUOIIULAP JUBIaYIP 01 anp
Ajured ‘praom ayy ssoloe Asea sabe Jap|o e QT.L 0 dousjensld
pue 80UBPIdUI BU} I ‘asealoul (%SG—%T :ATL) sousjensid ATL 4 A1reak o5e~ Je Buiseasoul st yolym ‘(8T02—2102) 000'00T/LT~ :AZL 4
wJo} Jueulopald auyy se azL T (8T02-LT02) 000'00T/€2~ ‘2dA} JueUIWOpaId se OT.L T sajagelp Jo sadAL
SHNpY wIp|Iyd

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

S)|Npe puR UsIP|IYd USBMIS] S10B) Pale|al pue Sa1ageIp JO sainlea) 1ounsiq
‘¢ 3lgelL

available in PMC 2025 April 29.

Am J Physiol Heart Circ Physiol. Author manuscript



Page 36

Saedi et al.

‘€6T-06T

'9/-/ "S}oY JO S0UBIAY8I U1 WOy AJUTew INg ‘MaIAaJ SIY) Ul Pa)Io S80USISL8) || LWOJJ UOITBLLIOIUI B} UO Paseq aJe Slusjuod ay | "seleqelp z adA1 ‘az.L ‘se1eqeip T 8dA) ‘QTL ‘8sessip Je|noseAoIpied ‘AAD

gz abeuew 0} [enuassa aie sabueyd a)A1sayl| pue uoieINpa
sa1aqeIq "sHgey Aylfeay ureiurew oy Ayjige J1ayy 1oedwi 0S|e SJUBWHIWWOD
13430 pue ‘ssans HJom Ing ‘a]A1sa}1| pue 181p J18Y} JA0 |013U0D Aew S)npy

sanI[IqIsuodsal J8y1o pue ‘aj1| Ajiuey SIOM
40 1X31U0D BY} Ul UOIIPUOD 113y} 8BeuRW 0} Pasu os[e A8y} “JaASMOH "AZ.L S!

Juawabeuew sayagelp

1181 Buipsebas ainssaid Jaad adey osfe Aew UaIpjIyD "S|aAs] AlIAIOR pue seduaiajald pooy

s, Ualp]iya 03 anp Buibuajeyd aiow aq ued Alande [eaisAyd pue Bunes Ayyesy Buibeinooug
pasn Ajuowiwod ase sdwnd ulnsul pue s10}UoW 8s09n|H SNONUIUOI 81| $821A8Q €

x9]dwo2 Juswabeuew se1aqeIp 3YewW U.D YdIYyMm ‘suoienis
[2100S PUE ‘SINIAIOR 12[NJLLINORIIXS ‘|00YJS 80UB[Rq 0) 9ABY 0S[e Aew ualp|iyd 2z

sgJed Buiunoa pue ‘sasop urnsul Bunsnipe ‘sjans)

851019X3 pue 181Q

Burioyuow

1 41 Ajjeroadss ‘selagelp Buibeuew Joj sunnoJ a|qels aiow e aney Aew s)npy 3500N16 poo|q Jo Burio)uOW JusNbaly 310W BAJOAUI USIO SUBWIBaI Juawes. | T pue JusLIeal |
S)Npe Ul U39S LBy} Ja11Jea Si SUo11edl|dwod 40 19SU0 ay} ‘gzl YIM asoy Jo4 €
SHNpvy wIpyo

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

available in PMC 2025 April 29.

Am J Physiol Heart Circ Physiol. Author manuscript



	Abstract
	INTRODUCTION
	DIABETES IN PEDIATRICS: A GROWING CONCERN
	Updated Prevalence and Incidence of Diabetes in Pediatrics
	Diabetic Cardiovascular Complications in Pediatrics
	Pathophysiology of Diabetic Cardiovascular Complications in Pediatrics

	OXIDATIVE STRESS AND DIABETIC CARDIOVASCULAR COMPLICATIONS IN PEDIATRICS
	Oxidative Stress
	Oxidative Stress in Pediatrics
	Obesity.
	Hypertension.
	Inappropriate nutritional intake.
	Puberty.
	Environmental exposures.


	THERAPEUTIC STRATEGIES FOR PREVENTION AND TREATMENT OF DIABETIC CARDIOVASCULAR COMPLICATIONS IN PEDIATRICS
	Lifestyle Strategy
	Nutritional Strategy
	Pharmacological Therapy

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.

