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Preface

With an increasingly aging patient population and changing diets, cardiovascular 
risk factors are becoming more and more relevant in today’s world.

Cardiovascular mortality remains the number one cause of death worldwide, 
and every attempt should be made to educate the public about the prevention and 
modification of the various cardiovascular risk factors.

Cardiovascular risk factors are generally divided into those that are modifiable 
and those that are not. Non-modifiable factors include age, gender, family history, 
diabetes mellitus (type 1 or 2), hypertension, hyperlipidemia, chronic kidney 
disease, and various chronic inflammatory diseases. Modifiable risk factors are 
those that can be addressed through lifestyle modification. These include diet 
(low fiber, high fat, and high carbohydrate), sedentary lifestyle, smoking, alcohol, 
obesity, and psychosocial factors. Some factors that are listed as non-modifiable can 
be largely influenced by lifestyle modification, especially in the early stages of the 
disease, like the impact of obesity and diet on hypertension and diabetes.

This book highlights the importance of addressing cardiovascular risk factors prior 
to any cardiovascular event (i.e., primary prevention), as controlling those risk 
factors as part of secondary prevention is important but not as impactful.

It is crucial to recognize that specific work settings can also predispose people to 
cardiovascular disease, through traditional or work-specific risk factors. In this 
book, we address the various cardiovascular risk factors that affect aircrew as an 
example. Addressing risk factors early on in life is very important, and this book 
describes cardiovascular risk factors in children and the importance of modifying 
those risk factors in the initial phases before significant atherosclerotic disease 
occurs.

I hope this book inspires further research on early recognition and prevention of 
cardiovascular risk factors.

Johnny Chahine, MD
University of Minnesota,

Minneapolis, MN, USA
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Chapter 1

Sex Differences in Long-Term
Trends of Psychosocial Factors
and Gender Effect on Risk of
Cardiovascular Diseases: Arterial
Hypertension, Myocardial
Infarction and Stroke
Valery V. Gafarov, Dmitriy O. Panov, Elena A. Gromova,
Igor V. Gagulin, Almira V. Gafarova and Eldar A. Krymov

Abstract

Introduction: The study aimed to determine gender differences in the preva-
lence and dynamics of affective states over a long period, i.e., 23 years, and to
establish their effect on the risk of cardiovascular diseases (CVD), i.e., arterial
hypertension (AH), myocardial infarction (MI), and stroke among the population
aged 25–64 in Russia / Siberia. Methods: Between 1994 and 2017, we conducted 4
screening surveys of representative samples (totalling 4,815 people) under the
international programs MONICA and HAPIEE in Russia / Siberia. To determine the
sex differences in cardiovascular risk from 1994 to 2010, we observed cohorts
formed from the screened individuals without CVD and diabetes mellitus (DM).
Results: High levels of affective states in the period from 1994 to 2003, especially in
women, were replaced by a downward trend in 2013. At the same time, there was a
reduction in the gender gap in terms of frequency of depression lower 1%, and men
in the younger age groups reported higher levels of personal anxiety (49.3% vs
46.1% in adults aged 35-44y) and vital exhaustion (16.9% vs 15.6%) than women in
2017. We found that men with unfavourable levels of affective states have a 3–5 fold
higher risk of hypertension and stroke, while women have a higher risk of myocar-
dial infarction (p for all < 0.05). Hostility in men is associated with a negative risk
of myocardial infarction and stroke (HR=0.3 and HR=0.29, respectively; p for all <
0.05). However, this was levelled out by unfavourable social characteristics. Con-
clusions: The downward trends in prevalence of psychosocial factors were unstable
and associated with reduced gender gap for affective states. It had a significant
impact on the gender magnitude of cardiovascular risk.

Keywords: anxiety, depression, vital exhaustion, hostility, social support,
population, risk, sex differences, arterial hypertension, myocardial infarction,
stroke, marital status, education, occupational status
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1. Introduction

The widespread and widely discussed opinion in the mass media that the number
of people with anxiety, depression and other affective states is increasing year to year
implies a relative increase in these disorders over the past decades. Nevertheless, the
study of literary sources has provided multifaceted estimates of the prevalence of
psychosocial factors (PSF). Due to the different recording methods in epidemiologi-
cal studies, the heterogeneity of the data is too high to make a proper comparison.
According to the available epidemiological findings, one-third of the population of
the United States and European countries is susceptible to anxiety disorders [1]. At
the same time, the prevalence of psychosocial factors depending on sex is also differ-
ent. Negative psychological characteristics (e.g., anxiety and depression) are twice as
common in women and often have a more severe form and an earlier onset [2].

The impact of PSF on health is unequal in terms of gender. For example,
depressive disorders are on the list of the leading widespread diseases in the world
among women, but not men, according to Global Burden Diseases (2002) [3]. And
this may be an echo of other common negative psychosocial factors, such as high
anxiety, vital exhaustion, and stress in the family and workplace. A number of these
states are inextricably linked to the XX or XY genotype or are due to sex differences
in functioning (i.e., susceptibility to diseases). For other psychological factors, there
is a clear link to work and social environment, which differs for both sexes [4, 5].

Cardiovascular effects of stress and other psychological factors may also differ in
women and men [6]. Large-scale studies show that particular psychosocial charac-
teristics, such as stress or depression, are associated with cardiovascular health to the
same degree in men and women, while others, i.e., vital exhaustion, anxiety signs and
low life satisfaction, are associated with heart disease rates in women but not in men.

Analysis of recent studies and meta-analyses [7] indicates that social gradient,
as a mediator, as well as the sex differences, boost the effect of psychosocial
characteristics on cardiovascular health.

Different levels of PSF are not always adverse, but can also serve as protective
factors concerning physical and mental health. Thus, a favourable profile of social
contacts with relatives or friends is associated with favourable indicators of mental
health and serves as a barrier to depression and perceived stress. In addition, the
social support received from friends is positively correlated with the lifestyle, in
particular, with intensive physical activities [8]. The accumulation of data on the
influence of psychosocial factors on the risk of cardiovascular events is a prerequi-
site for the creation of authoritative working groups and the development of inter-
national regulations and recommendations [9]. Yet the question of the impact of
gender differences remains unresolved.

In Russia, such studies are rare, but the differences in the studied population and
the tools used do not allow us to give comparative estimates in the dynamics of the
prevalence of PSF. Moreover, there are no available cohort studies at all.

Our study identified gender differences in the prevalence and dynamics of
affective states over a long period, i.e., 23 years, and determined their impact on the
risk of developing CVD (such as arterial hypertension, myocardial infarction,
stroke) among the population aged 25–64.

2. Methods

This study is based on the survey of the male and female population living in one
of the districts of Novosibirsk (Russia). The research was carried out within the
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framework of screenings conducted in 1994–1995, 2003–2005, 2013–2016, and
2016–2017.

In 1994–1995, the third screening under the WHO program Multinational
Monitoring of Trends and Determinants of Cardiovascular Disease � Optional
Psychosocial Sybstudy (MONICA-MOPSY) examined individuals aged 25–64
(n = 1527, 43% men, mean age � 44.85 � 0.4 years, response rate � 77.3%) [10].

Another international project HAPIEE (Health, Alcohol and Psychosocial
Factors in Eastern Europe) in 2003–2005 examined 45–64-year-old individuals
(n = 1650, 34.9% of men, mean age � 54.25 � 0.2 year, response rate � 66.5%) [11].

In 2013–2016, a survey of a random representative sample aged 25–44 was
conducted as part of screening studies under the budgeting scheme of The Institute
of Internal and Preventive Medicine, state reg. no. 01201282292 (n = 975, 43.8%
men, mean age 34.5 � 0.4 years, response rate � 71.5%).

In 2016–2017, the International PCDR project (The International Project on
Cardiovascular Disease in Russia) examined 35–64-year-old individuals (n = 663,
41.3% men, mean age � 51.95 � 0.32 years, response rate � 73.6%). The study
surveyed the residents of the same district of Novosibirsk as in the previous years.

All samples were formed based on electoral rolls using a random number table.
We used a random mechanical selection method. The general examination was
conducted according to the standard methods accepted in epidemiology and
included in the program. The methods were strictly standardised and conformed to
the requirements of the MONICA project protocol. The material was validated and
processed under the WHO program MONICA-psychosocial in the Information
Collection Center of the MEDIS Institute in Munich, Germany (Institut für
Medizinische Informatik und Systemforschung). Quality control was carried out in
MONICA quality control centres: Dundee (Scotland), Prague (Czech Republic),
Budapest (Hungary). The results presented were considered satisfactory.

2.1 Psychosocial testing

Anxiety traits levels were assessed using the Spielberger test (Anxiety subscale,
as a personality trait). Interpretation of the data was based on the following criteria:
the assessment of a trait of anxiety less than 30 corresponded to low anxiety (LAL);
the score from 31 to 44 was a sign of moderate anxiety (MAL); and a score of more
than 45 indicated high anxiety level (HAL).

A depression scale blank, i.e., the MOPSY test (Depression Scale, MMPI
Adopted by MONICA protocol), consisting of 15 questions, was used to assess
depression. For each question, there are two answers: “I agree” and “I disagree”.
The severity of depression was evaluated as no depression (ND), moderate (MD),
or major (major D).

The vital exhaustion level was studied using the MOPSY questionnaire (Maas-
tricht Vital Exhaustion Questionnaire). The test consisted of 14 statements. To
respond to each statement, there are 3 answers: “yes”, “no”, “I don’t know”. The
level of vital exhaustion was estimated as no vital exhaustion (NVE), moderate vital
exhaustion (MVE), or high vital exhaustion (HVE).

Hostility (Hostility Scale, Cook-Medley test). The test consisted of 20 state-
ments. 2 answers, “agree” and “disagree”, were provided to respond to each state-
ment. Hostility expression was assessed as low, moderate, or high.

Social support (Berkman-Syme test) [12]. A 17-point index of close contacts
(ICC) was determined. It was evaluated as low, moderate, or high. Social Network
Index (SNI), consisting of 9 points, was assessed as low, moderate-1, moderate-2, or
high.
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The subjects were asked to answer the scale questions on their own according to
the given instructions. Individuals who did not fill out the questionnaire were not
included in the sample.

2.2 Endpoints

The study identified the following “endpoints”: the first cases of arterial hyper-
tension (AH), myocardial infarction (MI), and stroke. All MI cases were recorded
under the WHO epidemiological program Register of acute myocardial infarction,
conducted in Novosibirsk from 1978 to the present day [13]; newly occuring cases
of hypertension and stroke were recorded during the observation of the cohort.
Sources used to identify cases of AH and stroke included population-based cohort
study (annually), medical history, hospital discharge, medical records in polyclinics
or general practices documents, death certificates, interviews with relatives, patho-
logical and forensic reports. AH was defined as a condition in which SBP was
140 mmHg and above and/or DBP� 90 mmHg and/or antihypertensive medication
was taken.

2.3 Participants

The object for the study of CVD risk was the cohort formed from the number of
25–64-year-old individuals examined at the III MONICA-psychosocial screening.
The prospective follow-up period for the participants was 16 years (1994–2010). A
total of 384 women and 190 men, with a baseline age of 25–64 years without CVD
or DM at the time of screening, were included in the analysis. Over 16 years, the
cohort had 15 cases of first-onset MI in women and 30 in men, and 35 cases of the
first-onset stroke in women and 22 in men. During the same period, 229 cases of
first-time AH were detected in women and 46 cases in men.

3. Results and discussion

3.1 Sex differences in the dynamics of psychosocial factors from 1994 to 2017

The results of the study showed that high levels of anxiety traits were present in
two-third of the female population aged 25–64 in 1994 (Table 1). Whereas among
men, high anxiety was found in less than half of those surveyed. Among the male
population in 1994, the frequency of high anxiety increased linearly from younger
to older age groups. In contrast, among women, high levels of AT were more
common in the younger age groups of 25–34 and 35–44. Between 2003 and 2005,
the maximum HAL values among both sexes, except for men in the 45–54 year
group, were observed. In 2013–2016, there was a significant decrease in the preva-
lence of HAL in young groups in both sexes (Table 1). By 2016–2017, only the
female population of 35–64-year- olds had consolidated such a favourable trend, but
in men, the prevalence of high anxiety was back to 1994 levels. Thus, for the first
time, the frequency of HAL among men 35–44 years was higher than in women of
the same age group, although the differences did not reach statistical significance.
The increase in anxiety levels among men is likely due to peak values of social
tensions amid the economic crisis that began to gain momentum after 2014. Subse-
quently, we should expect similar changes among the female population.

The study of sex differences in epidemiological studies in the United States
showed that the prevalence of anxiety changed slightly from 1990 to 2003 and
averaged about 30% among women and 20% among men [14, 15]. This is lower
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than presented in our study. Similarly, a comparison of data from the European
Union showed no significant change in the rates of anxiety disorders between 2005
and 2011. Anxiety was more often recorded among the female population, but its
prevalence, on the contrary, was higher among middle-aged Europeans [1, 16].
Significant differences in prevalence are related to the use of different instruments
to assess anxiety in our study [17].

Depression (D) occurred in more than half of the female population aged 25–64
in 1994 (Table 2). The prevalence of D among men was less than 30%. At the same
time, the frequency of major depression among women is 4 times higher on average
than among men (p < 0.001). The prevalence of major D in 1994 in men increased
with age and was unexpectedly higher among 45–54-year-olds. Among women of
45–54 years old, major D in 2003 increased by 2% over 1994, but the 4-fold drop in
major D in the 55–64-year-olds group was reflected in a decline in the overall
average major depression rates of that period. In 2013, in the young-age population,
there was an increase in the high prevalence of major D among men, and we
observed a tendency of the narrowing gap in the prevalence of depression with the
female population. In 2017, high levels of major D persisted among men and women
in the younger age group of 35–44 years old, and even an explosive increase in
major D was found in the category of 55–64-year-old women. At the same time, the
proportion of individuals with no D in the population aged 45–64 years of both
sexes was higher than in 1994.

Sex distribution was studied in 2006–2009 and 2013–2015 as part of the first and
second waves of the European health interview survey (EHIS). The proportion of
people suffering from depressive disorders among women was higher than among
men in each of the EUmember states [18]. Portugal recorded the largest gender gap:
the proportion of Portuguese women with chronic depression was 11.3% higher
than men. The third wave of the European health interview survey (EHIS) was
scheduled to start in 2019, but the COVID-19 pandemic is delaying new findings to
help understand the current trend in the prevalence of depression depending on sex
and age in the Eurozone.

The prevalence of high VE in 1994 was 2 times higher among women than men in
the open population aged 25–64 (14.6% and 31%, for men and women of 25–64 years
old, respectively; p < 0.001). In 1994, both men and women showed a non-linear
increase in the frequency of high VE from younger to older age groups (Table 3).
Between 2003 and 2005, the increase in average levels of VE compared to 1994
reduced the proportion of those who did not experience vital exhaustion. The gender
gap in high VE levels was heterogeneous across age groups. The 2013–2016 trend for a
significant decrease in high and average VE levels in men and women in 2017
remained only in the 35–44-year-olds group. However, in older age categories, the
decrease in VE occurred only among the female population of 45–64 years old,
whereas in men of this age, the levels of vital exhaustion did not decrease, but, on the
contrary, slightly increased compared to 2003. Then, for the first time in the entire
23-year follow-up period, men were more likely to report VE than women (16.9%
and 15.6% for men and women of 35–64 years old, respectively, n.s.).

According to The Copenhagen City Heart Study, the prevalence of medium and
high VE levels measured between 1991 and 1994 was 25% in the population, of
which 58.5% were women. It should be noted that in this study, the examined
population was quite old: the average age was 60 [19]. In a large-scale epidemiolog-
ical study in the United States, high levels of VE were observed in 24% of the
participants, and average levels of VE were found in 44% of the surveyed. Women
were more likely than men to report high VE levels [20].

More than half of the male and female population have high or average levels of
hostility (Table 4). At the same time, the prevalence of hostility in 1994 was
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unexpectedly higher among the female population in all age groups. However, in
further follow-up periods, from 2003 to 2017, men showed higher levels of hostility
compared to women. This reinforces our theory that trajectories in the prevalence
of psychosocial characteristics change during periods of changing socio-economic
patterns in society. Between 2013 and 2016, the trend in the prevalence of men over
women with high hostility was consolidated by reducing its prevalence among the
female population to historically low values of less than 30% in the 25–34- and 35–
44-year-olds groups. In 2017, this trend was also recorded in the older age groups,
where the lowest levels of high hostility were observed among men of 45–54 years
old and women of 55–64 years old for the entire observation period between 1994
and 2017.

What makes our results unique is that reports on the prevalence of affective
states are limited and more commonly cited in clinical groups. Concerning the
frequency of hostility in other populations, the most informative is the CARDIA
study, which included more than 5,000 men and women aged 18–30. At the time of
the initial survey (1985–1986), the high level of hostility was 23.4% in the study
population, the average was 52.3%, and was more common among men, compared
to women [21].

Sex differences in the dynamics of social support levels are presented in
Tables 5 and 6. The higher prevalence of low close contact (ICC) among men,
compared to women, was reported in both the youngest 25–34-year-olds group
(63.8% vs. 57.7%) and older age groups of 45–54 and 55–64 (64% vs. 54%, respec-
tively) in 1994. In 2003 and 2013, there was a downward trend in the frequency of
the low close contact index to 46–50%, although ICC levels did not differ depending
on sex. In 2017, on the contrary, women were 14.4% more likely to show a lack of
social support, in comparison with men, and completely levelled the emerging
favourable trend of 2013.

The prevalence of a low social network index (combined indicator: low and
moderate-1) in the open population among men and women aged 25–64 was equally
high in 1994 and between 2003 and 2005. Between 2013 and 2016, there was an
unstable trend toward an increase in the level of social ties among young age groups
of both sexes. Later, over a short period, this trend reversed, marking an
unfavourable increase, predominantly among the female population of 35–64 years
old, reaching, on average, 75% of the values in the frequency of the low index of
social ties. Such differences are explained by the fact that women have better social
connections and receive support from multiple sources, but satisfaction with close
contacts is reflected in the perception of social support and the effect on health
[22, 23].

3.2 Gender effect in the risk of AH in individuals with unfavourable levels
of PSF

In our study of the risk of AH development depending on PSF levels, we
obtained the following results. Among men and women with HAL, the risk of AH
was higher in the “stronger sex”, with an increased risk demonstrated in the first
five years of follow-up (Figure 1). The magnitude of risk in men was maximum
after 10 years of follow-up (HR = 5.75), and in women in the first five years �
HR = 2.38 (95% CI: 1.13–4.99). And this is despite the fact that the prevalence of
HAL is higher in women. Indeed, BigData analysis showed that age and male sex are
associated risk factors for AH in individuals with anxiety disorders [24]. In a
multivariate model adjusted for social characteristics and age, the risk of AH was
also higher among men (HR = 4.57; 95% CI:2.07–10.08). While age was a determi-
nant of AH risk in women (HR = 7.93; p < 0.01 for the oldest age category), marital
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status was also important in men: divorced and widowed appeared to be more
vulnerable (HR = 4.30 and HR = 4.84, respectively; p for all <0.001).

The risk of AH in men with D was high already in the first 5 years of follow-up
observations, 6.7 times higher, gradually decreasing 10 and 16 years after screening,
but it remained significant. In women, a significant cohort outcome was determined
only 10 years after screening and was 1.7 times higher for those with depression.
Multivariate analysis also identified a higher risk of AH among men rather than
women: HR = 5.3 and HR = 1.4 (95%CI:1.04–1.98), respectively. As with high
anxiety, women’s risk was higher in the older age groups of 45–54 and of 55–64,
significantly outpacing men in these categories, reaching HR = 6.9. At the same
time, the mean level of education was a protective factor for women (HR = 0.56;
p < 0.05). In men, everything is different. Divorced (HR = 3.0), those with primary
education (HR = 5.6), and manual labour workers (HR = 2.8) with D had higher
risks of AH compared with married men with higher education and higher occupa-
tional status (the white-collars, e.g., engineers and technicians, managers) (p for all
<0.05).

Similarly revealing, in terms of gender differences, is a recent report by Kao W.
T. et al. (2019). In this 10-year study, men with depression had a higher risk of AH
than those without D [25]. In women, the results were contradictory: some risk
models showed a decrease in the development of AH among women with depres-
sion; but using a model adjusted for other covariates, they showed an increased risk
of AH in women, compared with individuals without D. The authors considered
social factors to be among the many reasons for the higher risk of AH among men
rather than women.

The maximum risk of hypertension in men with VE was recorded in the first five
years from the start of the study HR = 3.2 (95% CI:1–7.3). Further, this risk
decreased but remained significant by the end of the follow-up period. Women
with VE had a 2-fold higher risk of AH after 5 years of observation, but after
10 years it was no longer statistically significant. In the multivariate model, the risk
of AH was also higher in the male cohort HR = 2.9 (95%CI:1–7.9). In women, the
social parameters (i.e. marital status, education, occupational status) and age
included in the model reduced the risk to a greater extent than in men, although it
remained significant, HR = 1.34 (95% CI:0.99–1.82). Age over 34 years (HR = 2.3)
and primary education (HR = 1.8) were additional predictors of AH risk among
women with VE. In the ARIC Study, the highest quartile of VE was also associated
with lower educational attainment and higher systolic BP [20]. In men, the age limit
was significantly higher (over 54 years old), but the increase in risk at this age was
more than 5 times higher for people with VE as well. In addition, divorce played a
significant role in the occurrence of AH in men with VE (HR = 3.3). This is probably
the case when VE is a potential response to intractable problems in life and the
inability to adapt to prolonged exposure to psychological stressors [26].

The risk of developing AH, during the first 5 years of follow-up, was already 2
times higher in both men and women with a low index of close contacts (ICC) as
compared to those with higher indices. Among those with low social network
indices (SNI), the risk of developing AH was 5.9 times higher among men and 1.8
times higher among women in the first 5 years of follow-up. The multivariate model
retained a statistically significant risk of developing AH only in men with low ICC
(HR = 1.2). At the same time, the marital status “unmarried” (i.e. single/divorced/
widowed) significantly increased the risk level to the limit of 7.1 times (for wid-
owers). It should be noted that in widowed women, the risk of AH was also
significant (HR = 2.7 95% CI: 1.03–7.35), although not as high as in men.

In women, there was also a tendency of an increased 2-fold risk of AH among
those who had primary education (p = 0.06).
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The effect of low social ties on the risk of AH in the multivariate model was 1.7
times higher in men and 2.9 times higher in women. The effect of marital status
“single” was statistically significant only in men, as well as heavy physical labour,
which increased the risk by almost 3 times. However, the initial level of educational
attainment was statistically significant for both sexes: the risk of AH was 1.4 times
higher in men and 2 times higher in women with low SNI. In both sexes, age was a
more significant risk factor because it had a linear effect on the risk of AH, being the
maximum in the age group of 55–64, reaching HR = 8 in women.

In our study, marital status “unmarried” (divorced, single, or widowed) deter-
mined the extreme degree of social isolation in men with low ICC / SNI, which was
reflected in a higher risk of AH in them, compared to the “tender gender”, where
marital status was not always a significant risk factor [27]. In the ELSA study
(n = 8310), loneliness remained a significant predictor of cardiovascular events
regardless of sociodemographic factors and social isolation; even after the inclusion
of traditional RFS to the model, the association between loneliness and CVD was
maintained [28].

3.3 Gender effect in the risk of MI in individuals with unfavourable levels
of PSF

The risk of myocardial infarction for 16 years of follow-up was slightly higher
among women with high anxiety compared to men (HR = 4.19 and HR = 3.7,
respectively), but the inclusion of social characteristics and age in the model
increased the risk value among women to HR = 5.16 (p for all <0.05). In men, the
risk in the multivariate model decreased but remained significant HR = 1.79
(Figure 2). A great risk share in this model was explained by age over 54; however,
these associations were not statistically significant in women.

The risk of a heart attack in men with depression was 2 and in women 2.5 times
higher. In the multivariate model, the risk of MI in men was reduced but remained
significant, and in women with D, statistics were no longer valid. In the age group

Figure 1.
Gender differences in risk of an arterial hypertension incidence in a cohort aged 25–64 with anxiety traits,
depression, vital exhaustion and low social support. Abbreviations: AH- arterial hypertension; CI- confidence
interval; ICC – Index of close contacts; SNI – Social network index.
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of 55–64, the risk of MI was highest in men (HR = 6.8) and women (HR = 6.3).
Marital status “single” (HR = 6), primary education (HR = 3.2), and manual labour
(HR = 6.7) were predictors of high risk of MI in men with D (p for all <0.05). No
such associations were found in women.

A recent publication of the ESC 2018 working group cites several studies
concerning sex differences in the risk of coronary heart disease (CHD) and CVD
mortality [9]. Studies of young population samples (under 40) found that the effect
of depression on the risk of CHD was higher among women than in men. In the
NHANES III study, a history of major depression was associated with an almost 15-
fold increased risk of CHD in women and 3.5-fold in men [29]. This confirms our
earlier findings [30], but in our present study, the sex differences were not as
significant in risk.

In the simple risk model, VE did not affect the development of MI in women,
whereas in men it was 2 times higher compared to those in whom vital exhaustion
was not found. The multivariate model reduced the magnitude of risk after
adjusting for socio-demographic characteristics, but the statistical significance for
men remained the same. Living out of wedlock, age over 44, and blue-collar occu-
pations were associated with a 3–7-fold increase in risk for men. Divorced status in
women also increased the risk of myocardial infarction (5 times higher).

In our study, the moderate to high levels of hostility reduced the risk of MI by
70%. However, some social characteristics changed this ratio unfavourably. Living
out of wedlock has been associated with the risk of MI in men who demonstrate
hostility. The increase in risk was particularly significant among the widowed (12
times higher). Primary education and age over 44 also increased the risk of MI.
Executive positions combined with hostility is associated with a 9-fold increased
risk of MI compared to engineering professions. No significant associations and
effects on the risk of MI in women with hostility during the 16-year follow-up
period were found.

A recent meta-analysis assessing the impact of hostility showed that anxiety,
depression, and psychological stress, but not anger or hostility, were associated with
CHD risk in women. In men, on the contrary, anger is one of the leading psychoso-
cial risk factors for cardiovascular events [31]. Our study complements these
conclusions by showing that the risk of IM is manifested only in a certain social
environment.

The risk of MI in individuals with low indices of close contacts and social ties
was significantly higher but did not differ significantly depending on sex, slightly
predominating in men. At the same time, the lack of close contacts increased the
risk more significantly (5 times), rather than a poor social network (3 times).
Interestingly, the multivariate model practically did not weaken the risk of MI in

Figure 2.
Gender differences in risk of myocardial infarction incidence in a cohort aged 25–64 years with anxiety traits,
depression, vital exhaustion, hostility and low social support. Abbreviations: CI- confidence interval; ICC –
Index of close contacts; MI- myocardial infarction; SNI – Social network index.
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women, which increased significantly among women with low ICC and primary
education (HR = 15.4). In men, primary education had a comparatively smaller
effect on risk, giving preference to age, living out of wedlock (single, divorced,
widowed status), and having an engineering or technician occupation, or physical
labour. Similar associations were found for the social network index (SNI) in the
multivariate model, where the risk of MI was higher in women compared to men. In
contrast to close contacts, the lack of social connections combined with age, pri-
mary education and physical labour increased the risk of MI � 3-3.7 times in
women. For men, such factors as marital status “single”, age, primary education,
and physical labour remained significant. Importantly, low SNI combined with a
mid-level executive position also increased the risk of MI (2.5 times). A similar
effect was not observed in women.

3.4 Gender effect in the risk of stroke in individuals with unfavourable levels
of PSF

The risk of stroke was higher among men with HAL, HR = 4.43 (95% CI:2.8–
6.9), rather than among women, HR = 3.5. In the multivariate model, the risk of
stroke was lower for men than for women. Adverse changes in marital status
(divorce or death of a spouse), as well as age over 54 years, were associated with an
increase in the risk of stroke (3.8–5.8 times higher) in men, but not women.

Stroke is the fourth leading cause of death in the female population [32]. Recent
studies indicate an independent influence of anxiety in stroke risk [33, 34]. This
confirms the results obtained earlier [35]. The overall risk of stroke according to the
meta-analysis, which included 950 thousand participants, was 1.24. It is reported
that individuals with more severe anxiety may have a higher risk [36]. In multivar-
iate models, a higher risk of stroke was observed among men, people with low
education attainment, and those living out of wedlock [32], as well as in our study.
Our study confirms the need to consider the social gradient in terms of the effect of
PSF on the risk of CVD in the general population.

Depression increased the risk of stroke more strongly in men (by 5.8 times) than
in women (HR = 4.6). However, including social and demographic variables in the
model increased the risk of stroke in women 8.5 times. At the same time, the
combination of age over 54 years with depression increased the risk of stroke (6.9
times in women, and 3.1 times in men). Depression in widowed men with primary
education increased the risk more than 8 times. A tendency toward increased risk
was observed in men with D in low-skilled jobs.

A meta-analysis of more than 17 cohort studies found a 1.34-fold increase in the
risk of stroke among people with depression [37], which again confirms our results
[30]. In this analysis, the differences in risk among men and women were not so
significant (HR = 1.49 and 1.35), which may be explained by a shift in the evaluation
due to differences between studies, since some studies were performed among the
male population [38]. Yet individual studies show a significantly higher risk of
stroke in women than in men [39]. In addition, the influence of age is also signifi-
cant, increasing the effect of depression in the group of people under 65 years
(Figure 3) [39].

Vital exhaustion increased the risk of stroke equally in men and women in both
the simple and multivariate models, although the inclusion of social and demo-
graphic characteristics reduced the risk value; it remained high: 2.6 times higher in
men and 2.53 times higher in women in the multivariate model. The age of 55–
64 years was significant in the development of stroke, increasing the risk in men 2.4
times, in women 2.9 times. Marital status and educational attainment were associ-
ated with stroke risk only in men, but not in women. Being divorced and having an
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elementary level of education increased the risk of stroke in the cohort of men by
3.8–4.8 times. The tendency toward risk is also observed among widows.

Gender differences in stroke risk were also studied in the Copenhagen City
Heart Study. The researchers found that women with high levels of VE had a 2.27-
fold risk of stroke, which was slightly reduced in a multivariate analysis. Yet no
association was found with stroke in men with VE. A longer cohort study might
have levelled the gender difference in this longitudinal study: it estimated 6–9 years
in this study [40].

Hostility in men has a negative association with stroke risk (HR = 0.29, 95%
CI:0.1–0.7). Divorce, primary education, and the age of 55–64 are associated with
a 3.2–4.6-fold increase in the risk of stroke. The maximum risk values were
observed among pensioners (HR = 14.5) in comparison with executives. There was
no association with stroke in women with hostility during the 16-year follow-up
period.

The low level of close contacts increased the risk of stroke to the same degree in
men and women – 3.5 times. But a poor social network (low SNI) was more
important for men, increasing the risk of stroke 3.4 times, and for women 2.3 times.
Adding social parameters and age to the analysis reduced the risk value in men with
low ICC to HR = 2 (95% CI:1.27–3.61), while the risk of stroke increased 4.13-fold in
women. Only women with higher education and a favourable level of close contact
were resistant to the risk of stroke. In men, only primary education was associated
with a twofold risk of stroke. Moreover, being a divorced or widowed blue-collar
was associated with an increased risk of stroke in men but not women. However,
age over 54 was critically important in the risk of stroke in both sexes, but with a
greater magnitude among women (HR = 5.19; p < 0.05).

In contrast to the simple model, in the multivariate Cox model, SNI increased
the risk of stroke in the same way in men and women (2.2 times). As in the case of
low ICC, any level of education attainment, apart from higher education,
increased the risk of stroke in women; while in men, only primary education was
significant, in case of poor social ties. Women aged 55–64 were 2 times more likely
than men of the same age group to have a stroke. Yet occupational status, as well
as marital status, were statistically significant only in men. Being a blue-collar
worker and having the status of a divorced or a widower, combined with a low
SNI, increased the risk of stroke 4.8–6.9 times. Literary sources show that the
socially isolated, i.e., deprived of social contacts and not participating in social
activities, lonely or not satisfied with the quality of their social contacts, have a
30% higher risk of CHD, stroke and early mortality [41]. Such studies only add to
the significance of the influence of the social gradient described in our previous
works [42].

Figure 3.
Gender differences in risk of stroke incidence in a cohort aged 25–64 years with anxiety traits, depression, vital
exhaustion, hostility and low social support. Abbreviations: CI- confidence interval; ICC – Index of close
contacts; SNI – Social network index.
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4. Conclusions

In the period from 1994 to 2003/05, our study registered high levels of negative
psychological characteristics, which prevailed among women. The favourable trend
of 2013 in the reduction of affective states reversed shortly. By 2017, younger men
for the first time began reporting higher levels of anxiety and vital exhaustion than
women. For 23 years, against the background of an increase in the proportion of
people of both sexes without negative psychological conditions, the gender gap in
the frequency of major depression decreased. Such multifaceted trends are due to a
decrease in the average levels of PSF in our study.

It is worth mentioning that an increased level of hostility in the Russian/Siberian
population is associated with a negative risk of stroke. It can be assumed that a low
level of hostility is probably not the most advantageous, from an evolutionary point
of view, tool of adaptability in the conditions of the permanent crisis in Russia in the
post-Soviet period. At the same time, high anxiety, as a personality trait, develops in
character over many years, activates biological mechanisms and leads to the devel-
opment of cardiovascular events. This also applies to other psychosocial factors. It
should be pointed out that the increase in the risk of CVD is observed already in the
first 5 years after the initial study and remains significant for a long period –

16 years in both sexes. The magnitude of the risk depends on gender. Its higher
values were determined in men with unfavourable levels of PSF in the development
of AH and stroke. Yet the inclusion of social characteristics to the model often
changed this ratio, weakening the risk magnitude in men, but maintaining the same
or increasing in women. This is explained by the high sensitivity of men to living
outside wedlock, increasing the risk of CVD among divorced and, especially,
widowed (6–8 times). In women, such associations were not typical. Obviously,
more men benefit from being married rather than women who have to bear the
domestic burden. These explanations can be found in our earlier works. The influ-
ence of occupational status was also decisive for men. Working professions are
associated with a higher risk of CVD in men compared to engineers, technicians and
managers. In women, the prognostically unfavourable factor was the initial level of
education attained and age over 44 years in combination with affective states.
Among men, the impact of these factors was less significant.
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Vascular Calcification and 
Cardiovascular Risk in Chronic 
Kidney Disease: A Problem That Is 
Here to Stay
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Abstract

Cardiovascular disease is the primary cause of morbidity and mortality in 
chronic kidney disease (CKD) population, particularly in end stage renal disease 
(ESRD). This could be explained in part due to the presence of traditional cardio-
vascular risk factors, such as older age, hypertension, dyslipidemia and diabetes, 
but is also associated with nontraditional cardiovascular risk factors related to 
CKD, like inflammation, anemia, abnormal calcium and phosphate metabolism 
and extracellular fluid volume overload, which may contribute to intimal or medial 
wall arterial calcification. Vascular calcification (VC) is a dynamic process, result-
ing from the dysregulation of the balance of molecules that promote and those that 
inhibit this course. It is important for clinicians to both acknowledge and recognize 
the pathways and risk factors of VC in order to improve cardiovascular health in 
CKD patients. This chapter will focus on the biology of VC, the association with 
CKD, risk factor modification, screening and prevention of VC and cardiovascular 
disease in CKD patients.

Keywords: vascular calcification, cardiovascular disease, chronic kidney disease, 
mineral metabolism

1. Introduction

Vascular Calcification (VC) refers to the ectopic deposition of calcium phosphate 
crystals in arterial walls [1, 2]. This is a process that can be seen in all arteries with a 
distinction made based on the offended layer of the wall – medial or intimal – with 
different explaining mechanisms [3]. Besides vessel walls, other tissues like cardiac 
valves can also show calcifications [1, 4, 5].

In 1855, Virchow described the VC as “artery ossification”, precisely in patients 
with renal disease [3, 6]. More recent, studies showed the same findings in Egyptian 
mummies [7].

In fact, with current molecular knowledge, we understand that mineraliza-
tion of the tunica media, the type of VC associated with CKD and its mineral 
disturbances [8], occurs with trans-differentiation of muscle cells to bone cells, in 
a process one could call ossification [9, 10]. On the origin of those cellular changes, 
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several factors interact to put in motion a series of events that will result in an active 
promotion of mineral deposition [1, 11, 12].

VC increases with age [13] and it is associated with many diseases such as dia-
betes [14], cardiovascular diseases (CVD) [8, 15], some genetic diseases [2, 16] and 
particularly CKD [8, 17–19]. In the latter, VC is observed in early stages, progresses 
with the renal impairment and affects almost every dialysis patient [20], even in 
the absence of traditional risk factors of hypertension, obesity, dyslipidaemia and 
smoking [21, 22]. For calcification to happen, an unregulated state of bone ossifica-
tion induction and the loss of many molecules that are believed to be osteogenesis 
inhibitors, must occur [11, 12]. In CKD, the culprit appointed by many recent 
studies is another of its complications – the mineral disturbance [11].

Cardiovascular (CV) events are tightly related to the CKD population, with 
high incidence of sudden cardiac death, arrhythmia, congestive heart failure and 
stroke, corresponding to the most common cause of death, especially in dialysis 
patients [2, 20, 23]. VC progression and severity [24] is directly associated with 
these CV events and its related mortality [21] due to arterial calcification and its 
consequences, like ventricular hypertrophy or micro-embolic disease [10, 23, 25]. 
This explains the high prevalence of cardiac events and mortality even in patients 
without the traditional cardio-vascular risk factors [8, 10].

Until now, no study came to the conclusion that VC directly causes CV events 
[26]. Moreover, VC has some features in common with arterial aggression leading 
to CVD [26, 27]. For that reason, there are still some who argue that VC is a conse-
quence and not the cause for CVD [28–30].

This chapter will focus on the biology of vascular calcification and the associa-
tion with chronic kidney disease.

2. The biology of vascular calcification

The calcification of the vasculature refers to the pathological deposition of 
phospho-calcium minerals in the arteries, leading to its stiffness [19] and thick-
ening, as a result of a complex interaction of factors [4, 23]. Regardless of that, 
phospho-calcium can spontaneously precipitate [31]. Oversaturation increases of 
those ions concentrations and acidic environment favors their precipitation with 
a formation of various intermediates minerals, gradually bigger, until the least 
soluble, hydroxyapatite (HA) which will then crystalize [32]. The deposition of 
this crystal, or nucleation process, occurs chiefly in the apoptotic cells [9, 17, 33] or 
in mineral containing vesicles [34], which will then release more calcium to extra-
cellular matrix (ECM), promoting more apoptosis when entering the neighboring 
cells, in a vicious cycle [32].

2.1 Calcification types

The histological location of that deposition and the pathobiology has made a 
distinction between types of calcifications [4, 35]. This phenomenon can arise in: 
i) the inner layer of endothelial and connective subendothelial tissue of arteries, 
ii) the medial muscular layer, iii) in the cardiac valves (resulting in valve sclerosis 
and stenosis) and iv) calcific uremic arteriolopathy, previously known as calci-
phylaxis [3]. These are the calcifications referring to the vascular system, of which 
we will focus on the first two. Besides VC, other extra-skeletal calcifications may 
 happen [3, 36].

Atherosclerosis, an accumulation of calcium in the intimal layer of large and 
medium sized arteries, is observed following a long inflammatory process and as 
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a last stage of that series of events [23, 37, 38]. It involves the infiltration of macro-
phages in the epithelial and subepithelial connective tissue and the formation of a 
lipid plaque [3, 23]. Hence, it is related to dyslipidaemia, arterial hypertension and 
tabagism, but also with age [8].

In medial calcific sclerosis (MCS) or Mönckeberg’s medial arteriosclerosis, 
the target of calcification is the muscular medial layer of elastic or muscular arter-
ies, and posteriorly, fibrosis, stiffness and thickening ensues [36, 37, 39]. This form 
is widely related to mineral imbalance, and it is seen in diabetes, some rare genetic 
diseases [40] and strongly related to CKD [17, 37]. This is the form to which we will 
be referring to.

It is important to point out that atherosclerosis is due to inflammation and lipid 
deposition and for that depends on the so-called traditional CV factors (dyslipidae-
mia, arterial hypertension and tabagism) while medial VC does not [23, 41, 42]. In 
atherosclerosis, plaque calcification creates areas of different compliance [23, 39, 
43, 44]. It ultimately leads to plaque rupture and acute vessel obstruction and is 
more closely associated with an increase in mortality [23, 43, 45, 46].

The association of MCS and mortality was brought up by many studies but not 
yet proven to be a cause-effect [28, 29] and some opinions still diverge, as we will 
discuss ahead. Research efforts have improved our knowledge on the molecular 
mechanisms involved, showing a passive process of physicochemical reaction 
resulting in vesicles [17, 47]. As stated earlier, apoptotic debris are good mineral 
nucleation sites but extracellular vesicles (EV) are regarded as having much higher 
mineralization potential [48].

Cells capable of osteo-transdifferentiation include not only vascular smooth 
muscle cells (VSMC) in the media, but also miofibroblasts in the adventitia, 
pericytes under endothelial cells (related to atherosclerosis), multipotent vascular 
mesenchymal cells and cardiac valve interstitial cells [42, 49, 50]. EVs, originally 
termed matrix vesicles, are nanoparticles of cellular origin, heterogeneous in 
size, shape and content, with two origins: membrane budding or in an endosomal 
pathway where multivesicular bodies fuse with the plasma membrane and then 
releases to the ECM by the regulation of sphingomyelin 3 [1, 17, 47, 51]. These EVs 
are designated exosomes [1, 52]. These vesicles are known for many decades to be 
related to bone mineralization but only recently were identified in VC. Indeed, EV’s 
membrane have affinity to matrix proteins and, contrary to non-calcifying vesicles, 
contain phosphatidilserin (acidic phospholipid) and calcium-channel annexin fam-
ily molecules in the membrane, responsible for the vesicle’s release. Annexin-6 has 
been described as a regulator of VC in vivo [1, 37, 47, 53].

EV’s release is promoted by high levels of calcium and their calcifying potential 
depends on its altered content compared to normal vesicles, with lower calcifica-
tion modulating proteins – which we will analyze in detail later –, higher calcium 
and phosphate content, lipids, microRNAs, matrix metalloproteinases (MMP) for 
matrix digestion and alkaline phosphatase (ALP), which normally is not present 
in vascular tissue. ALP releases free inorganic phosphate (Pi) – enhancing more 
crystal formation [47].

The nucleation of HA begins inside the vesicles, with molding crystals’ size 
and shape, and continues with the of in the ECM. Even tough origin and release 
of EVs are still poorly understood, vesicles are regarded as nucleating foci for 
VC [52, 54].

2.2 Transdifferentiation of VSMC

The unregulated osteogenesis is owed to the influence of external and 
internal factors (age, inflammation, toxins, CKD or diabetes) that induce 
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transformation of VSMC to osteogenic cells responsible for a pathological 
mineralization [23, 37, 54, 55].

Gene silencing lead to the loss of contractile properties by the underexpres-
sion of α-smooth muscle actin (SMA) and smooth muscle protein 22 (SM2) – the 
de-differentiation of VSMCs – whereas the upregulation of several genes coding for 
bone-like cells, give VSMCs the osteogenic characteristics [48, 49, 56]:

• ALP – enzyme responsible for the increasing Pi availability needed for crystal 
formation. ALP in soft tissues is a marker of ectopic calcium deposits [49, 57].

• Collagen I – implicated in the ECM remodeling and HA deposition as 
described [58].

• Osteopontin (OPN) – it is a binding-calcium particle (preventing HA forma-
tion) and a pro-inflammatory agent. It is thought that the cleavage of OPN 
under osteogenic circumstances by MMPs, may disrupter its equilibrium 
rendering an inflammatory and angiogenic role and involved in proliferation 
and migration of calcifying VSMCs [59].

• Osteocalcin and Osteonectin – increased in calcifying cells but with role on 
VC yet to be demonstrated [3, 25].

• RANK-L – Receptor activator of nuclear factor ΚB ligand. RANK is a member 
of tumor necrosis factor (TNF) receptor family, expressed by osteoclasts and 
increased in medial VC where it promotes VSMC calcification (demonstrated 
in vitro). The mechanism is the upregulation of a pathway of transdifferentia-
tion. It also promotes osteoclast activity, responsible for osteoporosis [13].

2.3 Loss of calcification inhibitors

Along with the aforementioned change in phenotype, the loss of calcification 
inhibitors must take place concomitantly for the end-result of VC [58]. These are 
referred as the calcifying protein inhibitors preventing HA harm to ECM and 
cells [37].

They are herein described:

• Matrix Gla Protein (MGP) – Vitamin K dependent protein (VKDP), 
expressed in several tissues and in VSMCs. The activated molecule has a 
glutamic γ-carboxylation [55]. In normal states, the carboxylate MGP binds 
and inhibits crystal formation and prevents osteoblastic transformation. The 
unbalance toward the uncarboxylated inactive form is present in VC and is 
assumed to be a procalcifying agent [47]. Because of its vitamin K dependence 
for the γ-carboxylation of glutamic residues, anti-cumarinic medications (anti-
vitamin K) may disrupt its normal quantities [58, 60].

• Gla-Rich Protein (GRP) – GRP is the newest member of the vitamin 
K-dependent protein (VKDP) family, first identified in sturgeon calcified 
cartilage and characterized by the presence of an unprecedented 15 puta-
tive calcium-binding Gla residues in human [61]. It is considered a negative 
regulator of osteogenic differentiation [62], a modulator of calcium availability 
in the ECM [61, 63], and an inhibitor of calcification in the CV [64] and 
articular systems [65]. GRP calcium binding properties [61, 66] and associa-
tion to calcification processes [61, 63–67] indicates that its function might be 
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associated with prevention of calcium-induced signaling pathways and direct 
mineral-binding to inhibit crystal formation/maturation. GRP is also involved 
in the mineralization-competence of VSMCs derived EVs and possibly associ-
ated with the fetuin-A/MGP calcification inhibitory system [64].

• Fetuin-A (Fet-A) – also known as α2-Heremans-Schimd glycoprotein, is 
a potent anti-calcification glycoprotein in circulation [34]. Binds crystals there-
fore preventing its growth and the formation of insoluble nanoparticles  
[68, 69]. The complexes formed with crystals – primary calciprotein particles 
(CPP-1) – are more easily eliminated by the reticuloendothelial system than 
normal calciparticles and with less toxicity to those cells [70]. The re-arrange-
ment of the CPP-1 in terms of form and crystal features will make a particle 
believed to be more cytotoxic and VC-inducing, called secondary CPP (CPP-2) 
[37]. Fet-A is linked with reduction of inflammatory response and oxidative 
stress produced by calcification. As seen, it is diminished in EVs responsible 
for VC [49]. Studies shown Fet-A to be decrease in serum of CKD patients, 
with age, restrictive diet, low weight and aerobic exercise [58]. Despite being 
phospho-calcium containers impeding its growth and deposition, CPPs are 
cytotoxic particles and in case of impaired elimination it is believed to be 
responsible for the inflammation state and premature aging seen on CKD.

• Osteoprogerin (OPG) – binds RANK-L preventing its binding to RANK and 
its effects: osteoclastic differentiation and medial calcification [58, 71].

• Pyrophosphate (PPi) – prevents the formation of phospho-calcium crystals in 
the extracellular environment [58, 71].

2.4 Regulation: Signaling pathways

Different, complex and not fully understood molecular pathways activate the 
changes described in the pathobiology of VC [4]. Many of those factors have more 
than one implication in VC and a lot of them interact with each other. There is a 
“perfect storm” [25, 49] behind VC. Hereby we analyze the mechanism and the 
signals involved with the onset of VC.

• Runx2/Cbaf – The transcriptional promoter activity of Runt-related tran-
scriptor factor-2, also known as Core-binding factor subunit 𝛼𝛼1, is responsible 
for the underexpression of muscle fibers causing the de-differentiation process 
of VSMCs [72]. Together with the downstream Osterix gene it is responsible 
for the upregulation of the aforementioned Osteocalcin, Osteopontin (OPN), 
Osteonectin, ALP, Collagen I, RANK-L and also sclerostin, since all of them 
have a binding site for cbaf in their genes/promoters [49, 58]. These promoters 
regulate genes involved with the cell cycle for lineage determination, interact-
ing in order to enhance osteoblastic/osteochondrogenic protein characteristics 
and osteogenic lineage commitment of the VSMCs [73]. This mechanism is 
related with age, CKD, diabetes type 2, inflammation and with toxins like 
uremic products [37, 72].

• Wnt pathway – in this signal transduction pathway, several glycoproteins 
(Wnts) are capable of activating specific membrane receptor complexes, 
responsible for the dephosphorylated stabilization of ß-catenin that leads to 
the intracellular signaling of transcription factors activation [13, 74]. Different 
receptors are involved but low-density related protein receptors (LRP) 5 and 
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6 were described as involved in the pathway resulting in activation of Runx2 
and Osterix by ß-catenin, in a way not yet clarified [13, 58]. There are many 
proteins to regulate Wnt cascade like sclerostin, which binds to the membrane 
receptor thus inhibiting it, and MSX-2 homeobox that promotes paracrine 
Wnt signals [13, 49]. It is also implied in the cell-cycle, proliferation, lineage 
commitment and regulation of apoptosis and its activation is related to TNF-α, 
oxidative stress and hyperphosphatemia [13, 58].

• The Bone Morphogenetic Protein-2 (BMP-2) – a cytokine of TGF-ß family and 
a mediator of VC. By activating its membrane receptor can activate (by phos-
phorylation) co-regulatory proteins of the Smad family and will put, together 
with Runx2, the cascade of events in motion [42, 58]. Both BMP-2 and BMP-4 
receptors can phosphorylate and activate that cascade toward osteoblastic/chon-
drocyte’s formation and prevent mesenchymal cells transformation in (normal) 
VSMCs or adipocytes. It is crucial for VC to happen, since neither BMPs nor 
Runx2 are able to put the osteogenesis machinery in motion alone [13, 58].

• TGF-ß – upregulated when elastosis develops, like BMPs, can promote the 
transducing of osteogenic genes with Runx2 activation [58].

• RANK/RANK-L/OPG pathway – the already mentioned TNF-α family 
receptor, RANK activation results in the activation of NF-𝜿𝜿B transcription 
factor. Involved in cellular responses to aggressions like free radicals, oxidized 
LDL cholesterol or some cytokines and it was linked to VC in some studies. It 
also increases BMP-4 expression and so, activates Runx2 [58]. As discussed, 
RANK-L is the activator of receptor RANK and OPG competes with RANK-L, 
preventing the pathway activation. So, RANK signaling depends on RANK-
L:OPG ratio but also indirectly of the regulatory factor Runx2, capable of 
promoting RANK-L expression [25, 71].

• ENPP1/PPi/ALP axis – as discussed, PPi opposes crystal formation whereas 
ALP is a crystal-promotor by hydrolysing PPi and making it a source of 
phosphor (Pi) [47]. In a complex interaction of several enzymes, PPi is formed 
by Ectonucleotide Pyrophosphatase/Phosphodiesterase-1 enzyme (ENPP1) 
from adenosine triphosphate (ATP). Another membrane enzyme – Progressive 
Ankylosis Protein (ANK) – makes PPi available to the extracellular environ-
ment where it can prevent Pi to mineralize. An overexpression of ENPP1, ANK 
and ALP gives the continuous exaggerated production and release of PPi to the 
ECM, for posterior destruction by ALP [36, 47, 57, 58].

Vitamin D can induce such activity. ATP Binding Cassette Subfamily C member 
6 (ABCC6) and ecto-5′-nucleotidase (NT5E) genes encode for the intermediary 
enzymes in the formation and degradation of ATP to AMP and ultimately, adenos-
ine; These several enzymes are related to genetic calcifying diseases [58].

• Phosphate and calcium status – increased concentrations of these ions result 
in the formation of either crystals or nanoparticles with proteins, as referred. 
Transient or continuous elevated extracellular phosphate, in any form, has 
cytotoxicity consequences: it can lead to apoptosis because of ROS burden, an 
important calcifying event; and it can activate the digesting MMPs responsible 
for elastolysis [4, 13, 75]. Elevated calcium concentrations facilitate phosphate 
entry and is linked to calcification even in normal phosphoric quantities. Both 
calcium and Pi are related with Runx2 activation [13, 17, 47]. HA crystals, 
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nanoparticles or free phosphate can render the same results. In fact, it has been 
proposed that cell-internalized CPPs with low fetuin-A are the most common 
event and that they can be detected circulating in CKD patients’ blood, as they 
do not in healthy individuals [32].

• MicroRNAs (miRNAs) – regulate gene expression by targeting translated 
mRNAs and altering its traducing to proteins. EVs are known to have miRNAs 
and there have been new studies on this matter [47].

On the other hand, it is of notice that for the installation of VC, there is a role to 
be played by the concomitant loss of several osteogenesis antagonizing molecules, 
such as [58]:

• MGP, GRP and Fet-A – the carboxylated forms not only bind calcium but also 
inhibit BMPs impeding BMPs-BMP receptor activation.

• BMP-7 – apart from the other BMPs, it does not promote Runx2 but the 
expression of smooth muscle fibers, antagonizing the VSMC differentiation. 
Because of that, the loss of its action will possibly increase VC risk [58, 72].

• Sclerostin – a glycoprotein with expression promoted by Runx2 and OSX is 
not consistently associated with VC and its role is to be fully explained, but it 
was however identified as an inhibitor of the Wnt cascade in its signal activa-
tion by ß-catenin and therefore inhibiting osteogenesis [58].

• Adiponectin – an adipocyte’s hormone, restricts osteoblastic differentiation by 
1/p38 receptors signaling pathway [40].

A complex myriad of factors may offend the vessel wall’s cells such as: elas-
tolysis, cytokines, ROS, oxidized lipids, glucose, uremic molecules, BMPs and 
circulating calciprotein particles (CCPs). These will ignite signaling pathways like 
the Wnt pathway, resulting in the trans-differentiation of VSCM by the action 

Figure 1. 
Mechanisms of vascular calcification. ALP: Alkaline phosphatase; Fet-A: Fetuin-A; GRP: Gla-rich protein; 
MGP: Matrix Gla protein; OPN: Osteopontin; OPG: Osteoprotegerin; PPi: Pyrophosphate; RANK-L: Receptor 
activator of nuclear factor ΚB- ligand; VC: Vascular calcification; VSMC: Vascular smooth muscle cells. 
(Adapted from Dellegrottaglie et al. [28].)
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of transcription factor Runx2. Deposition of minerals is promoted in the matrix, 
either in vesicles or apoptotic bodies. As this occurs, a loss of calcification inhibitors 
will pose no obstruction to the process.

Ultimately, the stiffness caused by this remodeling of the medial layer will result 
in ventricular hypertrophy [19, 49].

Figure 1 resumes the before mentioned pathways and mechanisms implied in 
the vascular calcification process.

3. Vascular calcification in chronic kidney disease

Cardiovascular disease is the leading cause of death in patients with CKD, 
especially among those with end stage renal disease (ESRD) [76, 77]. This high 
cardiovascular risk may be in part due to excess VC [78, 79].

The prevalence of vascular calcification in CKD patients increases with progres-
sively decreasing kidney function and is greater than the general population [21, 
80]. In patients with estimated glomerular filtration rate (eGFR) less than 60 mL/
min/1.73 m2 and not on dialysis, VC is known to be present in 47 to 83%. In dialysis 
adult patients, coronary artery calcification (CAC) has been detected in 51–93% 
and valvular calcification in 20–47% [2, 5, 81].

Increased CV risk may be due to CAC, with remarkably high prevalence in 
patients undergoing dialysis [8, 76, 82, 83]. It can be said that 20-year-old patients 
in dialysis have the same CV mortality risk as 80–90 year-old non-diabetic and 
non-uraemic subjects [82]. This may be associated with dialysis vintage, the intake 
of supplemental calcium, particularly with calcium-containing phosphate binders, 
and the mean calcium-phosphorus ion product.

3.1 Clinical significance

The diagnosis of CKD–Mineral Bone Disease (MBD) includes the detection of 
extra-osseous calcification, such as arterial, valvular, and myocardial calcifica-
tion [5].

The clinical significance of vascular calcification depends on the site (ie, medial 
or intimal) and type of the affected arteries. Intimal calcification is associated with 
the formation and progression of atherosclerotic lesions and is associated with the 
development of plaques and occlusive lesions as in coronary artery disease, cerebro-
vascular disease, and peripheral vascular disease [9].

Tunica media calcification was initially considered to be clinically non-
significant [9]. However, it was later demonstrated in CKD and ESRD patients that 
was associated with decreased vascular distensibility and increased vessel stiffness 
and pulse pressure with consequent progression of intimal lesions [9, 11, 84–86]. 
London et al. conducted a study including 202 HD patients which showed that 
medial calcification had major impact on clinical outcome, being an independent 
prognostic marker for all cause and CV mortality in chronic HD patients indepen-
dently of classical atherogenic factors, with close association to time on HD [8].

3.1.1 Coronary artery calcification

Coronary artery calcification (CAC) is common and progressive in young adults 
with ESRD who are undergoing dialysis [21]. Some studies reveal an association 
between CAC and CVD in this population [80, 83].

Coronary artery calcification score, measured noninvasively by electron-beam 
computed tomography (EBCT), was found to be an independent predictor of overall 
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mortality in dialysis patients [87]. In one study with 39 patients undergoing HD, those 
with CAC had higher serum phosphorus concentrations, higher calcium–phosphorus 
ion product in serum, and their daily intake of calcium-containing phosphate- 
binding agents was nearly two times greater than those without calcification [21].

3.1.2 Large-vessel calcification

Calcification of aorta and other large arteries is associated with increased 
arterial stiffness. This will cause lack of distensibility, leading to hypertension and 
increased pulse pressure, both risk factors for left ventricular dysfunction and heart 
failure among CKD patients [85, 88].

3.2 Risk factors

The higher prevalence of traditional CV risk factors, such as older age, hyper-
tension, dyslipidemia and diabetes, and the presence of nontraditional CV risk 
factors related to CKD (anemia, abnormal calcium and phosphate metabolism, 
extracellular fluid volume overload, electrolyte imbalance) may explain the high 
occurrence of CVD and contribute to intimal or medial wall calcification in patients 
with kidney failure [28].

3.2.1 Demographic features and time on dialysis

Vascular calcification is associated with the increasing age and time on dialysis [21, 
89, 90]. A study with 134 patients on HD, peritoneal dialysis and with stage 4 CKD 
demonstrated that age and male gender were important determinants of VC [77, 91].

3.2.2 Mineral metabolism

Disorders of mineral metabolism may promote CV calcification, contributing to 
higher CVD and mortality in patients with kidney failure or ESRD. Several obser-
vational studies have noted an association between mineral and bone disorders with 
adverse outcomes, most notably with increased phosphate levels (increased risk of 
VC, cardiomyopathy, and mortality) [11, 22, 92, 93].

Hyperphosphatemia, uremia, hyperglycemia and other metabolites may initiate 
the process of VC by transforming vascular smooth muscle cells to a chondrocyte 
or osteoblast-like cell. In dialysis patients, this process is accelerated in the setting 
of the common presence of high calcium, high phosphorus, and abnormal bone 
remodeling [91].

3.2.2.1 Hyperphosphatemia and hypercalcemia

Epidemiological studies have shown that hyperphosphatemia is associated with 
unexpectedly high rates of CV events and death in ESRD patients [94].

Hyperphosphatemia is a strong inducer of VC by inducing smooth muscle cells 
to undergo an osteochondrogenic phenotype change through a mechanism requir-
ing sodium-dependent phosphate cotransporters [11]. In a group of 43 patients 
receiving peritoneal dialysis studied by MDCT at baseline and after 1 year of follow-
up, Stompor and colleagues reported a significant correlation between changes 
in coronary calcium score and mean values of phosphate and calcium–phosphate 
product [95]. A study with uremic rats fed with high phosphate diet showed that 
aortic medial calcification could be blocked by treatment with the phosphate 
binder, sevelamer [96].
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Lowering serum phosphate levels with a non-calcium containing phosphate 
binder slows progression of VC in pre-dialysis and ESRD patients [97–99]. In pre-
dialysis patients, treatment with calcium carbonate did not enhance the progression 
of CAC, as it has been observed in patients on dialysis [97].

3.2.2.2 Oral calcium intake

In dialysis patients, the use of calcium-based phosphate binders is strongly associ-
ated with development and progression of CAC, due to the ingestion of large amounts 
of calcium and the consequent hypercalcemia [97]. Therefore, a positive calcium 
balance may increase the risk of calcium overload and CV calcification and it should be 
taken into account when calcium salts are prescribed. Discontinuation or dose reduc-
tion of calcium-based phosphate binders is suggested in the presence of hypercalce-
mia, CV calcification, adynamic bone disease, and/or low serum PTH levels [90].

Phosphate binding and lowering of serum phosphate can be achieved with 
calcium-based or non-calcium-based binders. A meta-analysis including 11 ran-
domized trials (4622 patients) showed that patients assigned to non-calcium-based 
binders had a 22% reduction in all-cause mortality compared with those assigned to 
calcium-based phosphate binders in patients with CKD [100].

3.2.2.3 Dialysate calcium

The exposure to high calcium concentrations may influence the development of 
low–turnover bone disease and CAC in HD patients. A randomized controlled study 
showed that lowering Ca exposure through dialysate (dialysate Ca concentration 
of 1.25 mmol/L vs. 1.75 mmol/L) attenuates progression of CAC and improves low 
bone turn-over in HD patients with baseline PTH levels ≤300 pg./ml [101].

3.2.2.4 Secondary hyperparathyroidism and adynamic bone disease

Both secondary hyperparathyroidism (SHPT) high-turnover renal osteodys-
trophy and adynamic bone disease have been associated with VC. In a group of 58 
ESRD patients on HD, bone-histomorphometry characteristics were compared with 
the arterial calcification (AC) scores. High AC scores were associated with bone his-
tomorphometry values, suggestive of low bone activity and adynamic bone disease. 
This indicates that therapeutic interventions associated with excessive decrease of 
parathyroid activity favors lower bone turnover and adynamic bone disease that, 
in combination with interventions that increase the Ca balance, could influence the 
development and progression of AC [102].

3.2.2.5 Vitamin D and calcimimetic agents

A major complication of SHPT is renal osteodystrophy, in association with 
alterations in calcium and phosphorus metabolism leading to CV calcification. 
Active vitamin D compounds and calcimimetic agents are used to treat SHPT in 
dialysis patients. Untreated vitamin D deficiency has been associated with increased 
VC, in part due to accelerated development of atherosclerosis [103, 104]. In these 
patients, vitamin D supplement may have a protective benefit against VC by 
decreasing endothelial injury, inactivating renin-angiotensin-aldosterone system, 
decreasing insulin resistance, lowering cholesterol, inhibiting foam cell and choles-
terol efflux in macrophages, and modulating vascular regeneration [105]. Excessive 
administration of vitamin D has been also associated with increased VC, possibly 
related to hypercalcemia and an elevated calcium-phosphate product. Cinacalcet 
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has the ability to simultaneously lower PTH, calcium, phosphorus, and CaxP in 
patients with SHPT [106]. In a study, Cinacalcet plus low-dose active vitamin D 
derivatives attenuated vascular and cardiac valve calcification [107].

3.2.2.6 Hypomagnesemia and FGF-23

Hypomagnesemia has been associated with increased VC [23, 108, 109]. In a 
population with diabetes mellitus type 2 and mild to moderate CKD, hypomagne-
semia was found to be an independent predictor of mitral valve calcification and 
intima media thickness [110].

3.2.2.7 Oral vitamin K antagonists

The vitamin K-dependent MGP, despite not being related to blood coagulation 
cascade, is affected by Vitamin K antagonists (VKA) and is considered a strong 
inhibitor of calcification of arterial vessel wall and cartilage [111]. Warfarin (a VKA) 
is a risk factor for calcific uremic arteriolopathy, necrotizing skin condition observed 
in dialysis patients, associated with extremely high mortality rates [11, 112, 113].

3.2.3 Diabetes

Many studies have shown that diabetes is a risk factor for VC in patients without 
CKD. In patients with eGFR <60 mL/min/1.73 m2 who were not on dialysis, diabe-
tes also increased the risk of VC from 3.5 to 55.7% [114].

3.2.4 Dyslipidemia

Dyslipidemia increases the risk of VC in patients without CKD, via induction 
of inflammation and endothelial/vascular smooth muscle cell damage by oxidized 
lipids [115, 116]. Beneficial effects of sevelamer on VC may be related to its lipid-
lowering effects [99].

3.2.5 Other molecules

Serum Gla-Rich Protein (GRP) levels were found to progressively decrease 
from stage 2 to stage 4 CKD. A multivariate analysis study identified that 
decreased eGFR, low levels of GRP, and high levels of fibroblast growth factor-23 
(FGF-23) were associated with higher VC score and pulse pressure. These results 
indicate an association between GRP, renal dysfunction and CKD-mineral and 
bone disorder. The relationship between low levels of GRP and VC suggests a 
future potential utility for GRP as an early marker of vascular damage in CKD 
[117]. Once uremic CPPs and EVs are important players in the mechanisms of 
widespread calcification in CKD, GRP could have a role as an inhibitory factor, 
preventing calcification at systemic and tissue levels. Possible future approaches 
targeting the increase of γ-carboxylated GRP bioavailability could represent 
promising therapeutics [118].

3.3 Detection

The recognition of vascular or valvular calcification in patients with CKD stages 
G3a–G5D places them with highest cardiovascular risk [119]. The early diagnosis of 
VC and the identification of its cause raises hope for therapeutic intervention that 
might reduce CVD in patients with CKD.
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Various noninvasive methods, such as ultrasound, fluoroscopy, and digital 
subtraction angiography, have been used to detect and measure VC [28]. Currently, 
EBCT and multidetector computed tomography (MDCT) are excellent methods to 
detect and quantify VC [28], with their results being stronger predictors of a cardio-
vascular event in normal population [28, 119]. Bursztyn and colleagues reported 
a twofold greater progression in coronary calcium score (measured by MDCT) in 
hypertensive patients with CKD, than in hypertensive patients with normal renal 
function [120].

A number of noninvasive methods, which are more easily and available tech-
niques, can also be used to detect the presence or absence of valvular calcifica-
tion, like lateral abdominal radiograph and echocardiogram [119]. The simplest 
technique is plain radiography, which demonstrates pipe-stem calcification of the 
tunica media and more irregular, patchy calcifications of the internal elastic lamina. 
However, this is an insensitive method and does not quantify the severity of VC [8].

Several scores, based on plain radiographic imaging or CT scans, are used in 
clinical studies to calcium quantification and scoring:

• Agatston score - quantifies CAC detected by an unenhanced low-dose cardiac 
CT scan. The Agatston score allows for early risk stratification for a major 
adverse cardiac event.

• Adragão score – the Adragão score quantifies calcification of the iliac, femo-
ral, radial and digital arteries observed on plain radiographs of the hands and 
pelvis. The final value ranges between 0 and 8 points (0 to 4 in the pelvis and 
0 to 4 in the hands). VC score ≥ 3 had an almost fourfold higher risk of cardio-
vascular mortality, representing a simple and inexpensive tool for assessing the 
cardiovascular risk related to VC in HD patients [121].

In the Study of Mineral and Bone Disorders that included 742 patients with 
nondialysis CKD stages 3–5 from 39 centers in Spain, VC assessment using Adragão 
Score was independently associated with all-cause and cardiovascular mortality as 
well as a shorter hospitalization event–free period [122].

• Kauppila score – This score quantifies the severity of lumbar aortic calcifi-
cations observed on a lateral abdominal radiograph ranging from the T-10 
vertebra to the first two sacral vertebrae. A score of 1 to 3 is assigned based on 
extent of calcification (ie, one-third, two-thirds, or more than two-thirds of 
the vertebra).

3.4 Treatment

The approach to decrease the progression of VC can be influenced by treatment. 
Given that VC is associated with increased cardiovascular risk and the pathogenesis 
seems to be related to CKD-MBD abnormalities and atherosclerosis, the treatment 
should focus on the prevention of arterial lesions, correcting the several traditional 
and non-traditional pro-atherogenic risk factors responsible for arterial injury, 
mainly calcium and phosphate balance [5, 29].

Some experimental studies have suggested that the administration of magne-
sium prevents VC, not only reducing the deposition of calcium, but also inhibiting 
osteogenic transdifferentiation, and may be considered an important and realistic 
approach to potentially reduce the risk for VC and subsequent cardiovascular com-
plications in CKD patients. Clinical trials are warranted to further assess the clinical 
relevance of magnesium in this regard [123, 124].
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In patients with CKD G3a–G5D, decisions about phosphate-lowering treatment 
should be based on progressively or persistently elevated serum phosphate, as 
mentioned earlier [119].

In the management of moderate to severe secondary hyperparathyroidism, 
current treatment options consist of the oral administration of intestinal phosphate 
binders, oral or intravenous calcitriol or active vitamin D analogs, and the oral or 
intravenous calcimimetic agents (cinacalcet and etacalcetide) [125].

4. Conclusions

The high incidence of multiple traditional and non-traditional risk factors 
predisposes advanced CKD and dialysis patients to a considerable burden of CVD. 
This chapter has summarized the biology of VC, highlighting the processes of min-
eralization, the effects of local inflammation, and the available evidence about risk 
factors modification, prevention and screening in CKD. Clinicians must understand 
the limitations of the current evidence and adapt specific therapeutic strategies to 
the individual patient. Future research into modifiable, non-traditional risk factors 
with emphasis on mineral bone metabolism is warranted and we look forward to 
their clinical application and improvement of CVD outcomes in CKD patients.
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Abstract

Cardiovascular diseases (CVDs) have been reported to have a complex  
pathogenesis by a number of studies. Atherosclerosis and inflammation have been 
established as the main contributors to CVDs. Furthermore, genetic polymor-
phisms have been identified and found to have a correlation with an individual’s 
susceptibility to developing CVD. Some of these polymorphisms and corresponding 
cardiovascular risk (CVR) factors include: C174G (Interleukin (IL)-6 association), 
methylenetetrahydrofolate reductase (MTHFR) C667T/A1298C (hyperhomocyste-
inaemia), VII R353Q (coagulation factor VII association) and rs247616/rs1968905/
rs1270922 (cholesteryl ester transfer protein (CEPT) - cholesterol metabolism) 
amongst others. At a time when disease prediction, diagnosis and prognosis are still 
being investigated, these polymorphisms have the potential for use in these areas as 
well as opening more opportunities in the understanding of CVD. The objective of 
this chapter was to review the current knowledge about the relationship between 
genetic polymorphisms and cardiovascular disease.

Keywords: cardiovascular disease, cardiovascular risk, genetic, polymorphisms

1. Introduction

Cardiovascular diseases (CVDs) are a group of disorders affecting the heart and 
blood vessels and include coronary heart disease (CHD), cerebrovascular disease, 
peripheral arterial disease, rheumatic heart disease, congenital heart disease, deep 
vein thrombosis and pulmonary embolism [1]. The pathogenesis of CVD is mainly 
attributed to atherosclerosis which starts with a progressive alteration and deposit of 
plaque in the inner walls of the arteries [2]. It also involves the interaction of blood cells, 
vascular wall, lipoprotein and immune system, leading to the development of CVD 
[2, 3]. Atherosclerosis is characterised by arterial wall thickening and a loss of elasticity 
[3]. Atherosclerotic plaque consists of a soft yellow lesion (mostly consisting of lipids) 
and covered with a white fibrous cap [4], resulting in clinically important complica-
tions such as mechanical obstruction of the blood vessel, thrombosis and weakening 
of the underlying endothelial layer leading to aneurysm formation [5]. Atherosclerosis 
has a complicated pathogenesis. It has been reported that both lipoprotein retention 
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and inflammatory cellular components are involved in the development of a plaque. 
It has long been accepted that low-density lipoprotein cholesterol (LDL-C) is a causal 
agent for atherosclerosis. Furthermore, monocytes and foam cells have been associated 
with the advancement of atherosclerotic disease [3, 6, 7]. Alkhalil and Choudhury [6] 
reported that structures outside vascular intima and media are also linked to atheroscle-
rosis. Pathologically the progression of the lesion is as follows: from endothelial injury 
and dysfunction to fatty streak to fibrotic plaque to an eventual complicated lesion [8]. 
Atherosclerosis is thus a multifactorial progressive disorder that clinically manifests 
mostly during middle age or even later in life [8, 9]. Elderly people usually have poor 
endothelial healing with prolonged exposure to various risk factors as well as alterations 
in blood vessels, which increase the probability of a cardiovascular event [8–10].

2. Cardiovascular risk biomarkers

Several genetic and environmental factors have been shown to play a significant 
role in the progression of CVDs [11, 12]. Moreover, there is a close interlink between 
CVD and obesity, dyslipidaemia, oxidative stress, inflammation and hypertension 
to mention a few. Each of these biomarkers have mechanisms and pathways that 
have been reported to directly or indirectly lead to CVD [13]. Every population has 
distinct genetic and ethnic dynamics that contributes to the CVR of the popula-
tion [14, 15]. CVDs are the foremost causes of death worldwide [1], with low and 
middle income countries currently experiencing the highest prevalence and mor-
tality rates [16]. For this reason, recent data suggests that population-based CVR 
profiling is necessary for successful risk determination, disease prevention and 
treatment [1, 14, 15]. The Multinational Monitoring of Trends and Determinants in 
Cardiovascular Disease (MONICA) by WHO [17] and the MORGAM (Monica Risk, 
Genetics, Archiving and Monograph) [18] Project defined a wide range of biomark-
ers for CVR. These different classifications [19] are summarised in Table 1.

Biomarker Description

Inflammation

high-sensitivity C-reactive 
protein (hs-CRP)

An acute phase protein, a biomarker of the inflammatory reaction and an 
important risk marker for CVD [20]

Interleukin (IL)-6 A pro-inflammatory cytokine, anti-inflammatory myokine and inducer of 
CRP synthesis, associated with increased CVR [21]

Tumour necrosis factor 
(TNF)-α

A pro-inflammatory cytokine that accelerates the progression of 
CVDs [22]

Interleukin (IL)-1 A cytokine extremely expressed in several CVDs and contributes to their 
pathogenesis [23]

Interleukin (IL)-11-receptor 
antagonist

A stromal cell-derived cytokine capable of both pro- and anti-
inflammatory ability linked to CVR [24]

Interleukin (IL)-10 An anti-inflammatory cytokine, stimulating inflammatory resolution and 
deflects endothelial dysfunction [25]

Interleukin (IL)-18 A pro-inflammatory cytokine that stimulates interferon (IFN)-γ 
production and a link to CVR [26]

Neopterin A pteridine that indicates pro-inflammatory immune status, disease 
severity and prognosis in CVD [27]

Dyslipidaemia

Total cholesterol (TC) A sterol organic molecule who’s variability in circulation has been 
associated with a higher risk of CVD [28]
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Biomarker Description

Low-density lipoprotein 
cholesterol (LDL-C)

A type of cholesterol that plays a vital role in plaque formation and 
increased LDL-C levels are correlated with CVR [29]

High-density lipoprotein 
cholesterol (HDL-C)

A lipoprotein that has shown a protective effect on inflammation, 
oxidation, angiogenesis and glucose homeostasis. For this reason, low 
HDL-C levels have been reported to increase CVR [30]

Lipoprotein (a) (Lp-(a)) A protein that carries cholesterol in blood and has demonstrated to be an 
independent and
CVR factor for the advancement of CVD [31]

Apolipoprotein B (Apo B) A structural protein that transports very low-density lipoprotein 
(VLDL-C) and shown as a marker of atherogenic potential and CVR [32]

Apolipoprotein A-I (Apo A-I) A primary component of HDL-C which has been shown to have an 
association with premature CVD [33]

Paraoxonase-1 (PON1) A high-density lipoprotein-associated esterase that has been reported to 
have a direct and an indirect relationship with CVDs [34]

Metabolic biomarkers

Glucose A monosaccharide who’s elevated levels signify diabetes which is 
associated with CVR due to increased atherosclerosis [35]

Insulin A key anabolic hormone of the body. Insulin resistance is exemplified by 
deficiencies in the uptake and oxidation of glucose. The increase in levels 
of insulin have repeatedly been associated with CVD [36]

Haemoglobin A1c (HbA1c) This is a form of haemoglobin that is chemically attached to a sugar 
(glycated haemoglobin). It’s used to diagnose diabetes. Hyperglycaemia is 
associated with CVR [37]

Adiponectin An adipokine with anti-inflammatory and cardiovascular-protective 
properties which can prevent atherosclerosis. Decreased levels of 
adiponectin have been linked to increased CVR [38]

Ferritin A blood protein that stores iron and has been reported as a risk factor for 
CVD [39]

Leptin An adipocyte-derived adipokine that has been demonstrated to stimulate 
oxidative stress, inflammation, thrombosis, arterial stiffness and 
angiogenesis amongst others. These effects lead to the development of 
CVDs [40]

Oxidative stress

Myeloperoxidase (MPO) A cationic protein in neutrophils that stimulates the production of 
oxidants that trigger tissue damage. These oxidation processes contribute 
to atherosclerosis associating increased MPO with CVR [41]

Homocysteine A non-proteinogenic α-amino acid that plays a key role in the synthesis 
of amino acids methionine and cysteine. It has been reported as an 
independent risk factor CVD [42]

Vitamin B12 A coenzyme in the remethylation process of homocysteine. Low levels of 
vitamin B12 may therefore lead to hyperhomocysteinaemia and increased 
CVR [43]

Holotranscobalamin 
(holoTC)

A cobalamin that transports vitamin B12 into the cells by binding to a 
specific receptor and has been shown to have an association with CVD [44]

Haemostasis

Fibrinogen A protein that is vital for proper blood clot formation. Elevated levels of 
fibrinogen are associated with CVR [45]

Factor VII A protein that produces blood clots in the coagulation cascade. Several 
studies have associated increased factor VII activity with CVR, as it results 
in a pro-thrombotic state. Whilst other studies have reported contradicting 
results [46]
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3. Genetic polymorphisms

Despite being complex disorders CVDs are preventable. Coronary heart disease, 
hypertonia, and thrombophilia are some examples of these disorders, that have 
been shown to develop from a combination of genetic mutations and environmental 
factors [58, 59]. Fiatal et al., [59] reported that the current advances in the genomics 
of CVDs have created opportunities for the use of predisposition genetic polymor-
phisms for prevention, diagnosis and treatment in the future. Multiple polymor-
phisms (Table 2) have been identified as contributing factors to CVR, namely: 
C174G (IL-6 association) [62], methylenetetrahydrofolate reductase (MTHFR) 
C667T/A1298C (hyperhomocysteinaemia) [131], VII R353Q (coagulation factor VII 
association) [113], rs247616/rs1968905/rs1270922 (cholesteryl ester transfer protein 

Biomarker Description

Factor VIII: von Willebrand 
factor complex

A blood-clotting protein that is also called anti-hemophilic factor. A 
link between increased circulating levels of Factor VIII: von Willebrand 
complex and an increased risk of developing CVD has been reported [47]

Anti-thrombin III & 
D-Dimer

A fibrin breakdown product and marker of activated coagulation that has 
been associated with the advancement of atherothrombosis and eventually 
CVD [48]. Antithrombin III inhibits abnormal blood clot formation. Low 
levels are linked to CVR [49].

Renal function

Creatinine A breakdown product of creatine phosphate from muscle and protein 
metabolism that is measured to assess renal function and is elevated in 
renal damage or failure. Chronic kidney disease and renal failure are 
associated with an increased CVR due to the excess release of renin [50]

Microalbuminuria (MA) A constant elevation of albumin in urine. It signifies endothelial 
dysfunction and is therefore associated with CVR [51]

Cystatin-C A low molecular-weight protein who’s increased circulating concentrations 
appear to have an increased CVR [52]

Necrosis

Troponin 1 A protein found in skeletal and heart (cardiac) muscle fibres that regulate 
muscular contraction. Increased levels Troponin 1 are strongly associated 
with the incidence of CVD [53]

Creatine kinase-MB 
(CK-MB)

An isoenzyme that is found mainly in heart muscle cells. It has been linked 
to hypertension [54]

Other

Vitamin D A secosteroid that increases intestinal absorption of calcium, magnesium 
and phosphate. It controls inflammatory and immune responses (anti-
inflammatory effect). Decreased levels of vitamin D have been associated 
with increased CVR [55]

Folate It’s also known as vitamin B₉ and is involved in the metabolism of 
homocysteine as a coenzyme. A decrease in the levels of folate is hence 
associated with CVR [56]

Intercellular adhesion 
molecule-1 (ICAM-1)

A cell adhesion molecule expressed by several cell types. Increased levels of 
circulating endothelial ICAM-1 are associated with endothelial activation 
and atherosclerosis, therefore increased CVR [57]

Vascular cell adhesion 
molecule (VCAM-1)

A cell adhesion molecule expressed by vascular endothelial cells that has 
been directly associated with the development of CVD [57]

Table 1. 
Classification of CVD risk biomarkers.
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Gene (Homo sapiens) Location Exons Succinct

Inflammatory markers

hs-CRP gene Chromosome 
1: q23.2

3 This gene encodes a pentraxin protein 
which regulates the complement. It’s 

been shown to play a role in a number 
of host defence related functions. The 
concentration of this protein increases 
in reaction to tissue injury, infection, 
or in a cytokine storm inflammatory 

response. Inflammation is involved in 
atherosclerosis and the thinning of blood 
vessels due to the accumulation of lipids. 

This is subsequently associated with CVD 
[60, 61].

IL-6 gene Chromosome 
7: 7p15.3

6 The promotor region of the IL-6 
gene has been the focal point for IL-6 
polymorphism investigations (Hu et 
al., 2018, Ou et al., 2018). This gene 
encodes cytokines that play a role in 
inflammation and the maturation of 
B cells. Furthermore, the resulting 

protein (endogenous pyrogen) has been 
demonstrated to cause a fever in people 

with autoimmune diseases or  
infections (Hu et al., 2018, Ou et al., 2018, 

[62, 63].

TNF-α gene Chromosome 
6: 6p21.33

4 Macrophages produce the 
proinflammatory cytokine encoded by 

this gene. It regulates processes such 
as cell proliferation, apoptosis, lipid 

metabolism, and coagulation by binding 
to receptors TNFRSF1A/TNFR1 and 

TNFRSF1B/TNFBR. It’s been reported in 
conditions such as autoimmune diseases, 
insulin resistance, psoriasis, rheumatoid 

arthritis ankylosing spondylitis, 
tuberculosis, autosomal dominant 

polycystic kidney disease, cancer and 
CVD [64–66].

IL-1 beta gene Chromosome 
2: 2q14.1

7 This gene encodes an interleukin 1 
cytokine protein that is proteolytically 
converted to its active form by caspase 

1 (CASP1/ICE). Activated macrophages 
secrete this protein. The functions and 

link to the development of CVD are 
similar to the TNF-α gene [67, 68].

IL-11-receptor antagonist 
gene

Chromosome 
19: 19q13.42

5 This gene encodes cytokines that 
belong to the gp130 family. These 

cytokines lead to the production of 
multi-subunit receptors which stimulate 

the T-cell-dependent maturation of 
immunoglobulin-producing B cells. It’s 

also involved in the proliferation of cells 
[69, 70].
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Gene (Homo sapiens) Location Exons Succinct

IL-10 gene Chromosome 
1: 1q32.1

7 This gene encodes a cytokine that is 
secreted by monocytes and lymphocytes. 

It’s involved in maintaining tissue 
homeostasis and inflammation. 

Additionally, it improves B cell survival, 
proliferation, and antibody production 

[71, 72].

IL-18 gene Chromosome 
11: 11q23.1

6 This gene encodes a proinflammatory 
cytokine that belongs to the IL-1 family. It 
is present as a precursor of macrophages 

and keratinocytes. It functions to regulate 
both innate and acquired immunity. 

It’s been demonstrated in autoimmune, 
inflammatory and infectious diseases 

[73–75].

Neopterin gene The gene expression for NO is stimulated 
by immune cells. For this reason, its 

known as a marker for the activation of 
the immune system. Tetrahydrobiopterin 
is essential for elevated concentrations of 

NOS. It’s been reported to have a protective 
role in in cases of brain damage and 

inflammation [76].

Dyslipidaemia

LDLR gene Chromosome 
19: 19p13.2

18 The low-density lipoprotein receptor 
(LDLR) gene family is made up of proteins 

that are found on the surface of cells 
that play a crucial role in endocytosis. 

After binding to the cell membrane, the 
molecules are taken into the cell where 

metabolism and cholesterol synthesis take 
place (TC, LDL-C, HDL-C). Changes 

in this gene have been linked to the 
development of conditions like familial 

hypercholesterolemia [77–79].

Lp-(a) gene Chromosome 
6: 6q25.3-q26

39 This gene is expressed in the liver. It 
encodes serine proteinase, an enzyme that 

suppresses the tissue-type plasminogen 
activator I activity. The encoded protein 

is involved atherogenesis which produces 
fragments that leads to atherosclerotic 

lesions and promote thrombogenesis. An 
increase in plasma levels of this protein 

has been correlated to atherosclerosis and 
CVD [80–82].

Apo B gene Chromosome 
2: 2p24.1

29 The product of this gene plays a role in 
the metabolism of lipids (chylomicrons, 

LDL, VLDL and triglycerides). It exists in 
two forms, apoB-48 and apoB-100, even 
though they have a common N-terminal 

sequence. This gene and changes in 
its sequence have been reported to 
trigger hypobetalipoproteinaemia, 

normotriglyceridaemic 
hypobetalipoproteinaemia, and 

hypercholesterolaemia to mention a few 
[83, 63].
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Gene (Homo sapiens) Location Exons Succinct

Apo A-I gene Chromosome 
11: 11q23.3

4 The protein encoded by this gene is Apo 
A-I which forms most of HDL-C in the 
circulation. It functions to enhance the 
transportation of TC from the tissues 

to the liver for excretion. This gene and 
associated mutations have been shown to 

cause conditions such HDL-C deficiencies, 
Tangier disease, and non-neuropathic 
amyloidosis amongst others [84, 85].

PON1 gene Chromosome 
7: 7q21.3

9 The protein encoded by this gene belongs 
to the paraoxonase family and has been 

known to show evidence of lactonase and 
ester hydrolase activity. It is produced 

in the kidney and binds to HDL-C when 
released. CVDs and diabetic retinopathy 

have been linked to this gene and its 
mutations [86, 87].

Cholesterol ester transfer 
protein (CETP) gene

Chromosome 
16: 16q13

17 This protein coding gene is located on 
chromosome 16 position 16q13 (H. 
sapiens). It translates a hydrophobic 

glycoprotein that plays a vital role in the 
reversal of cholesterol transport [88], 

[89]. The CETP gene has 17 exons and its 
variants have been studied to assess their 

associations to risks such as CVDs and 
potential benefits as a pharmacological 

agent [90, 91].

Metabolic Biomarkers

GLUT4 gene (SLC2A4) Chromosome 
17: 17p13.1

11 The protein encoded by this gene is 
a glucose transporter. It belongs to 

the solute carrier family 2 (facilitated 
glucose transporter). It regulates how the 

adipocytes and muscles take insulin-
stimulated glucose. A link between this 

gene and diabetes mellitus has been 
demonstrated [92, 93].

INS gene Chromosome 
11: 11p15.5

3 Insulin is encoded by this gene. It 
regulates how carbohydrates and lipids 

are metabolised. It enhances how glucose 
is absorbed into the liver and muscle cells 
after being bound to the insulin receptor 
(INSR). Variants in the sequence of this 

gene have been reported and linked to the 
development of various forms of diabetes 

mellitus [94, 95].

Resistin (RETN) gene Chromosome 
19: 19p13.2

4 The protein encoded by this gene is 
resistin. It belongs to the family of resistin-

like genes with distinct 10 cys identical 
spacing. This hormone is secreted by 

adipocytes and has been known to inhibit 
the ability of insulin to stimulate glucose 
uptake. It has also been linked to obesity 

and type II diabetes [96, 97].
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Gene (Homo sapiens) Location Exons Succinct

Adiponectin, C1Q 
And Collagen Domain 
Containing (ADIPOQ ) 
gene

Chromosome 
3: 3q27.3

4 This gene encodes a protein that has a 
similar composition to collagens X and 

VIII and complement factor C1q. It’s 
primarily found in adipose tissue. The 

biological processes this gene is involved 
in are metabolic and hormonal processes. 

Adiponectin deficiency has been 
correlated with this gene and its variants 

[98, 99].

Ferritin Heavy Chain 1 
(FTH1) gene

Chromosome 
11: 11q12.3

4 The ferroxidase enzyme is encoded by 
this gene. It stores iron and is made up of 
24 subunits of the heavy and light ferritin 

chains. Mutations have been reported 
to affect iron transport and secretion 

in tissues. Consequently, this results in 
conditions such as neurodegenerative 

diseases [100, 101].

Leptin (LEP) gene Chromosome 
7: 7q32.1

3 Leptin is encoded by the LEP gene. 
The adipocytes secrete this protein, 
and it is responsible for maintaining 
energy homeostasis after binding to 

leptin receptors. Polymorphisms in this 
gene cause obesity and type 2 diabetes 
mellitus. It’s also been demonstrated in 

haematopoiesis, immune regulation and 
inflammation [102, 103].

Oxidative stress

Myeloperoxidase (MPO) 
gene

Chromosome 
17: 17q22

12 This gene encodes the haem protein 
MPO. It’s present in polymorphonuclear 

leukocytes where it functions in host 
defences. It secrets hypohalous acids that 
are pivotal to the microbicidal activity of 
neutrophils. Elevated levels of MPO have 

been associated with CVDs [104, 105].

Methylenetetrahydrofolate 
reductase (MTHFR) gene

Chromosome 
1: 36.22

12 This protein facilitates the conversion 
of 5,10-methylenetetrahydrofolate 
to a co-substrate for homocysteine 

remethylation to methionine known 
as 5-methyltetrahydrofolate. The 

physiological functions of MTHFR include 
folate metabolism, DNA methylation and 

the stability of DNA to mention a few 
[106–108].

Transcobalamin (TCN2) 
gene

Chromosome 
22: 22q12.2

9 This gene encodes transcobalamin. This 
protein transports cobalamin belonging 

to the vitamin B12-binding protein family. 
Variations in the TCN2 gene have been 

associated with transcobalamin deficiency 
[109, 110].
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Gene (Homo sapiens) Location Exons Succinct

Haemostasis

Fibrinogen gene

Factor VII gene Chromosome 
13: 13q34

10 It is a coagulation factor VII protein coding 
gene with 10 exons. Despite the variability 

in the findings due to small sample 
populations, various studies have been 

conducted on the R353Q polymorphism, 
factor VII conditions and its association 

to CVD [111–113]. This gene is crucial for 
haemostasis and is transported in circulation 

as a zymogen. It is activated by proteolysis 
which further stimulates the coagulation 

cascade by transforming factor IX to factor 
IXa and/or factor X to factor Xa [114].

Factor VIII gene Chromosome 
X: Xq28

27 This gene encodes a protein that 
participates in blood-clotting (intrinsic 

pathway). It produces two isoforms. 
Isoform 1 (large glycoprotein) links with 
von Willebrand factor in a noncovalent 

complex while variant 2 (small protein) is 
crucial for coagulant activity. Mutations 

in this gene lead to haemophilia A, a 
prevalent recessive X-linked coagulation 

disorder [115, 116].
Serpin Family C Member 1 
(SERPINC1) gene

Chromosome 
1: 1q25.1

9 This gene encodes antithrombin III. This 
is a protease inhibitor belonging to the 

serpin superfamily. It participates in the 
blood coagulation cascade by inhibiting 

the activity of certain proteins (heparin). 
Studies have identified variations in this 

gene which result in antithrombin-III 
deficiency which presents a potent risk for 

thrombosis [117, 118].
Renal function
Cystatin 3 (CST3) gene Chromosome 

20: 20p11.21
4 This gene encodes Cystatin-C belonging 

to the cysteine protease inhibitors family. 
There are three classifications of this 

family, namely: type 1 cystatins (stefins), 
type 2 cystatins and the kininogens. 

They regulate various chemical reactions 
by being enzyme blockers. Defects in 
this gene have been linked to amyloid 

angiopathy. The amount of protein that 
is produced in both atherosclerotic and 

aneurysmal aortic lesions is reduced 
confirming its role in CVD [119, 120].

Necrosis
Troponin I3 (TNNI3) gene Chromosome 

19: 19q13.42
8 The protein encoded by this gene is 

Troponin I (TnI) which is exclusively 
found in the cardiac muscle. It’s one of 

the three proteins (TnI, troponin T (TnT) 
and troponin C (TnC)) making up the 

troponin complex of the thin filaments of 
striated muscle. The troponin complex, 

in the presence of calcium, regulate 
the contraction of cardiac muscles. 

Familial hypertrophic cardiomyopathy 
type 7 (CMH7) and familial restrictive 
cardiomyopathy (RCM) are a result of 

variations in this gene. Elevated TnI levels 
is used as a marker for myocardial injury 

[121, 122].
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(CEPT) - cholesterol metabolism) [132, 133], Angiotensinogen (AGT) M235T 
(hypertension) [134], G308A (pro-inflammatory) [135], A522T (dyslipidaemia) 
[136] and rs9939609 (obesity predisposition) [137]. Most of the studies investigat-
ing genetic polymorphisms associated with CVD in the past 10 years have been 
conducted in populations of different ancestry and ethnicity [58, 59]. Identifying 
populations that are at risk of developing CVDs may assist in developing prevention 
programs which may reduce disease progression. However, there is a paucity of 
information about CVR and genetic polymorphisms [59]. The aim of this chapter 
was thus to review the literature investigating the prevalence of the various CVR 
factors in relation to their genetic polymorphisms.

Gene (Homo sapiens) Location Exons Succinct

Creatine Kinase, M-Type 
(CKM) gene

Chromosome 
19: 19q13.32

8 This gene encodes Creatine Kinase (CK), 
a cytoplasmic enzyme, that plays a role 
in energy homeostasis. CK reversibly 

catalyses the transfer of phosphate 
between Adenosine triphosphate 

(ATP) and various phosphagens like 
creatine phosphate. It’s been reported 
as a significant marker for myocardial 

infarction [123, 124].

Other

Vitamin D receptor (VDR) 
gene

Chromosome 
12: 12q13.11

12 The vitamin D3 receptor is encoded by 
this gene. This receptor enables normal 

reaction to vitamin D by the body. Vitamin 
D functions to regulate how calcium and 

phosphate are absorbed from the intestines 
into circulation. This is significant for 
normal formation of bones and teeth. 

Changes in this gene are related with type 
II vitamin D-resistant rickets [125, 126].

Intercellular adhesion 
molecule-1 (ICAM-1) gene

Chromosome 
19: 19p13.2

7 ICAM-1 is a cell surface glycoprotein 
that is encoded by the ICAM-1 gene. 
It’s a member of the immunoglobulin 

superfamily. Usually found on endothelial 
cells and immune. The concentrations of 
this glycoprotein become elevated once 
cytokines have been stimulated (CD18) 

[127, 128].

Vascular cell adhesion 
molecule (VCAM-1) gene

Chromosome 
1: 1p21.2

9 This gene belongs to the Ig superfamily 
and encodes, VCAM-1, a transmembrane 

glycoprotein. It is produced on 
cytokine-activated endothelium where 

it facilitates leukocyte-endothelial 
cell adhesion and signal transduction. 
VCAM-1 is involved in atherosclerosis 

progression [129, 130].

Table 2. 
Genes controlling the CVR factors.
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4.  Relationship between some common polymorphisms and 
corresponding CVR factors

4.1 Inflammatory markers

4.1.1 C174G polymorphism (IL-6)

The C174G polymorphism is a mutation that triggers a change in the nucleotide 
bases from guanine to cytosine at position 174 in the promoter region of the IL-6 
gene [138, 139]. This is known as a single-nucleotide substitution (SNP) of one base 
for another and has been demonstrated to affect the transcription of IL-6. The find-
ings on the frequency of the highest genotype are conflicting partly due to differ-
ences in the ethnicity of the study populations. Nevertheless, the reported genotypes 
CC, G allele and GG have all been associated with an increase in serum IL-6 levels 
where they induce a transcriptional inflammatory response [62, 139, 140]. This SNP 
influences the physiology of the IL-6 gene resulting in variations of circulating IL-6 
concentrations. Elevated IL-6 levels have been reported in a wide range of inflam-
mation-associated disease states such as CVR, diabetes mellitus risk, rheumatoid 
arthritis, COVID-19, celiac disease and psoriasis to mention a few [62, 138–140].

4.2 Dyslipidaemia

4.2.1 rs247616, rs1968905 and rs1270922 polymorphisms (CETP)

The CETP polymorphisms (rs247616, rs1968905 and rs1270922) are SNPs that 
occur as a result of substitutions in their nucleotide bases [89, 133]. These polymor-
phisms have previously been used to determine the CETP levels in a CVD population 
[133]. Mutations in the CETP gene have been found to cause hyperalphalipoprotein-
aemia 1 (HALP1). Furthermore, it’s also been shown that different variants code 
for distinct isoforms within this gene. This eventually influences the metabolism of 
HDL-C [89]. Reports on the link between the CETP polymorphisms, CVR and the 
concentrations of CETP through LDL-C are inconsistent [89, 132, 133].

4.3 Metabolic biomarkers

4.3.1 Gly972Arg polymorphism

The Gly972Arg polymorphism occurs as a result of a substitution between 
glycine and arginine (GGG ↔ AGG substitutions) in codon 972 (G972R). It has been 
demonstrated that this mutation is involved in the development of type 2 diabetes 
mellitus (type 2 DM) [141]. This is due to the fact that it’s been described to influence 
tyrosine phosphorylation at a specific site of IRS-1 which may lead to the develop-
ment of insulin resistance (IR) and impair insulin secretion [142]. The Gly972Arg 
polymorphism has been investigated in a number of studies and found to have a high 
prevalence in type 2 diabetic subjects and other conditions like obesity [143, 144].

4.4 Oxidative stress

4.4.1 C677T and A1298C polymorphisms (MTHFR)

The MTHFR C677T polymorphism is a SNP where cytosine (C) is replaced with 
thymine (T) at position 677 resulting in the gene to code for valine as opposed to 
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alanine at exon 4. The change between alanine and valine nucleotide bases hap-
pens on codon 222 resulting in this polymorphism sometimes being described as 
Ala222Val polymorphism. It has been reported to have the alleles heterozygous 
C677T and homozygous T667T which are mutant, whereas the homozygous C677C 
is a wild type allele [145–149].

The A1298C polymorphism causes a change where glutamate is substituted 
with an alanine at position 429. Each of these genotypes have been shown to 
reduce the MTHFR enzymatic activity resulting in the methyl group to be 
unavailable for attachment to homocysteine in order to generate methionine. 
Hyperhomocysteinaemia has been reported in the development of a number of con-
ditions, for example, CVR, chronic myeloid leukaemia (CML), multiple abortions, 
autism, osteoporosis, multiple sclerosis, psoriasis, and Alzheimer’s disease  
[106, 108, 135, 145, 146].

4.5 Haemostasis

4.5.1 R353Q polymorphism (factor VII)

In the R353Q polymorphism, guanine is substituted with adenine at the 353rd codon 
of the FVII gene. This missense replacement of arginine (R) by glutamine (Q) in this 
polymorphism has been reported to influence the factor VII levels [150]. Individuals 
who carry the Q allele carriers have been shown to have lower levels of Factor VII than 
those who carry the R allele. Nonetheless, the findings on the association between the 
R353 Q polymorphisms and CVR (thrombosis) are inconclusive [151]. Increased levels 
of factor VII are linked to thromboembolic disorders risk. A relationship between 
defects in the factor VII gene and CVD has been reported [114, 150, 151].

5. Conclusion

CVDs having a high prevalence and mortality rate globally need to be continu-
ally studied with the focus being risk prediction, prevention of disease as well as 
improving treatment strategies. This review supplements current evidence on the 
contribution of genetic polymorphisms in the pathophysiology of CVDs. Although 
the data from some of the early studies of these polymorphisms is conflicting, 
mainly because the study populations were small and not diverse enough, there are 
promising results in some of the CVR factors. It is therefore apparent that differ-
ent polymorphisms should be studied in large sample sizes, diverse ethnicities and 
demographics. Genetic polymorphisms should be taken into consideration in the 
assessment of risk profiles for CVDs.
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Abstract

The relation of atherosclerotic cardiovascular disease (ASCVD) to not only 
traditional but also new and emergent risk factors has been assessed in aircrew. 
Total flight hours (TFH), high altitude and weightlessness exposure have been 
accounted among traditional risk factors for CVD among the aircrew. The risk 
factors do not perform in loneliness. To predict the 10 years global CV risk, several 
scores are being applied either based on traditional CVD risk factors only or also 
including new and emergent risk factors. To prevent aircrew from developing CVD, 
one should focus on the control of behavioral and metabolic risks as well as the 
polymorphe treatment of high CV risk individuals.

Keywords: Cardiovascular risk factors, Screening, Aircre

1. Introduction

Aircrew represent a particular group among “ high cardiovascular disease (CVD) 
risk individuals”. In addition to common life strain, aircrew face typical stress such as 
repeatedly proficiency simulator checks, intermittent medical exams and total flight 
hour obligations, employer pressure, responsibility, and scheduled accomplishment. 
These factors may lead to CVD, either directly or indirectly. They interact with 
traditional risk factors (genetic risk factors: aging, gender, ethnicity, chromosomes, 
HLA, genes, inflight incapacitation) and behavioral risk factors (inactivity, alcohol 
drinking, smoking, unhealthy diet) and emerging cardiovascular risk factors. The 
consequence is cardiovascular remodeling triggered by oxidative stress, inflam-
mation and endothelial dysfunction. Unexpected in-flight medical incapacitation 
or distraction of a pilot may result in aviation accident, which is of public interest, 
harming himself, aircrafts, passengers and environment. Notwithstanding progress 
in prevention and early disease intervention, ischemic events secondary to coronary 
artery disease (CAD) remains among the commonest causes of unheralded acute 
incapacitation in the Western population. Thus, aeromedical providers should help 
aircrew to prevent CVD. It is essential to assess and stabilize the patient, control risk 
factors and optimize pharmacological treatments. Controlling weight and manag-
ing obesity, providing healthy diet and promoting physical activity, and educating 
 aircrew and instituting home-based care monitoring is an important tool to pre-
venting CVD. Aircrew with CVD are at high-risk and require a multifaceted and 
 multidisciplinary intervention that should be started as soon as possible.
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The health of aircrew is an imperative requirement for safe travels of millions 
of people worldwide. The presence or development of CVD in aircrew, with the 
risk of potential clinical manifestations, continues to be a major concern to aviation 
medical practitioners. Despite the rigorously medical screen of pilots compared 
with several other professions, the presence of multi-crew environment, and the 
cockpit resource management with incapacitation training, acute coronary artery 
events remain an important cause of in-flight incapacitation or distraction ending 
in aircraft accidents and fatalities [1]. Few, if any, aircrew involved in accidents and 
incidents suffer from antecedent symptomatic coronary disease. Cardiovascular 
incapacitation of a pilot though rare event represents a seriously potential threat for 
flight safety [2]. In addition, CVDs linked to unexpected in-flight medical incapaci-
tation or impairment account for half of human factor-related causes of aviation 
accidents [1]. In military operation, using single-pilot, high-performance aircraft, 
and even in dual-pilot, cardiac events were found to be second cause of aircraft 
accidents due to acute incapacitation [3].

From 1962 to 2015, Gray et al. listed 10 accidents and incidents in commercial 
passenger flights related to coronary artery events which concerned either the com-
mandant or the first officer and resulted in 240 fatalities [4]. Moreover, 10 out of 
the 98 in-flight medical events addressed by the Australian Transport Safety Bureau 
(ATSB) between 1 January 1975 and 31 March 2006, consisted of heart attack 
explaining the high-observed mortality rate [5]. Autopsy studies of young military 
personnel and aircrew have demonstrated atherosclerosis as a common finding, 
including cases of severe disease and aeromedically disqualifying findings [6–8].

2. Epidemiology of risk factors for cardiovascular disease in aircrew

2.1 Traditional risk factors for cardiovascular disease in aircrew

Several studies mentioned the established risk factors for CVD continuum 
including hypertension, type-2 diabetes, dyslipidemia, smoking, overweight and 
mainly abdominal adiposity, physical inactivity and Mets [9]. Recent data suggest 
disturbing increases in the prevalence of these risk factors for CVD (Figure 1) [10].

2.1.1 Hypertension

Worldwide, hypertension is the leading etiology of morbidity and mortality 
[11, 12]. Hypertension is the first issue for pilots to secure their medical certificate 
[1, 13]. Through complications such as myocardial infarction, stroke, renal failure 
and death, hypertension constitutes a risk of in-flight incapacitation. In-flight CV 
events are believed to be scarce although allegation of in-flight CV incapacitation 
misdiagnosis has once been put forth [14]. Exposure to flight stress could be listed 
as a plausible explanation as weighted by total flight time at baseline. Indeed, 
considering the responsibility to fly the plane, flight crew is exposed to chronic 
stress that might trigger both hypothalamo-pituitary- adrenocortical and sympa-
tho-adreno-medullary pathways to raise arterial blood pressure. In addition, it has 
been reported that chronic stress could lead to hypertension, which is triggered by 
angiotensin II through either lymphocyte T activation or vascular inflammation.

2.1.2 Types-2 diabetes

Type-2 diabetes either through chronic complications (heart disease, hyperten-
sion, and stroke) or acute complications (hypoglycemia or hyperglycemia episodes) 
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can grievously compromise flight safety and harm not only the aircrew himself 
but also the passengers, the aircraft, and the environment [15]. The relationship 
between blood glucose control and the establishment of CVD in diabetes remains 
a matter of controversy. Whilst several glucose-lowering trials in diabetes showed 
significant reduction in microvascular complications, they systematically failed to 
achieve significantly in macrovascular complications. Still, it should be mentioned 
that some systematic reviews and meta-analysis have recommended that efforts to 
improve blood glucose lower the incidence of CVD [16].

2.1.3 Smoking

Smoking has long been considered as the major risk factor for the establish-
ment of CVD. Tobacco use, the single largest preventable cause of CV morbidity, 
is responsible for 10% of all of CVDs and doubles the 10-y mortality rate [17]. 
Worldwide, nearly a billion people are smokers and newly smokers are men from 
low- and middle-income countries (LMICs). Smoking delirious effect is dose 
related with no safe limit observed. It has been shown that passive smoking pro-
duces noticeable interferences in the normal autonomic nervous system functioning 
characterized by increased sympathetic drive and reduced HR variability (HRV) 
and parasympathetic modulation.

2.1.4 Overweight/obesity

Obesity, a significant determinant of CVDs, is extensively related to hyperten-
sion even if the exact mechanisms remain not totally unraveled [18]. This relation 
should now focus on weight variation across time along with visceral or intra-
abdominal fat that is likely linked to the insulin resistance syndrome, an indicator 
of generalized metabolic disorder [18]. Obesity interacts with aviation duties. In 
fact, not only does obesity increase the risk of sudden CV incapacitation, but the 
risk of sudden and subtle incapacitation consequential to sleep apnea and the risk of 
pulmonary embolus do [19]. On the other hand, obesity can jeopardize the egress of 

Figure 1. 
Relationship between risk factors and CVD among aircrew. ASCVD: atherosclerotic cardiovascular disease; 
CVD: cardiovascular disease; TFH: total flight hours.
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aircraft in emergency [19]. The current results demonstrated that short term com-
mercial flying significantly altered cardiovascular function including the reduction 
of parasympathetic modulations. Further, greater physical fitness and lower body 
fat composition were associated with greater cardiac autonomic control for pas-
sengers during flights. Enhanced physical fitness and leaner body composition may 
enable passengers to cope better with the cardiovascular stress and high allostatic 
load associated with air travel for enhanced passenger well-being [20]. In an obser-
vational cross-sectional study among Brazilian pilots, Palmeira found that more 
than half of and nearly a quart pilots were overweighed and obese, respectively. 
These authors concluded that overweight and obesity among the commercial airline 
pilots was high and represents a serious health problem in this population [21].

2.1.5 Physical inactivity

The lack of physical activity has contributed increasingly to overweight and 
obesity in young persons and adults. Physical activity is significant for primary and 
secondary prevention as well notwithstanding of BMI. Aircrew have little physical 
activity and eat higher caloric foods away from home at unscheduled time intervals 
[21]. Physical inactivity and unhealthy diet are responsible of raised BP, increased 
blood glucose, increased blood lipids, and overweight and obesity.

2.1.6 Total flight hours

The relationship between higher TFH and ASCVD risk in pilots have been 
established [22] as well as how TFH expresses the likelihood of crash involvement 
significantly compared with aging, which encompasses a conflict between decreas-
ing cognitive functions that jeopardizes flight safety and increasing flying expertise 
that enhances fight safety [23]. Similarly, having 5,000 tfh or more protects against 
crash involvement but this protection levels off at a threshold of 10,000 tfh [23]. 
Likewise, inverse nonlinear relationship has been found between crash involvement 
and total flight time [23].

2.1.7 High altitude exposure

Pilots have to cope with stress due to 6,000 to 8,000 feet pressurized environ-
ment, and working hours [21]. It is known that the increase of BP with high altitude 
exposure 3000 m above sea level (asl) [24]. The explanation among several is 
the sympathetic activation (increased BP, HR, cardiac output, myocardial twist) 
through peripheral chemoreceptor [24]. Individuals with grade 2 hypertension 
and increased ASCVD risk should check their BP values before and during HA 
(>2500 m) exposure. Individuals with grade 1 hypertension may reach very HA 
(>4000 m) with adequate medical therapy; uncontrolled severe hypertensive 
individuals (grade 3) should avoid exposure to very HA [24]. At HA, left ventricular 
experiences changes such as an increase of systolic function with elevated sphericity 
index, but a decrease of diastolic function [25, 26]. Moreover, HA exposure may 
increase risk of cerebral ischemia for individuals with antecedent of ischemic stroke 
[26–28]. Background contributors are increased hematocrit and greater blood 
viscosity. HA exposure increases risk of hemorrhagic stroke in those with cerebral 
aneurysms and arterial/venous malformation [29]. HA may be at benefit for 
arrhythmia [24]. High altitude less than 4000 m does not affect pacing and implant-
able cardioverter devices [30].

At sea level, barometric pressure is 760 mmHg, and air has a partial pres-
sure of oxygen (PO2) of 160 mmHg. Airline flight usually cruises at altitudes 
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of 9,150–13,000 m (30–40,000 feet) asl where the atmospheric PO2 is usually 
≤38 mmHg, which would normally result in a lethal level of airway (alveolar) 
hypoxia. Aircraft cabins are therefore environmentally modified (pressurized) to 
atmospheric pressures of 1,530–2,440 m (5,000–8,000 feet) asl [24].

2.1.8 Weightlessness exposure

Microgravity is a concern as it affects the entire body’s systems, especially the 
cardiovascular system. Even with very short-duration exposure to microgravity, the 
cardiovascular system meets the return to gravity with CV deconditioning [24].

2.2 New and emergent risk factors for cardiovascular in aircrew

Atherosclerotic cardiovascular disease (ASCVD) starts at a very young age and 
progresses over time allowing sufficient time for screening and early detection of 
the condition. Because CVD often appears in individuals with lower CVD risk, 
some other markers should be able to provide added information about individual’s 
risk, above and beyond the traditional risk factors at baseline. Among them are 
hs-CRP, intima-media thickness (CIMT), LVH, faster HR, kidney dysfunction, 
carotid ankle-brachial index (ABI), coronary artery calcium (CAC) score, cardio-
respiratory fitness, apolipoprotein B (ApoB), micro-albuminuria, and genetic risk 
markers.

2.2.1 Fast resting heart rate

Several clinical and epidemiological reports have suggested that fast resting 
HR, as a marker of sympathetic nervous system and RAS overactivity, not only is 
a powerful independent predictor of CVD, but also of all-cause mortality. Resting 
faster HR could be associated, through oxidative stress and subsequent inflam-
mation, with development of atherosclerosis, progression of heart failure, and 
enhancement of myocardial ischemia or infarction [31]. In a cross-sectional study 
of Congolese aircrew from both African and Caucasian origin, the proportion of 
subjects with a faster resting HR was of the same magnitude as the 6.8% observed in 
a normative sample from the First U.S. National Health and Nutrition Examination 
Survey (NHANES) I data [32]. It was nearly five times more frequent in flight than 
in cabin crew.

2.2.2 Left ventricular hypertrophy

LVH is an independent predictor of morbidity and mortality including disabling 
events such as sudden death, myocardial infarction and stroke. Echo-based LVH 
is a well-established predictor of CV morbidity and mortality in either the general 
population or high-risk groups. LVH has been found to be the most powerful risk 
factor for sudden death, ventricular arrhythmias, myocardial ischemia, CHD, 
and congestive heart failure. LVH regression due to treatment of hypertension 
predicts an improved prognosis. Abnormal LV geometry in hypertensive patients is 
frequently associated with diastolic dysfunction, which can be further evaluated, 
by a combination of transmitral flow and tissue Doppler studies. Aging–associ-
ated vascular remodeling and insulin resistance with subsequent constellation of 
multiple CVD risk factors might have led to LVH [33] with elevated 10-year global 
cardiovascular risk as observed in our airmen. Insulin resistance and subsequent 
hyperinsulinemia have been reported to activate the sympathetic nervous and the 
renin angiotensin systems resulting in endothelial dysfunction. With reference to 
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Laplace’s law, high blood pressure and obesity could trigger cardiac remodeling 
through hemodynamic and humoral mechanisms and the thickening of cardiac wall 
may occur through collagen deposits. It has been reported that moderate to severe 
LVH, of mainly concentric geometric subtype is a common finding among aircrew 
with age, subclinical atherosclerosis and components of the MetS as its main associ-
ated CV risk factors [34].

2.2.3 Intima media thickness

The determination of cIMT in individual CV risk stratification and target organ 
appears in recent hypertension guidelines because of pathological IMT consistency 
related to future cardiovascular events.

2.2.4 Kidney dysfunction

Chronic kidney disease (CKD) stands as a global public health problem in 
HICs as well as in LMICs. In the USA, the third National Health and Nutrition 
Examination Survey (NHANES III) estimated that the prevalence of CKD has risen 
from 11% between 1988 and 1994 up to 13% between 1999 and 2004 [35, 36]. In a 
systematic review and a meta-analysis from 21 medium- and high-quality studies, 
Stanifer found 13.9% overall prevalence of CKD in SSA [37].

2.2.5 High sensitivity C-reactive protein

Hs-CRP is a marker of inflammation and endothelial dysfunction and sub-
sequent atherosclerosis. It is produced by hepatocytes in response to circulating 
cytokines, particularly IL-6.18. It is also a robust downstream marker of inflam-
mation, although unlikely to have a causative role in CVD. Consequently, the 
relationship between elevated hs-CRP and ASCVD risk remains a matter of con-
troversy. The merit of hs-CRP use is because it does require neither sophisticated 
equipment nor particular operator skills, especially in developing countries. The 
hs-CRP, which is incorporated in the Reynolds score, may provide supplemental 
predictive capacity compared with the FRS [38]. Moreover, the 2013 ACC/AHA 
guidelines on the assessment of CV risk recommend hs-PCR in men (>50 y) and 
in women (>60 y) at intermediate risk, which are qualified for lipid lowering 
drugs [39]. In this regard, many studies reported a robust association of hs-CRP 
with numerous traditional risk factors for CHD such as obesity, diabetes, physi-
cal inactivity, smoking, and alcohol use [40–42]. Other studies highlighted the 
modest relationship between hs-CRP and CVD, because of its variability among 
age, gender (higher magnitude in men), and ethnicity (higher magnitude in 
African Americans vs. Caucasians) [43, 44]. A study comprised of aircrew from 
both African and Caucasian origin reported a net reclassified global ASCVD risk 
based on 2018 ESC/ESH guidelines chiefly in intermediate risk hypertensive 
individuals [40].

2.2.6 Coronary artery calcium

Coronary artery calcium (CAC) a powerful novel risk indicator for ASCVD 
risk. It is linked with an enhanced risk to develop harmful cardiovascular events 
independently of clinical markers and inflammatory biomarkers [45]. Conversely, a 
calcium artery score of 0 has a strong negative predictive value for the development 
of coronary artery diseases (CAD).
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2.2.7 Genetic risk scores

Genetic risk scores have been proposed because of the association between loci 
or genes and higher ASCVD risk. The advantage of genetic biomarkers on other 
biomarkers is that they exist at birth and can be determined even in antenatal 
period. But, gene–environment interactions can sometimes be responsible for 
development of disease states. Furthermore, using new variables such as genetic 
markers may enhance CV prediction even if this possibility remains questionable 
[46]. In a post-hoc meta-analyze of six systematic reviews on effect of ASCVD risk 
estimate in primary prevention, Collins et al. reported that there was no evidence 
that the potential use of ASCVD risk estimate leads to decreasing in CVD morbidity 
and mortality due to the deficient quality of systematic reviews.

3. Global cardiovascular risk estimate in aircrew

3.1 Global cardiovascular risk estimate using traditional risk factors

Given that risk factors for CVDs do not act in isolation, quantification of risk is 
an important part of the risk stratification process. The prediction of an individual’s 
ASCVD risk over a one 10-y period traditionally involves assessment of CVD risk 
factors such as age, gender, baseline levels of systolic and diastolic BP, serum choles-
terol, smoking status and history of diabetes. Published in 1998 [47] and modified 
in 2002 [48], the Framingham risk score (FRS) derived from the Framingham Heart 
Study (FHS) which is broadly granted as the pioneering longitudinal cohort study 
[49, 50]. FHS chart, a risk prediction model, assigns weight (points) to traditional 
risk factors for ASCVD such as age, total cholesterol (TC), high-density lipoprotein 
cholesterol (HDL-c), treated or untreated SBP (yes or no), smoking status (yes or 
no), and type-2 diabetes (yes or no). This FHS chart produces an estimate (or risk) 
of developing CVD or a component of CVD (such as stroke, peripheral vascular 
disease, or heart failure) over a fixed time, for example, the next 10 years [50]. Also, 
Framingham investigators presented heart /vascular age which is the age that cor-
responds to a person with normal risk factors and the same 10-year CV risk stating 
that low 10-year risk can cohabit with a vascular age higher than the chronological 
one [51]. FHS chart has been broadly utilized for clinical guidelines [52], trans-
ported, and validated in several non-Framingham settings [53].

Besides the Framingham estimate functions, other significant risk functions 
such as the European Systematic Coronary Risk Evaluation (SCORE) function, 
the Prospective Cardiovascular Münster (PROCAM) function [53], the QRISK 
[54, 55] algorithms, the Reynolds risk score [56, 57], the Multi Ethnic Study of 
Atherosclerosis (MESA) algorithms may be used [58]. The final objective of all 
these ASCVD risk prediction models should be to improve clinical guidelines in 
detecting silent and undiagnosed CVD. Nevertheless, there are some caveats to 
using these risk factors alone in a model as prognostic tools for CVD risk prediction. 
Most of these risk equations have been constructed with data from Western popula-
tions, are generally population-specific, and may not be safely extrapolated to other 
populations. One must consider the fact that the calculated risk does not mean the 
occurrence of event in any specific individual but rather in 100 individuals with 
identical features.

For aviation personnel, rigorous medical scrutiny leads to the exclusion of 
those with evident CVDs at either initial or renewal of their medical licenses [2]. 
CVD events are often silent or may present without warning. All the licensed 
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aviation personnel undergo CV assessment including electrocardiogram (ECG), 
echocardiography, and lipid profile at initial. An ECG can be done at renewal as 
appropriate.

Several Civil Aviation Authorities (CAA) highly recommend aircrew, chiefly 
those aged 40 years or more, to periodically be screened for cardiovascular risk 
using suitable risk investigative tools that comprise family history and non-fatal 
and fatal end points, and a resting ECG. For most aircrew, the Reynold’s risk 
equation provides a reasonably well-calibrated risk estimate, which includes family 
history [57]. The assessment and management of aeromedical risk continue to be 
a balancing act between practicality, risk tolerance and the advances of diagnostic 
medicine. The risk, which can be considered as a minimum objective for a large 
public transport aircraft due to medical causes, lies in the region of 10−8 and 10−9 per 
hour or per flight as appropriate.

A single risk matrix cannot reflect the operational impact of a medical event for 
all aircrew roles. To reflect the operational impact of a medical event incorporat-
ing aircrew role, a series of risk matrices that reflect the varying operational risk 
pertinent to specific aircrew role (the third dimension) is required. This led Gray 
et al. to develop a three-sized risk matrix, which embodies discrete aircrew duties: 
(i) aircrew with direct control over the aircraft (ie, pilot, copilot), (ii) aircrew 
personnel with input to navigation or engine/mechanical systems (ie, navigator, 
FEs), and (iii) aircrew responsible for passenger or cargo (ie, loadmasters, cabin 
crew) [4]. Although technically, air traffic controllers (ATCs) are not considered 
crews, they are considered to have an attributable risk similar to that of pilots.

Thus, ICAO asks stakeholder countries to use ASCVD estimate scores in aero-
medical risk assessment to help alleviating morbidity and mortality in aeronautical 
setting. For example, the New Zealand Guideline Group (NZGG) adjusted [59], 
updated [60], and even assessed [61] the Framingham ASCVD estimate tools. In 
a matched case–control study accounting Oceania- based airline pilots using the 
NZGG adjusted Framingham score, Wirawan posited the NZGG score had low 
sensitivity and thus missed to predict 47% of the CV events [62].

3.2 Global cardiovascular risk estimate using new and emergent risk factors

Risk in CVD is still assessed chiefly by clinical features such as age, hyperten-
sion, diabetes mellitus, hyperlipidemia, and family history. Nonetheless, biochemi-
cal, cellular, and imaging frameworks are firmly allowing for increasingly improved 
risk assessment.

Aircrew undergo various investigations to assess cardiovascular risk that are 
anatomical (Cardiac CT, cardiac MR or invasive coronary angiography, transtho-
racic and transesophageal echocardiography), physiological (Myocardial perfusion 
imaging, including perfusion MRI, myocardial perfusion scintigraphy [MPS], both 
single photon emission CT [SPECT] and positron emission tomography [PET]), 
stress echocardiogram (with either physiological or pharmacological stress) and 
fractional flow reserve (FFR) and Clinical (Exercise stress ECG test, CAC scor-
ing). Exercise stress ECG test is not recommended as a solely investigative tool for 
assessment of significant CAD in aircrew [63]. It is relevant to note that the negative 
predictive value (NPV) of the CCT for the detection of CHD is almost 100%, which 
implies that a negative scanner is very reassuring at least for the next 35 years [64].

To comply with the approach of the ICAO, it is recommended to CAAs to hold 
an inventory of the effective of aircrew to monitor their careers and health, their 
accidents and impairments [65]. Even for private aircrew, there are concerns, which 
imply that some degree of restriction must be applied. On the other hand, several 
CAAs prohibit pilots aged 65y or older from flying on commercial flight operations 
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even if this remains debatable [63]. The so-called “age-65 rule” is of concerns about 
the potential deleterious effects of aging on pilots’ safety performance [66].

Aircrew with elevated cardiovascular risk established on inceptive screening 
should go through intensified screening that includes ancillary, to name but a 
few, stress ECG, CAC scoring solely, or combined with a CT coronary angiogram 
(CTCA) investigation, and vascular ultrasound imaging (VUI). Second-line 
investigative risk tools for CAD assessment comprise functional imaging, and 
invasive coronary angiography (ICA). Emerging technologies comprise CMR for 
plaque imaging and FFR that is a technique traditionally used as an adjunct to ICA 
to measure pressure differences across coronary stenosis.

Exercise stress ECG provides useful risk-stratification information including 
aerobic fitness, BP response and arrhythmia assessment, which may be incorpo-
rated in intensified screening. The use of routine exercise stress testing as a sole 
screening tool for CAD is not supported by evidence and is not recommended. 
Exercise stress tests are limited in their ability to detect potentially flow-limiting 
CAD and to predict future cardiovascular events. Because of its restricted sensitiv-
ity and specificity, exercise stress ECG has a flaw as screening test for coronary 
atherosclerosis. Moreover, because of its very low PPV for future coronary events, 
stress ECG should be discouraged as a stand-alone tool to determine aeromedically 
significant CAD.

The Astro-CHARM tool is the first integrated ASCVD risk calculator to incorpo-
rate risk factors, including hs-CRP, family history, and CAC data. It improves risk 
prediction in comparison with traditional risk factor equations and could be useful 
in risk-based decision making for cardiovascular disease prevention in the middle-
aged general population.

Ultrasound imaging of the carotid and femoral arteries provides easily accessible 
visualization of vascular anatomy without radiation. cIMT and carotid and femoral 
artery plaque, have been evaluated as markers for cardiac disease and stroke risk. 
Several prospective studies have shown that the presence of carotid and femoral 
bifurcation plaques is associated with future cardiovascular events, independent 
of other risk factors. Guidelines support the use of carotid artery ultrasound in the 
cardiovascular risk assessment of asymptomatic aircrew at intermediate risk.

To identify aeromedically significant CAD, physiological imaging such as stress 
echo, perfusion MRI or myocardial perfusion scintigraphy (MPS) has limited utility 
and is not recommended as the sole secondary investigation for aircrew consid-
ered to be at high cardiovascular risk as it may overlook aeromedically significant 
(aggregate) stenosis. ICA should be reserved for those aircrew who are deemed at 
high risk for significant CAD or where accurate delineation of percentage coronary 
stenosis is required. ICA currently remains the gold standard for anatomical imag-
ing of coronary arteries. This is because the spatial resolution of ICA is superior to 
that of CTCA. CTCA is less accurate than ICA for quantifying luminal stenosis. The 
threshold for initiating enhanced screening of aircrew with increased estimated risk 
for a coronary event is an organizational decision.

4. Preventing cardiovascular disease

Aircrew retirement age is increasing and the burden of subclinical, but poten-
tially significant, coronary artery atherosclerosis is unknown in pilots above age 40 
[20]. Prevention of CVD in aircrew may be even more problematic than in the 
general population. The control of CVD should focus on the reduction of behavioral 
risks (salt, tobacco, alcohol, physical inactivity) and metabolic risks (high BP, dia-
betes mellitus, and obesity), and on multidrug therapy for treatment of individuals 
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at high risk of heart attack and stroke based on these risks. Preventive initiatives 
should make it easier for healthy aircrew to stay healthy, and for those with estab-
lished CVD or at high risk for CVD to modify their behavior [67]. To prevent the 
onset of CVD in aircrew, many avenues including healthier lifestyle such as regular 
physical activity, healthier diet, weight loss, moderate alcohol consumption, and 
smoking cessation, and the control risk factors can be considered.

Regular physical activity lowers the risk of CVD, improves endothelial and plate-
let function, and diminishes insulin resistance [68]. In fact, regular physical activity 
corrects raised BP and lipid profile, increases the level of HDL but lowers that of TC 
and LDL-c [68–70]. NICE guidelines recommend 150 minutes of moderate inten-
sity aerobic activity per week, or 75 minutes of vigorous aerobic activity. Whilst 
NICE give only a consensus recommendation regarding the utility of exercise as 
primary prevention, guidelines from the AHA and ESC give class 1A recommenda-
tions with almost identical prescriptions, referring to a solid and consensual body 
of evidence [17, 71]. It has been reported in a recent cross-sectional study including 
22 physically active men, exempt from CVD, that particular features of physical 
fitness such as aerobic capacity were associated with better cardiovascular control 
(HRV and BP) during flights. These authors encouraged future studies to inves-
tigate the role of physical fitness in reducing the flight-induced stress and related 
cardiac autonomic alterations for the general population [20].

Diet represents the most significant modifiable factor in the primary preven-
tion of CVD. There is evidence that eating fruit and vegetables have been found to 
have compelling cardiovascular effects [69]. Epidemiological evidence shows that 
a diet low in fruits is the third most important risk factor of CVDs following high 
BP and cigarette smoking, accounting for more than 5 million deaths worldwide in 
2010 [72]. The mechanisms of action mainly included the modulation of molecular 
events and signaling pathways associated with correcting endothelial dysfunction, 
reducing disorders in lipids metabolism, anti-hypertension, suppressing platelet’s 
function, alleviating I/R injury, inhibiting thrombosis, reducing oxidative stress, 
and inhibiting inflammation responses [73]. Several studies have highlighted the 
impact of high-potassium diet on high BP, singularly in the presence of high dietary 
sodium, using the inward-rectifying potassium (Kir) [74].

There is evidence that modest weight loss (e.g., 5–10%) can reduce CVD risk 
profile even when the patient remains in the obese range [75, 76]. Modest weight 
loss has been linked with an improvement in fasting glycaemia, glycosylated 
hemoglobin (HBA1c), and systolic and diastolic BP and plasma lipid profile (TG, 
TC, and LDL-c) [77]. Moreover, weight loss can also improve the efficacy of anti-
hypertensive medications. Weight loss should employ a multidisciplinary approach 
that includes dietary advice, regular exercise, and motivational counseling [17, 78]. 
Weight loss can also be promoted by anti-obesity drugs and, to a greater degree, 
bariatric surgery, which appears to decrease CV risk in severely obese patients [79]. 
There are moves to suggest that, alongside reduction in BMI, reduction in WC as a 
proxy for reductions in visceral adiposity should become an important target for 
amelioration of CVD risk.

Four decades ago, epidemiological studies showed the historically J-shaped 
curve between alcohol consumption and cardiovascular risk [80, 81]. Recently, 
both cohort studies and meta-analyses corroborated the robustness of the men-
tioned relationship [82]. These authors argued that abstinence is associated with an 
increase in cardiovascular risk compared to light drinking and low levels of alcohol 
consumption associated with a lower level of CHD. Similarly, INTERHEART, NICE, 
and ACC studies showed moderate to light alcohol use was linked with prevent-
ing CVD. Contrastingly, through a large mendelian randomization meta-analysis, 
Holmes et al. showed that reduction in alcohol intake is linked with reduction 
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in CVD risk even in light-moderate drinkers [83]. It is on this basis that the ESC 
guidelines recommend no safe level of alcohol intake [84].

Smoking cessation is strongly recommended by all guidelines and smoker is 
likely to use nicotine replacement therapy (NRT), bupropion (a norepinephrine 
dopamine reuptake inhibitor) and particularly varenicline (a partial nicotine recep-
tor agonist). Evidence suggests the use of NRT outweigh its cardiovascular risks 
whilst the use of E-cigarettes are still controversial [85].

Lowering BP to an optimal level (<130/80 mmHg) has been found to signifi-
cantly reduce the risk of CVD [86]. Best proven non pharmacologic Interventions 
for prevention and treatment of hypertension that are weight loss, health diet, 
lower intake of dietary Na+, enhanced intake of dietary K+, physical exercise, 
and moderate alcohol intake approximately impact on SBP by 5, 11, 6, 5, 5, and 
4 mmHg, respectively. Specific BP lowering drugs include calcium blockers, diuret-
ics, ACEI, ARBS, and beta-blockers [84]. Medical practitioners are advised to avoid 
pharmacological inertia characterized by negligence of medical providers to initiate 
or intensify pharmacological therapy as stated by guidelines [84].

The overall strategy toward risk management for type-2 diabetes patients 
should focus on BP and lipid control to lower the leading complications of diabetes. 
Diabetes is treated with diet, exercise, and some antidiabetic medications [87]. 
Lowering cholesterol by means of drugs such as statins alone or associated with 
either ezetimibe or anti-proprotein convertase subtilisin/kexin type 9 (PCSK9) 
monoclonal antibodies (mAbs), has been found to reduce ASCVD risk; however, 
lipid-lowering diet and physical exercise are also important [88].

In aircrew with heart failure, medications should include B-adrenergic blockers, 
ACEIs, and more recently Ivabradine and/or sacubitril/ valsartan combination, 
when appropriate. Implantable cardioverter defibrillators and/or resynchronization 
should be associated. Exercise training is usually indicated based on the patient 
response to applied exercise protocols. In patients with CKD, risk factors such as 
hypertension, type-2 diabetes, and obesity should be controlled [89].

Traditional herbal remedies should be avoided for numerous riveting studies 
showed their toxicity even if histological and toxicological studies are needed to 
validate this causal relationship [89]. Antihypertensive treatment reverses myocar-
dial hypertrophy, and additionally reduces repolarization time and its dispersion, 
the incidence and the severity of ventricular arrhythmia, and the risk of cardiovas-
cular events.

Flight crew represent a high CVD risk subgroup requiring development of a 
comprehensive prevention and care program to mitigate the elevated risk and 
improve their quality of life and performance.
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Cardiovascular Risk Factors in 
Children
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Abstract

Cardiovascular morbidity and mortality are still increasing in developed 
countries with emphasis on the obesity epidemic. Children and young adults 
are no exception. With modern lifestyle, traditional cardiovascular risk factors, 
such as hypertension, obesity, dyslipidemia, insulin resistance, kidney damage, 
are increasingly present in children leading to premature cardiovascular events 
in adult life. Cardiovascular risk factor can accelerate naturally progressing 
atherosclerosis, which should be prevented to facilitate quality and longevity 
of life. Primary and primordial prevention in the pediatric population are of 
utmost importance. However, if a cardiovascular risk factor is already pres-
ent, frequent monitoring of possible development of other cardiovascular risk 
factors and evaluation of end organ damage should be implemented to intervene 
in time.

Keywords: atherosclerosis, obesity, hypertension, dyslipidemia, insulin resistance, 
kidney damage, prevention

1. Introduction

Atherosclerosis, a common denominator for all cardiovascular diseases (CVD), 
is a complex process that starts in fetal life, and its natural course is a result of 
interplay between genetic and environmental factors [1]. Clinical manifestations 
of atherosclerosis, including coronary artery disease, cerebrovascular disease and 
peripheral arterial disease, will occur in two thirds of men and half of women 
after age 40 [2]. However, a positive association of coronary atherosclerosis and 
atherosclerosis in abdominal aorta with classic cardiovascular risk factors, such 
as hypertension, obesity, dyslipidemia and impaired glucose tolerance, has been 
shown already in adolescents and young adults [3]. Earlier incidence of CVD in 
at-risk groups of children has been suggested [4].

In recent decades, the cardiovascular risk burden has increased largely due to the 
obesity epidemic, contributing to the fact that now CVD are globally the leading 
cause of death. Since 1975, prevalence of obesity more than quadrupled among 
children and adolescents with an increased likelihood of becoming an adult with 
obesity [5, 6].

In this chapter, traditional cardiovascular risk factors in children are reviewed 
with proposed comprehensive management.
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2. Obesity

The obesity epidemic in children is a well-known fact in recent decades and still 
a growing issue in some countries that needs to be tackled accordingly. Adipose 
tissue, an active endocrine organ, is closely involved in production of atherogenic 
adipokines, oxidative stress and chronic inflammation, that altogether promote 
atherosclerosis. Therefore, the presence of obesity alone is a risk factor for CVD [7]. 
Mostly, it is due to sedentary lifestyle, inappropriate food habits and genetic sus-
ceptibility, and rarely a consequence of endocrine (e.g. hypothyroidism, Cushing 
syndrome, hypothalamic obesity, persistent hyperinsulinism, etc), syndromic 
(Alström, Bardet-Biedl, Prader Willi, Beckwith-Wiedemann, Carpenter, Cohen, 
Albright hereditary osteodystrophy, etc.) or monogenic causes (defects in genes 
encoding melanocortin 4 receptor (MC4R), leptin (LEP), leptin receptor (LEPR), 
pro-opiomelanocortin (POMC), etc.) [8].

Obesity and overweight diagnosis are based on anthropometric measurements 
and body mass index (BMI) calculation. Due to the growth and development 
there is no single cut-off point to define obesity in children, but is dependent on 
age and sex. Several curves that give BMI distribution as a function of age and sex 
have been established [8]. Body fat can also be estimated with dual energy X-ray 
absorptiometry, bioelectrical impedance, computed tomography and magnetic 
resonance imaging of abdomen, measurement of skinfold thickness at multiple 
sites, air displacement plethysmography and stable isotope dilution techniques, 
which apply to newer methods and future perspectives in obesity assessment [9]. 
Waist circumference is another anthropometric measurement that correlates well 
with obesity and is useful in determination of central obesity, correlating even more 
strongly with several obesity complications, such as insulin resistance, dyslipidemia 
and non-alcoholic fatty liver disease [10].

Complications of obesity in children and adolescents are numerous and are in 
part responsible for further cardiovascular damage. They can be categorized by 
organ systems: cardiovascular (hypertension, left ventricular hypertrophy, athero-
sclerosis), metabolic (insulin resistance, dyslipidemia, metabolic syndrome, type 
2 diabetes), pulmonary (asthma, obstructive sleep apnea), gastrointestinal (non-
alcoholic fatty liver disease, gastroesophageal reflux), skeletal (tibia vara, slipped 
capital-femoral epiphysis), psychological, other (polycystic ovary syndrome, 
pseudotumor cerebri) [11].

Lifestyle changes are the cornerstone of obesity management and are partly 
age dependent. Young infants up to two years of age with high body weight should 
have age appropriate amounts of formula, preferably should be breastfed, and 
should not be given sweetened beverages, fast food and desserts, should not have 
any screen of any kind, should have at least 12 hours of sleep a day, and should be 
allowed to be as active as possible. A toddler, aged from two to four, should have 
a balanced diet, should not be offered sugar sweetened beverages and fast food, 
size of the portion should be age appropriate and they should have a routine sleep 
pattern. Screen time should be kept to a minimum. It is important to stress that 
parents are role models for children and should model the eating behavior they 
want their child to have. A good meal hygiene with family based meals is recom-
mended. Children, aged 5–9, should have a balanced diet with the exclusion of 
sweetened beverages and fast food, they should start to be involved in organized 
sports along with active play. At least sixty minutes of moderate physical activity 
is recommended. Screen time should be limited to academic requirements. With 
further growth and puberty, management evolves. Mostly, recommendations 
are similar, however, in adolescents skipping meals with overindulgence at the 
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next meal or eating mostly in afternoon or evening can become an inappropriate 
habit leading to excess calories intake. Regular exercise routine of sixty to ninety 
minutes per day is recommended. With modern technologies, which in this age 
group are unavoidable, progress can be tracked and comparison can sometimes be 
encouraged between peers [12].

As parents are strong role models for children, especially younger, a family 
oriented approach with lifestyle changes for the whole family is recommended [12].

Pharmacological treatment of obesity in children is discouraged, however, a 
few studies with metformin and orlistat showed some success with weight loss, but 
small or none for cardio-metabolic complications [13].

3. Hypertension

Historically, hypertension was believed to be a rare disease in children, mostly 
due to secondary causes, however, in the past two decades, its prevalence increased 
significantly, mostly due to obesity, and was estimated from 4.3% among children 
aged 6 years to 3.3% among those aged 19 years and peaked at 7.9% among those 
aged 14 years [14].

In children, physiologically, blood pressure increases with age and body size, 
making it impossible to define a single blood pressure level to establish hyperten-
sion, as in adults. Therefore, the definition is based on the normal distribution 
of blood pressure in healthy children. Hypertension is defined as systolic or 
diastolic blood pressure above 95th percentile for sex, age and height measured 
on at least three separate occasions. High-normal blood pressure is defined as 
above 90th, but less than 95th percentile. For boys and girls, aged 16 or above, 
the definition is as in adults. In addition, reference values for sex, age and height 
of ambulatory blood pressure measurement have been obtained from different 
European populations and provide useful information for diagnosis and manage-
ment of hypertension. The blood pressure cuff must be appropriate to the size of 
the child [15, 16].

Secondary hypertension is more frequent in the pediatric population, however, 
the prevalence varies between studies and has yet to be confirmed. The causes of 
secondary hypertension are numerous and should be sought for systematically 
depending on history, examination and clinical results. In brief, they are presented 
in Table 1 [16]. Some syndromes, such as Williams’s, Turner’s and Leigh’s, have also 
been associated with hypertension [16].

After a thorough diagnostic work-up, secondary causes need to be treated 
appropriately. If none can be established, the diagnosis of essential hypertension is 
confirmed. Usually, essential hypertension is present among older children with a 
strong family history of hypertension [16].

First-line treatment, especially in obese, is lifestyle intervention with salt 
restriction and weight loss. Pharmacological treatment is indicated in hyper-
tensive children unresponsive to lifestyle modifications, as well as in children 
with symptomatic hypertension, secondary hypertension, target organ damage, 
diabetes mellitus or chronic kidney disease [17, 18]. Antihypertensive treatment 
is started with the lowest dose of a single drug and titrated if needed until maxi-
mum recommended dose is reached. If blood pressure is still elevated, the second 
drug can be added and up-titrated. The choice of particular antihypertensive 
drug is partly dependent on underlying etiology, partly on other relevant fac-
tors, such as end organ damage, concurrent disorders, side effects and clinician’s 
preference [17, 18].
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4. Dyslipidemia

Dyslipidemia is a known risk factor for atherosclerosis and should be identified 
in youth to intervene in time and to reduce not only future CVD disease [19], but 
also arterial ischemic stroke in children, where dyslipidemia and hypertriglyceride-
mia were found to be more prevalent [20].

Commonly, lipid screening includes measurement of total cholesterol, high-
density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL) 
and triglycerides. Additionally, several other lipoproteins, such as apolipoprotein A1 
and B can be evaluated and provide further information on cardiovascular risk.

The prevalence of dyslipidemia is increasing due to increasing obesity, where 
almost in a half of children with obesity, a type of dyslipidemia (hypertriglyc-
eridemia, lowered HDL, elevated LDL) is present [21]. School children, who are 
overweight, are 2.4 to 7.1 more likely to have elevated total cholesterol, LDL and 
triglycerides in comparison to lean peers [22].

Dyslipidemia in children can be a consequence of inherited dyslipidemia syndrome. 
Familial hypercholesterolemia, a monogenic, autosomal dominant disorder, is caused 
by mutations of LDL receptor or other protein that affects LDL receptor activity. 
Homozygous forms are rare, but are associated with rapidly progressive atherosclerosis 
leading to CVD and mortality in the first two decades of life. More commonly, het-
erozygous form is present with accelerated atherosclerosis and cardiovascular events 
before age of 50 years. These patients mostly have isolated elevation of LDL [19].

Etiology subgroup Possible underlying etiology

Immunological Systemic lupus erythematosus
Juvenile ankylosing spondylitis
Antineutrophil cytoplasmic antibodies-associated vasculitis

Cardiovascular Coarctation of aorta
Atrioventricular malformation
Renal artery stenosis

Endocrine Hypo- and hyperthyroidism
Adrenal neuroblastoma

Gastrointestinal Gastroschisis

Hematological Sickle cell disease

Medications related Steroids
Central stimulants
Adrenocorticotropic hormone

Neurological Severe intraventricular hemorrhage
Hydrocephalus
Brain tumor
Neural tube defect
Arnold Chiari malformation

Renal Hydronephrosis
Nephrotic syndrome
Glomerulonephritis
Renal dysplasia
Cystic renal disease

Respiratory Bronchopulmonary dysplasia
Chronic lung disease
Sleep disordered breathing related (e.g. obstructive sleep apnea)

Table 1. 
Causes of secondary hypertension in children.
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Familial combined hyperlipidemia is characterized by mixed dyslipidemia (LDL 
and triglycerides may be high or normal, HDL normal or reduced) with significant 
production of very low-density lipoprotein (VLDL) cholesterol and increased risk 
for CVD. It is less likely to be diagnosed in children, since significant elevations in 
fats may not occur until late adolescence, however apolipoprotein B levels may rise 
earlier and may be a better marker for this condition. In adults it is associated with 
features of metabolic syndrome and insulin resistance [19].

Rarely, severe hypertriglyceridemia may also be of genetic origin. Patients are 
likely to have a defect in lipoprotein lipase [19].

Some forms of secondary dyslipidemia (Table 2) are more frequent in children 
than in adults, and should be evaluated for [19].

Correction of secondary causes should normalize lipid levels, if there is no 
underlying genetic factor. Otherwise, the core management of dyslipidemia is 
lifestyle change with regular exercise, reduced screen time and diet. Dietary change 
should include total fat in less than 30% of daily caloric intake, with 8–10% satu-
rated fat, avoidance of trans-fats and cholesterol intake less than 300 mg/day. This 
may be advanced to restriction of saturated fat less than 7% and cholesterol intake 
less than 200 mg/day if dyslipidemia persists. This level of restriction was found 
to be safe for growth and development. Water-soluble fiber and plant sterols may 
complement the diet. Patients with hypertriglyceridemia should also limit their 
sugar intake with replacement of simple sugars with complex carbohydrates and 
increase of omega-3 fatty acid intake [19, 23].

If lifestyle change over 6–12 months is unsuccessful, pharmacological treat-
ment may be added. Statins were shown to be efficacious in children with familial 
hypercholesterolemia with a good safety profile. In children above 10 years of age, 

Etiology subgroup Possible underlying etiology

Endocrine/Metabolic Diabetes - type 1, type 2
Hypothyroidism
Polycystic ovarian syndrome
Lipodystrophy
Klinefelter syndrome
Glycogen storage disease
Gaucher disease
Niemann-Pick disease

Cardiac Kawasaki disease
Orthotopic heart transplant

Rheumatological Juvenile inflammatory arthritis
Systemic lupus erythematosus

Gastrointestinal Obstructive liver disease/other cholestatic conditions
Alagille syndrome
Biliary cirrhosis
Hepatitis

Renal Nephrotic syndrome
Chronic renal disease
Renal transplant

Medications/Exogenous Glucocorticoids
Isotretinoin
Oral contraceptive therapy
ß blockers
Antipsychotics
Alcohol

Table 2. 
Causes of secondary dyslipidemia in children.



Risk Factors for Cardiovascular Disease

100

cholesterol absorption inhibitors may be added as adjunctive therapy. Bile acid 
sequestrants (cholestyramine, colestipol) also lower cholesterol level, but may have 
adverse gastrointestinal effects, such as gas, bloating, constipation and cramps, that 
limit their use and decrease compliance. Fibrates, niacin and orlistat lower triglyc-
eride levels. For some genetic causes, novel treatment options are emerging, such as 
PCSK9 monoclonal antibody therapy [19, 23, 24].

5. Diabetes mellitus and insulin resistance

Diabetes is an additional cardiovascular risk factor that needs to be addressed in chil-
dren. Historically, diabetes mellitus type 1 was considered of main importance in chil-
dren. With increasing obesity, diabetes mellitus type 2 is becoming more prevalent [25]. 
Other etiologies, causing diabetes mellitus in children, are presented in Table 3 [26].

Etiology subgroup Possible underlying etiology

Type 1 Immune mediated
Idiopathic

Type 2

Other specific types Genetic defects of ß-cell function
Maturity onset diabetes of the young (MODY)
Mitochondrial diabetes
Genetic defects in insulin action
Type a insulin resistance
Leprechaunism
Rabson-Mendenhall syndrome
Lipoatrophic diabetes

Diseases of the exocrine pancreas Cystic fibrosis
Hemochromatosis
Pancreatectomy

Endocrinopathies Cushing syndrome
Pheochromocytoma
Hyperthyroidism

Medications or chemical induced Glucocorticoids
Diazoxide
ß adrenergic agonists
Pentamidine
Nicotinic acid
Interferon α
Tacrolimus

Infections Congenital rubella
Cytomegalovirus

Uncommon forms of immune-mediated diabetes “stiff-man” syndrome
Anti-insulin receptor antibodies

Other genetic syndromes sometimes associated with 
diabetes

Down syndrome
Turner syndrome
Klinefelter syndrome
Wolfram syndrome
Friedreich ataxia
Prader-Willi syndrome
Bardet-Biedl syndrome
Myotonic dystrophy

Table 3. 
Causes of diabetes mellitus in children.
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Regardless of the type of diabetes mellitus, hyperglycemia leads to impaired 
cardiovascular function, which was demonstrated in type 1 diabetes mellitus 
with impaired carotid artery structure and function, and decreased elastic 
properties of the aorta, already in children [27]. Diabetes mellitus is associated 
with a two-fold increase in the risk of CVD with a premature cardiovascular 
mortality and further risk increment when other cardiovascular risk factors 
coexist [28]. Early onset of diabetes mellitus further worsens cardiovascular 
risk [28].

Studies in the last decades indicate that insulin resistance is the predecessor of 
type 2 diabetes mellitus and has been associated with obesity, metabolic syndrome, 
hypertension and heart disease. It is defined as decreased tissue response to insulin 
and its cellular actions, commonly associated with obesity, however, not always, 
and not all obese have insulin resistance. Clinically, methods for insulin resistance 
measurement are scarce and, in many cases, limited to the research environment, 
however, one of the consequences of insulin resistance is chronic compensatory 
hyperinsulinemia, which can be demonstrated [29].

The diagnosis of both, diabetes mellitus and insulin resistance, is based on 
clinical symptoms, blood glucose monitoring, oral glucose tolerance test, and 
additional optional investigations, such as autoantibodies associated with diabetes 
or insulin levels [30]. In diabetes mellitus type 1 insulin therapy should be initiated 
immediately with recommendation of eventual insulin pump application in all 
small children, in patients with dawn phenomenon, severe hypoglycemia events 
or severe blood glucose fluctuations, glycated hemoglobin (HbA1c) values outside 
target range despite intensified conventional therapy, incipient microvascular or 
macrovascular secondary disease, limitations of the quality of life, in children 
with great fear of needles, pregnant adolescents and competitive athletes [30]. 
Treatment of type 2 diabetes mellitus and preceding insulin resistance is similar 
to treatment in adults. Weight loss and lifestyle change is the cornerstone of initial 
management. Patients may also be treated with oral agents, most appropriately 
starting with metformin, the only registered oral agent in children with diabetes 
mellitus type 2, and some may require administration of insulin to achieve glyce-
mic control [31, 32].

6. Cardiovascular risk and kidney disease

The relationship between cardiovascular risk factors and chronic kidney disease 
is reciprocal: chronic kidney disease is a risk factor for CVD and cardiovascular 
damage accelerates kidney damage. Therefore, when we talk about vascular dam-
age, we are really also talking about kidney damage and vice versa.

CVD is responsible for the majority of deaths in children with chronic 
kidney disease because of a high prevalence of traditional and uremia-related 
cardiovascular risk factors, with the highest risk in patients on dialysis. The 
cardiovascular alterations begin early in pediatric chronic kidney disease. Early 
markers of cardiac involvement, such as left ventricular hypertrophy and dys-
function, and early markers of atherosclerosis, such as increased carotid artery 
intima media thickness and increased arterial stiffness, are frequently present 
in children with chronic kidney disease [33, 34]. In children with early chronic 
kidney disease, before needing dialysis, modifiable cardiovascular risk factors 
should be identified and appropriate interventions should take place to decrease 
or delay premature CVD. Slowing down the progression of chronic kidney disease 
with avoidance of dialysis might be the best strategy to decrease cardiovascular 
risk [35].
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7. Selected novel cardio-vascular risk factors

Diagnostic work-up should also include other cardiovascular risk factors that 
do not belong to the traditional ones that were described above. For example, urate 
is believed to be an independent indicator of arterial hypertension in children 
associated also with renal dysfunction [36]. Lipoprotein (a) is not associated with 
obesity, such as other lipoproteins, but is regarded as an independent cardiovascular 
risk factor and was found to be high in children with a family history of premature 
cardiovascular events [37]. Elevated levels of homocysteine were found in children 
with abdominal obesity [38], however a genetic hyperhomocysteinemia with muta-
tions in methylenetetrahydrofolate reductase (MTHFR gene) was associated with 
stroke in children and in affected children with hyperhomocysteinemia and recur-
rent risk of stroke might be prevented with folate supplementation [39]. Vitamin D 
is frequently deficient in obese potentially leading to osteomalacia, and was addi-
tionally associated with insulin resistance and elevated blood pressure [40, 41]. 
Some studies even showed a higher risk of CVD and mortality when vitamin D was 
deficient, emphasizing the need for its supplementation [42].

To assess end-organ damage, kidney function, heart anatomy, and ocular 
background examination are commonly implemented, however, blood vessels, 
directly damaged by atherosclerosis, can be evaluated with intima media thickness 
and vessel elasticity evaluation. Intima media thickness is regarded as a subclini-
cal indicator of atherosclerosis but has a lesser predictive value in children than in 
adults. There were several studies indicating an association between intima media 
thickness and obesity, familial hypercholesterolemia and hypertension in children, 
but sometimes associations were not clear cut and intra- and interoperable com-
parability raised doubts in the method [43]. Arterial stiffness can be commonly 
assessed with pulse wave velocity measurement that can be performed by several 
different methods, such as applanation tonometry. The higher the velocity of the 
pulse wave, the less compliant artery is expected, suggesting subclinical atheroscle-
rosis. In children, several cardiovascular risk factors were associated with higher 
pulse wave velocity, however, the method is not in routine use [44].

8. Diagnostic work-up of cardiovascular risk factors in children

Cardiovascular complications, such as myocardial infarction and stroke, are rare 
in children, however, cardiovascular risk factors are increasing in prevalence, mostly 
due to worldwide increment of obesity. Preventive measures are most important in 
children and young adults, where the atherosclerotic process can be slowed down 
and possibly clinical manifestations of cardiovascular disease delayed [45].

Preventive measures can be individualized or population-based. The individual-
ized approach includes active search of at-risk children during health check, who 
are more likely to develop premature CVD due to an underlying disease, inappro-
priate lifestyle or genetic disposition. Population-based approach includes interven-
tions that affect the entire population aiming to lower cardiovascular risk in the 
whole population [45].

In pediatrics, we are most commonly involved in an individualized approach. 
Established recommendations in cardiovascular risk management in children 
involve two different goals: the prevention of risk-factor development and preven-
tion of future CVD by effective management of identified risk factors. Therefore, 
several risk factors should be evaluated for, namely family history, diet, physical 
inactivity, tobacco exposure, blood pressure, lipid levels, overweight or obesity, 
diabetes mellitus, metabolic syndrome and perinatal factors [45].
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The management of children with cardiovascular risk factors should be tailored 
to identify other possible cardiovascular risks, to evaluate end organ damage and 
to advise proper therapy. It starts with a good history with focus on family history 
and lifestyle. Next, clinical examination with anthropometric measurements with 
respect to percentile curves and blood pressure measurement should be performed. 
If blood pressure is elevated on multiple occasions, an ambulatory blood pressure 
measurement is recommended. Further work-up depends on history and examina-
tion and involves several laboratory, imaging and functional diagnostics, presented 
in Table 4.

In addition to above diagnostics, selected novel cardiovascular factors can be 
determined. Quite a few new diagnostic options to better define cardiovascular risk 
are on horizon, investigated in prospective studies, shortly presented in the next 
section.

9. Psychosocial aspect

Along with the management of classic cardiovascular risk factors, psychosocial 
aspects should also be evaluated. They can be partly responsible for disease devel-
opment or can be a consequence of a chronic disease.

Early-life psychosocial factors that may influence cardiovascular health in adult-
hood include self-regulation (the ability to manage behavior, emotion, attention 
and social interactions), cognitive ability and aspects of home environment. They 
influence life-long health by facilitating education, problem solving, memory, com-
munication, sense of control and ability to cope with stressful situations. Higher 
levels of psychosocial features were associated with greater likelihood of favorable 
cardiovascular state in adulthood with healthy levels of blood pressure, cholesterol, 
body mass index, cardiovascular-related medication status, smoking and blood 
sugar [46].

Investigations

Laboratory 
work-up

• Blood tests: complete blood count, electrolytes, kidney function and liver damage 
markers, lipidogram, apolipoprotein A1 and B, lipoprotein (a), urate, homocysteine, 
cystatin C, TSH, blood sugar, HbA1c, vitamin D

• Urine tests: urinalysis, 24-hour urine sampling for proteinuria, albumin/creatinine 
in morning void sample

• Optional investigations to exclude secondary causes

Imaging • Abdominal ultrasound

• Intima media thickness

• Heart ultrasound

• Ocular background examination

• Optional investigations to exclude secondary causes

Functional 
diagnostics

• ECG

• Ambulatory blood pressure measurement

• Oral glucose tolerance test with insulin levels

• Pulse wave velocity

• Optional investigations to exclude secondary causes

Table 4. 
Common investigations in children with cardiovascular risk; TSH—thyroid stimulating hormone,  
HbA1c—glycosylated hemoglobin, ECG—electrocardiogram.
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On the other hand, a chronic disease present in a child can have an important 
impact in a child’s life and his or her family. Psychosocial issues are under-recog-
nized, persist into adulthood and may impede optimal outcome. Children with 
chronic illness are at increased risk for mental health and adjustment problems. 
Child’s adjustment depends mostly on the way the family copes with the child’s 
condition. In young people, especially adolescents, underlying psychosocial issues 
can be suggested when new medical symptoms arise that cannot be explained by 
organic disease, when poor compliance to therapy is evident, when school refusal is 
present and when risky behavior involving excessive use of substances or excessive 
sexual behavior arises. These signs should alert the pediatrician to refer the patient 
to psychological treatment in time. Interventions are family-based, educational and 
are building on strengthening relationships and positive support [47].

Childhood obesity, a major contributor to CVD risk in modern society, can 
profoundly affect a child’s social and emotional well-being and self-esteem. Obesity 
is associated with increased anxiety, body dissatisfaction and lower self-esteem. In 
obese, higher prevalence of eating disorder is present. In addition, obesity affects 
children’s and adolescent’s social and emotional health. Obese children are often 
bullied for their weight, excluded from activities, particularly physical, and face 
numerous negative stereotypes, discrimination and social marginalization, leading 
to further lower self-esteem, self-confidence, negative body image and negative 
effect to academic performance. The latter is in part due to chronic health-related 
conditions responsible for missing school [48].

10. Future perspectives

Despite numerous investigations and several cardiovascular risk factors evalu-
ation, we still do not have a marker or investigation with prognostic value that 
would predict future CVD and premature cardiovascular events in children at risk. 
Several new biomarkers and investigations are emerging in research environment 
to assess cardiovascular risk, such as kidney injury molecule 1, adropin, salusin-α 
and -ß, uromodulin, markers of oxidative stress, along with functional diagnostics 
such as body composition measurement and elastography. Kidney injury molecule 
1, a known marker for kidney tubular necrosis, was found elevated in overweight 
children [49]. Salusin-α and -ß are involved directly in the process of atheroscle-
rosis with salusin-α slowing down and salusin-ß promoting atherosclerosis. In 
children, salusin-α correlated negatively with diastolic pressure [50, 51]. Adropin 
was discovered recently as a regulator of endothelial function among its several 
other physiological roles, such as angiogenesis, metabolism of glucose, fatty acids 
and dyslipidemia. Its role is protective and in overweight children lowered levels 
were found [52]. Uromodulin has an immunomodulatory role. In urine, it serves as 
a marker of kidney damage, however, in blood serum in elderly it was found to be 
a marker in CVD prognosis [53]. Children with diabetes had lower levels of serum 
uromodulin that correlated negatively with albuminuria [54]. Atherosclerosis, 
nowadays considered a chronic inflammatory process, is also being extensively 
researched through inflammatory markers and markers of oxidative stress, and 
some association with overweight in children has already been shown [55]. Very 
recently, microRNA is emerging as another possible diagnostic or therapeutic target 
that is being increasingly studied. Its postranslational function involves role in lipid 
metabolism, however, additional research, especially in children, is warranted [56], 
as for all other above mentioned biomarkers.

Along with fat mass evaluation, discussed in the second section, ultrasound 
and magnetic elastography are emerging as novel techniques for organ elasticity 
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determination. The use of ultrasound elastography opens up a new spectrum of 
ultrasound applications - its use has spread in liver and tumor stiffness evaluation, 
and several new indications are emerging in the research environment [57]. In 
the context of cardiovascular risk assessment, liver elasticity could be evaluated 
in obesity to assess the degree of steatosis or fibrosis without invasive liver biopsy 
[58]. Ultrasound elastography might also non-invasively assess elastic properties 
of the kidney aiming to quantify intrarenal fibrosis that could contribute to the 
overall assessment of renal function [59]. In children, liver elastography has been 
successfully performed, however, other areas remain a subject of research. The 
predictive value of elastography in the context of cardiovascular risk has yet to be 
determined.

Cardiovascular risk factors are strongly affected by environmental factors and 
unhealthy lifestyle choices. However, some susceptibility is inherited and related 
to the cumulative effect of many common genetic variants. With the progress of 
genetic diagnostics, made in recent years, there is also a place for the research of 
genetic susceptibility and the role of genetic markers and their possible implemen-
tation in clinical praxis. Genome-wide association studies have been successful in 
identifying some associations of single nucleotide polymorphisms for coronary 
artery disease. It has been shown that some of the manifestations of coronary heart 
disease, such as calcification, ectasia and main-stem stenosis, are more strongly 
inherited than others. The results of genome-wide association studies are believed 
to aid in individual risk prediction for cardiovascular risk and events development 
by molecular biological methods [60, 61].

11. Conclusions

Cardiovascular diseases are the main cause of morbidity and mortality in the 
world and several cardiovascular risk factors contribute to this fact already in 
childhood. With the obesity epidemic, risk is multiplying for next generations, with 
expectation of further increase in cardiovascular diseases. The prevention, or at least 
a delay, represents a challenge for pediatricians, because if treated early, cardiovas-
cular complications may be potentially reversible. Interventions should be initiated 
as soon as possible to avoid the development of potentially untreatable disease.
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Chapter 6

Role of Arterial Pressure, Wall 
Stiffness, Pulse Pressure and 
Waveform in Arterial Wall  
Stress/Strain and Its Clinical 
Implications
Thomas K. Day

Abstract

Biomechanical stress applied to the intima of arteries has long been suspected 
as a factor in the initiation and localisation of atherosclerotic plaque, and it is 
implicated in the separation of plaque from the underlying arterial wall giving rise 
to the acute clinical consequences of thrombosis, dissection and embolism. The 
factors underlying transmural stress were investigated in-vitro using fresh porcine 
abdominal aortas on an experimental rig in which pulse pressure, pulse waveform, 
fluid viscosity, pulse rate, vessel wall compliance and systolic and diastolic blood 
pressure could be varied at will. Vessel wall compliance was progressively reduced 
by exposure of the artery to formaldehyde vapour for increased periods of time, 
a saline-treated artery being used as control. Centripetal transmural stress (CTS) 
and strain were studied by direct observation of the displacement of a compliant 
false intima (FI) using real-time B and M mode ultrasound, and by measuring 
the differential pressure between the space beneath the FI and the adjacent vessel 
lumen. CTS was found to be directly related to pulse pressure (r = 0.907, p < 0.001) 
and inversely related to vessel wall compliance. It was independently affected by 
ranked peak pressure waveform (R = 0.93, p < 0.01) being higher with sharp peak 
pressure and lower when the waveform was rounded, and it peaked in early diastole 
in untreated vessels, and both in diastole and peak systole in ones stiffened by 
formaldehyde vapour. Mean arterial pressure exerted a profound effect via its effect 
on vessel wall stiffness, which was found to rise 7-fold across the mean arterial 
pressure range 50-130 mmHg and continued to increase in a logarithmic fashion as 
the upper physiological range of mean arterial pressure was exceeded. There are two 
potential clinical implications: in mitigating the postulated biomechanical aspects 
atherogenesis and atherosclerotic plaque detachment, maintaining large vessel 
wall compliance is important, and the main factor determining this in a healthy 
artery is mean arterial pressure; if the arterial wall has already become stiffened as 
a result of disease, and in the absence of critical stenosis, the findings suggest that 
the appropriate therapeutic targets are modification of pulse pressure and pulse 
waveform profile. Simply reducing the diastolic pressure in elderly patients may be 
unwise if the result is a widened pulse pressure and increased transmural strain. 
The distribution of atheroma at points of focal mechanical strain in the vessel wall 
may be explicable if the stress induced by an excessive pulse pressure provokes 
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the inflammatory changes seen in repetitive strain injury. Investigation of inflam-
matory signalling in the vessel wall provoked by repeated mechanical stress may 
represent a productive area for future research.

Keywords: atherosclerosis, hypertension, arterial wall elasticity, pulse waveform, 
mechano-sensitivity

1. Introduction

The central role of biomechanics in the pathogenesis of atheroma is supported 
by a body of circumstantial evidence [1]: atherosclerotic plaque is not laid down 
uniformly on the inner lining of arteries but at the junctions of branch vessels, at 
points where the external wall of the artery is fixed to surrounding structures and 
at kinks and bends where mechanical strain and flow turbulence occur. It is suscep-
tible to the effects of blood pressure [2]. It is not seen in veins except when these 
are used as arterial grafts [3]. Blood pressure is a well-established risk factor for 
coronary artery disease [4]. Atherosclerosis occurs prematurely in situations where 
arterial wall stiffness is increased such as diabetes, pseudoxanthoma elasticum and 
progeria syndromes [5–7]. Blood viscosity, which contributes to the transmission 
of shear strain to the endothelium, is an independent risk factor for ischaemic heart 
disease [8]. Lastly, experimental and computer modelling studies have demon-
strated an association between atherosclerosis-prone areas of the arterial tree and 
conditions of local blood flow characterised by high strain-low shear, and oscilla-
tory reverse flow [9, 10].

There are two postulated mechanisms whereby such mechanical strain acting 
on the inner arterial wall might give rise to the development of atherosclerosis and 
explain its focal localisation within the arterial tree: firstly, the endothelium might 
be damaged directly by forces stripping it from the underlying intima or causing 
ultrastructural changes to the intercellular junctions thus exposing the underlying 
collagen network of the intima to blood components giving rise to collagen-platelet 
and collagen-fibrin interactions and the development of plaque according to the 
incrustation theory of atherogenesis. Such endothelial damage has been shown to 
give rise to atheroma-like lesions in experimental animals [11], and the attachment 
of the endothelium to underlying collagen is less strong in animals that are ather-
oma-prone compared to those that are resistant [12]. Direct mechanical damage 
to the endothelium would tend to occur at sites where there was maximum lifting 
and shear stress and this might explain its focal distribution. Secondly, endothelial 
cells are highly mechano-sensitive and certain conditions of shear stress and pulse 
waveform have been shown to provoke a stress response in endothelial cells favour-
ing platelet and white cell adherence, translocation of white cells and expression 
of inflammatory mediators, processes that have been linked to the development of 
atherosclerosis [10, 13–16].

Experiments related to this latter mechanism have hitherto concentrated on the 
effect of shear stress, which may be likened to the aerodynamic equivalent of drag 
acting on the endothelial surface. Little work by contrast has been done on the inward 
“lift” effect in inducing stress acting at right angles to the endothelial surface, tending 
to lift the endothelium off the underlying substrate, and inducing conformational 
change on the inner wall of the artery. Conformational change in the inner arterial wall 
resulting from this lifting effect would tend to give rise to the boundary layer separa-
tion and local oscillatory flow reversal at low flow rate that appear to induce a pro-
atherogenic endothelial cell phenotype in the tissue culture experiments [10, 15, 16].
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The study of the factors affecting the inward stress/strain relationship to the 
arterial wall is consequently of interest both in relation to the initial development of 
atherosclerosis but also in relation to the stresses causing the developed atheroscle-
rotic plaque to separate and thus cause clinical harm.

The aim of the present work was to examine directly the factors giving rise 
to transmural stress/strain and to their possible interactions. A bench-based test 
rig was employed similar to that described by Giussaniani et al. [17] modified to 
provide continuous pulsatile flow within fresh pig arteries.

2. Materials, methods

2.1 Arteries

Abdominal aortas from freshly slaughtered young white pigs were obtained 
from an abbattoir conforming to European animal welfare standards (EC 
Regulation 1099/2009) and were transported at 4°C Ringer’s lactate solution. The 
average length of the test segment was 120 mm (SD 5 mm), the internal diameter 
of the proximal end 18.1 mm (SD+/− 0.54) and that of the distal end 13.8 mm 
(SD+/−2.7).

In each artery adherent loose areolar-lymphatic tissue was removed whist pre-
serving the adventitia and all side branches were ligated at their origins with 2/0 silk 
whilst keeping the artery moist and cool in Ringers-lactate solution. The segments 
of artery used extended from the coeliac trunk to the aortic bifurcation.

For studies on the stress strain relationship across the intima in pulsatile flow 
conditions a fluid-filled 0.9 mm polythene saline-filled catheter was introduced 
through a side branch and secured by a ligature. The tip of the catheter was posi-
tioned near the midpoint of the test artery, this point being marked on the exterior 
wall of the artery using Gentian Violet to facilitate the subsequent positioning of 
the ultrasound probe. During each test run this catheter was perfused at 0.1 ml/hr. 
with saline using a syringe pump. Once the catheter was in position a thin deform-
able latex membrane (Préservatif classique, PHR Lab, Boulogne Billancourt, Fr) 
was introduced along the full length of the arterial lumen. The membrane over-
lapped the ends and was smoothed against the internal wall of the artery by filling 
the lumen with saline. This membrane was intended to take the role of a deform-
able FI. Figure 1 shows the appearance of the lined artery and the movement of 
the FI in relation to the wall on B-mode ultrasound when the artery is subjected 
to pulsatile flow under test conditions. The presence of this lining membrane also 
had the advantage of preventing minor leaks. The specimen, consisting of the 
artery and the FI, was then mounted in the test bath illustrated in Figure 2, being 
secured over the tube at either end by sliding it over two O- rings positioned on 
the mounting tube and holding it between the rings with a double turn of a 4 mm 
Silastic sling.

The artery was rotated until the catheter tip lay inferiorly, directly opposite 
the ultrasound probe. The tubes upon which the artery was mounted were then 
slid far enough apart for the artery to be lie in a relaxed straight line, not under 
tension. The bath was filled with oxygenated Ringer’s lactate at 37°C, up to but 
not over the top of the uppermost wall of the artery. Contact jelly was applied 
and the ultrasound probe set up over the tip of the catheter so as to give a view of 
the artery an the membrane in transverse section. The probe was held in a clamp 
in contact with the superior wall of the artery but not pressing sufficiently to 
deform it.
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2.2 Perfusion apparatus

The arteries were perfused with isotonic saline or sucrose/saline solutions with 
sucrose concentration adjusted to provide a range of viscosities using the apparatus 
shown in Figure 3. The perfusate was circulated from a 1 L reservoir by a cen-
trifugal pump, forming a primary circuit by which an adjustable head of pressure 
could be obtained through adjustment of the return circuit valve. This circuit was 
tapped through a side branch to form a secondary circuit by means of which the test 
artery was perfused. This circuit circulated fluid at the established head of pressure 
through the test artery then back to the reservoir via a barostatic valve and flow 
meter. Pulsatile flow was imposed on the fluid by a 60 ml glass syringe pump which 
was operated by means of a series of cams of different profiles turned by a geared 
and governed slow speed electric motor. These cams were designed to reduplicate a 
variety of human aortic waveforms [18]. Eight cams were manufactured to deliver 
stroke volumes between 8 and 32mls.

Figure 1. 
A. The movement in B-mode ultrasound of the posterior wall of the artery and the false intima (FI) subjected 
to a pulse pressure of 60 mmHg and a peak pressure wave of an intermediate level of sharpness. B. The thin 
latex false intima lining the opened test artery; the perfused catheter is placed between the FI and the inner 
arterial wall to measure the differential pressure between this space and the adjacent arterial lumen.

Figure 2. 
The artery in its test bath. The stress imposed on the FI throughout the pressure cycle is observed by recording the 
differential pressure between the perfused catheter and the adjacent lumen, whilst the strain response of the FI 
to the passage of the pulse wave is observed using M-mode ultrasound.
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Arterial pressure and pulse pressure wave profile were recorded via side tap 
taken off the upstream side of the inflow tube enabling differential pressure to be 
measured between the arterial lumen and the water bath adjacent to the artery at 
the same level (the arterial pressure). CTS was measured by recording the differen-
tial pressure between the perfused catheter in the sub-membrane space and a static 
port in the adjacent arterial lumen. These two differential pressures were measured 
using Honeywell 24PCBPFAD transducers calibrated using a mercury manometer, 
and recorded simultaneously using a dual channel Thornton 464 (Waltham, Ma) 
chart recorder.

The deformation of the arterial wall in response to pressure change and the 
displacement of the FI during pulsatile flow was observed during different phases 
of the pressure cycle using a linear 7.5Mhz ultrasound probe, by means of which the 
transverse section artery, its wall and the FI could be visualised using split B and 
M-mode ultrasound, Figure 1. Care was taken to ensure that the artery itself and 
the catheters and tubes connected to the differential pressure transducers were free 
of bubbles.

2.3 Variables

2.3.1 Static observations, non-pulsatile flow

Observations on the effects of non-pulsatile arterial pressure on arterial wall 
diameter and thickness were made using the experimental apparatus described 
above omitting the perfused cannula beneath the FI. Pressure was raised in a 
stepwise fashion using the barostatic valve, having closed the primary return 
circuit valve, and measurements of the artery made in cross section using B mode 
ultrasound.

2.3.2 Direct and derived variables, pulsatile flow

The perfusion apparatus allowed one group of variables to be adjusted and 
controlled directly whilst the other parameters were held at set levels. These direct 

Figure 3. 
Perfusion apparatus.
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variables were: pulse rate, baseline (“diastolic”) pressure, cam profile, outflow 
resistance and arterial wall stiffness. Outflow resistance was a directly set value 
achieved by adjusting the outflow barostat to a specific pressure in relation to flow. 
Fluid viscosity was adjusted by alternating saline as a perfusate with a viscosity of 
1 mPa.s for sucrose/saline solutions at concentrations of 10, 20 and 30% providing 
a range of viscosities at 15 deg. C from 1.4 to 3.9 mPa.s [19]. Arterial wall stiffness 
was adjusted by exposing the test artery to formaldehyde vapour for periods up to 
48 hours whilst another artery kept in Ringer’s lactate for the same period acted as 
a control. The degree of increase in stiffness produced by formadelhyde exposure 
is similar in order of magnitude to that reported in post-mortem studies of athero-
sclerotic human aortas [20] and to the effects of hypertension in the test vessels. 
The effect of altering a single variable on CTS and FI could thus be studied, and this 
was done so within series of individual arteries where the other parameters could 
be maintained at set levels. In this way, for example, the effect of changing the pulse 
rate on NS and false intima separation under different conditions of diastolic and 
systolic pressure and fluid viscosity could be explored in artery with an established 
elastic properties.

Changing the cams for ones of different stroke volume and profile created two 
derived variables, waveform and pulse pressure. Pulse pressure showed a direct 
physical link to CTS with some variation between cam profiles which was depen-
dent on the shape of the pressure wave. In exploring this, different cams were used 
to alter the shape of the pressure wave and a schedule of machine settings worked 
through (Table 1) to harvest groups of identical pulse pressure for comparison of 
the effects of waveform and vice versa. In comparison of the effect of pulse pressure 
on CTS independent of waveform, peak waveform shape was ranked according 
to the area under each peak within 40 mmHg of peak pressure. The total number 
of pressure waves of equivalent peak sharpness thus harvested was 122 and the 
number of identical pulse pressures (tested at different pulse rates and baseline 
pressures) was 186. The schedule of machine settings permitted the independent 
effects of baseline pressure, pulse rate and viscosity to be studied whilst the other 
variables were kept constant (Table 1).

2.3.3 Measurement of hoop stress modulus

For the direct measurement of hoop stress elastic modulus, strips 10 mm in 
width were cut from the proximal end of each test aorta using a guillotine-guide 
which compressed and held the artery between two plates of Perspex provided 
with cutting slots, and measurement of stress/strain relationships was undertaken 
at stresses of between 0 and 100mN/mm2 at 0.2 N intervals using the tensiometer 
device illustrated in Figure 4. Either end of each hoop was firmly held between two 
aluminium blocks lined with fine sandpaper that were screwed together and then 

Pulse rate 
and test 
intervals
bpm

Baseline 
pressure 
and test 

intervals
mmHg

Cam
no.

Viscosity
mPa.s

Arterial 
wall 

stiffness
Kpa

Derived 
Peak 

waveform 
sharpness

Derived 
upsweep 
velocity

Derived 
pulse 

pressure

CTS

40–180 (20) 40–160
(20)

1–8 1–3 400-
7000

Ranked 
according to 
area below 

peak

Ranked 
according 
to gradient

Measured 
directly

Measured 
directly

Table 1. 
Range of machine settings and direct and derived variables measured.



121

Role of Arterial Pressure, Wall Stiffness, Pulse Pressure and Waveform in Arterial Wall…
DOI: http://dx.doi.org/10.5772/intechopen.100048

attached with magnets to the tensiometer once the hoop strip was mounted. Two 
points about 4 cm apart were marked at the upper and lower extremity of each hoop 
with Gentian Violet and the laser was then used to project the relative position of 
these marks onto a scale as the progressive loads were applied. The average cross 
sectional area of each hoop was calculated by measuring the width and thickness 
of the arterial strip with a micrometer at three positions in the middle and at the 
junction of the central and upper and lower thirds at the beginning and end of each 
test, and taking the mean.

2.4 Statistics

Pearson’s correlation was used for parametric variables and Spearman’s ranking 
coefficient for the non-parametric relationship between sharpness of the peak pres-
sure wave and DP. 95% confidence limits are shown in Figure 4. For the purpose of 
transposing hoop stress measurements into equivalent lumenal pressures the artery 
was treated as a thin walled cylinder and the relationship between the tension in the 
wall and the corresponding internal arterial pressure was derived mathematically 
from the formula: Pressure equivalent (mmHg) = 47 x Hoop stress (KPa) x t/d, 
where t/d is the thickness to diameter ratio.

3. Results

3.1 Elastic response of the arterial wall to changes in arterial pressure

In both pulsatile and non-pulsatile flow the arterial wall showed a 3-phase elastic 
response to rising arterial pressure (see figures below). In the first phase, correspond-
ing to sub-physiological pressure, the artery is relatively flaccid and distends easily 
with no thinning. In the second phase, corresponding to the normal physiological 
range of pressure, the stress/strain relationship is almost linear and over this linear 

Figure 4. 
Tensiometer apparatus for measurement of stress/strain relationship of aortic hoop strips.
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segment Young’s modulus can be calculate at about 400–600 KPa and the wall begins 
to thin. As the pressure increases beyond the physiological range there is a marked 
loss of compliance with an 8 to 10 fold increase in Young’s modulus. In this last phase 
the arterial wall thins to its minimum. Figure 5 shows the proportional change in 
inner wall diameter and wall thickness of pig abdominal aortas (n = 5) subjected to 
stepwise changes in static (non-pulsatile) pressure over the range 0 – 250 mmHg.

The character of this 3-phase response to rises and fall in intralumenal pressure 
was explored using arterial hoop strips cut from the proximal end of the abdominal 
aortic segment.

Figure 6 illustrates how Young’s modulus measured in this way rises steeply once 
the upper limit of the physiological range of pressure is exceeded. The implications 
of this loss of wall compliance with rising arterial pressure are seen once pulsatile 
flow is introduced (Figure 7).

In the studies using pulsatile flow over a range of arterial diastolic and systolic 
pressures induced by varying the stroke volume load and the baseline diastolic 
pressure at a constant outflow resistance, a similar negative correlation was 
observed between the mean arterial pressure (MAP) and arterial wall compliance 
expressed as the proportional increase in cross-section per mm Hg pressure change 
(Spearman’s R = −0.74, p < 0.001). Figure 7 is a semi-log plot of the compliance 
versus MAP using 11 runs at different pressure settings in a single fresh pig abdomi-
nal aorta. The fall in arterial wall compliance with increased MAP follows the same 
three-phase response as that shown in Figures 5 and 6. As MAP approaches the 
upper limit of the physiological range there is a logarithmic reduction in compliance 
as the artery enters the third phase of stress/strain relationship and this is associated 
with corresponding rise in the pulse pressure, CTS, FI separation and the sharpness 
of the pressure peak.

Figure 5. 
3-phase elastic response of the arterial wall to rising static pressure (non-pulsatile flow), n = 5 +/− SEM. 
Throughout the physiological range of pressure the arterial diameter increases in response to rising pressure 
and the wall thins; at the upper limit of pressure the arterial diameter reaches an elastic limit and the wall 
its minimum thickness. A similar 3-phase stiffening of the arterial wall in response to mean arterial pressure 
is seen under conditions of pulsatile flow (Figure 7) and as the wall stiffens pulse pressure increases and the 
strain across the inner arterial wall rises proportionately.
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3.2 Arterial wall compliance under pulsatile flow conditions

As arterial wall compliance drops, pulse pressure increases and the systolic 
peaks of the pressure wave sharpen. Figure 8 compares the pressure traces where 

Figure 6. 
Changes of Young’s modulus (Kpa) in hoops trips of arterial wall subjected to increasing tension. Equivalent 
lumenal pressure derived from the Young-Laplace formula is shown on the X axis. N = 5, runs 20.

Figure 7. 
Under pulsatile flow conditions a rise in mean arterial pressure just above the normal range for the pig [21] 
gives rise to an exponential loss of wall compliance which is correlated with a corresponding increase in 
transmural strain. 11 runs in a single artery.
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the arterial wall compliance alone has been changed by progressive formaldehyde 
exposure, the volume load, baseline pressure, pulse rate and outflow resistance 
being held constant. The corresponding Young’s modulus for each period of for-
malin exposure measured at the equivalent of 100 mmHg pressure load using hoop 
strips cut from the proximal end of the test artery is shown in the key.

As arterial wall compliance decreases under pulsatile flow conditions the separa-
tion of the FI during passage of the pressure wave increases and reaches its maximum 
during the transition from systole to diastole and vice-versa. Figure 9 shows the 
timing of the mean separation of the FI from the underlying vessel wall observed 
using B/M mode ultrasound throughout the phases of the pulse pressure wave cycle 
measured in five representative arteries as the wall is progressively stiffened. When 
the arterial wall is relatively compliant little separation of the FI occurs: as it stiffens 
increasing “lifting” separation of the FI is seen during passage of the pressure wave 
and occurs out of phase with the pressure wave itself, initially only in systolic/diastolic 
transitions but as the vessel stiffens further both in systolic and diastolic transitions.

3.3 Pulse pressure, centripetal strain and separation of the FI

The pulse pressure is very closely directly correlated to the CTS (r = 0.907, 
p < 0.001) and to the internal displacement of the FI when controlled for peak 
pressure waveform. Figure 10 shows the relationship controlled for slightly blunted 
peaks characterised by an area under peak pressure 3.5 mm2 (where each square 
represents 12 mmHg pressure over a period of 40 msec). Maximum proportional 
internal displacement of the FI is seen to occur as the peak pressure declines at the 
start of diastole (Figure 9) and is greatest when the pressure change is abrupt.

3.4 Waveform profile, viscosity, pulse rate, and diastolic pressure

No effect of pulse rate, or perfusate viscosity over the range 1 to 3.9 mPa.s on 
CTS or FI strain was observed independent of the effect of pulse pressure. This 

Figure 8. 
Mean changes in pulse pressure and waveform profile with progressive loss of arterial wall compliance over a 
one-second pressure cycle. The key shows the period of exposure to formaldehyde vapour and resulting mean 
Young’s modulus (Kpa) in relation to hoop strips cut from the proximal end of the test vessel after 6,9 and 
24 hours of exposure. The volume load, cam profile and volume cycle and outflow resistance are held constant. 
n = 5, runs 20.
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does not exclude the possibility that viscosity may affect shear strain acting on the 
endothelium in pulsatile flow conditions which was not measured. Increased vessel 
wall stiffness is reflected in sharpening of the peak pressure wave and increased 
pulse pressure and both are associated with increased CTS. A close correlation was 
found between pulse pressure, CTS and FI separation irrespective of pulse rate, 
baseline (“diastolic”) pressure, waveform or fluid viscosity. However this correla-
tion depended on comparing like waveform profiles. When waveform profiles alone 
were altered by changing the cam profiles and selecting identical pulse pressures 

Figure 9. 
Timing of strain response of the FI throughout the pressure cycle as the vessel wall is stiffened by progressive 
exposure to formaldehyde vapour. Figures in the key refer to corresponding mean Young’s modulus derived from 
hoop strip tensiometry of the exposed formaldehyde vessels.

Figure 10. 
Close relationship between pulse pressure and CTS controlled for the same waveform, area under peak 
(AUP) = 3.5 mm, n = 6 runs = 18.
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for analysis, the sharper the pressure transition the greater the CTS and false intima 
separation, (Spearman’s R 0.93, p < 0.001), Figure 11).

4. Discussion

Blood pressure along with age, smoking habits and serum low-density lipoprotein 
cholesterol concentration (LDL-C) is a risk factor in the development of ischaemic 
heart disease and the risk of atherosclerotic large and middle-sized arterial disease 
throughout the body [22]. Much attention has been paid to the clinical management 
of blood pressure and LDL-C. By comparison relatively little attention has been given 
to the haemodynamic inter-relationships whereby blood pressure and other variables 
such as blood viscosity, vessel wall stiffness and pulse pressure waveform may inter-
act to stress the arterial wall and influence the development of vascular disease. The 
presence of cholesterol in atherosclerotic plaques, the results of experimental animal 
studies and the clinical effectiveness of statins have tended to concentrate attention 
on the cholesterol accumulation theory of atherogenesis perhaps to the detriment 
of the study of these biomechanical factors. Although LDL-C undoubtedly plays a 
part in the atherogenic process in relation to atherogenic inflammatory changes in 
the vessel wall, the clinical relevance of targeting blood cholesterol in itself remains 
unclear especially in the elderly [23–25]. Recent studies suggest that non-statin 
lowering LDL-C in itself is not necessarily useful [26] and that statins exert their 
effect via an anti-inflammatory rather than cholesterol-lowering pathway, a pathway 
in which mechanical stress is also implicated [27–29]. It follows that pursuing blood 
cholesterol targets in a patient already on an appropriate does of statins may be less 
productive than pursuing blood pressure and lifestyle targets. Bearing in mind the 
focal distribution of atheroma in the vascular tree at points of mechanical strain 
alluded to in the introduction, and the established role of inflammatory signalling in 
atherogenesis, it may also be appropriate now to reappraise atherosclerosis in terms 

Figure 11. 
Relationship between peak waveform profile and CTS when the pulse pressure remains the same, MAP in 
range 75-100 mmHg. Sharper peaks give rise to a greater CTS in pulsatile flow, whilst with blunted ones the 
CTS is reduced.
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of a biomechanical-inflammatory disease akin to a repetition strain injury where 
similar inflammatory mediators and histological changes are involved [30, 31] rather 
than regarding it as a disease of principally metabolic origin.

In this context the study of haemodynamic variables in relation as to how they 
may interact to cause mechanical stress becomes relevant.

The weaknesses in the present model are that it is an in vitro study involving 
fresh specimens maintained as far as possible in physiological conditions. The hae-
modynamic parameters and dimensions of porcine vessels are similar but not iden-
tical to those of their human equivalents [21]. The model examines pulsatile flow 
in a moving column of fluid but the nature of the pulsatility and the flow may be 
different from that encountered in vivo. In terms of the broad principles the experi-
mental set-up nevertheless provides a thought-provoking model of the stress/strain 
response of a major artery similar to the human equivalent. With this caveat in 
mind the principle mechanical findings, namely: (a) a rise in mean arterial pressure 
above the physiological range results in a precipitate increase in transmural strain 
consequent upon the vessel wall stiffening in response to pressure and (b) that this 
increased strain is proportional to pulse pressure and is affected by the shape of 
the pulse pressure peak and vessel wall compliance provide theoretical support for 
concentrating on blood pressure management and in particular on management of 
pulse pressure in the reduction of clinical risk both from atherogenesis and from 
plaque detachment. Artificially increasing vessel wall stiffness to the extent seen in 
hypertension also increases transmural strain and emphasises the central role of loss 
of large vessel compliance, whether caused by hypertension or disease, in the physi-
cal strain across the vessel wall under pulsatile flow conditions. Measures to pre-
serve large vessel compliance such as regular exercise, blood pressure and diabetic 
control thus logically becomes a key element in the management of cardiovascular 
risk [32, 33] and in the reduction of the risk associated with onward transmission of 
damaging pressure waves to vulnerable distal vessels [34]. The possible role of heat 
therapy and garlic extracts in this respect requires further confirmation [35, 36]. 
In summary the parameters showing an effect in regard to CTS are: mean arterial 
pressure, pulse pressure, wall compliance and pressure waveform.

There is an interplay between these factors; this interplay with some postulated 
clinical correlations is illustrated in Figure 12.

With regard to further study it would be interesting to look into the effect of 
changing the characteristics of pulsatile flow in respect to pulse pressure and wave-
form on the expression of adhesion molecules, oxygen free radicals and nitric oxide 
by the endothelium, and to investigate further the possible repetitive strain nature of 
hypertensive atherogenesis. This experimental set-up may also prove useful in inves-
tigating the role of biomechanical variables in atheromatous plaque detachment and 
in helping to develop newer more compliant materials for arterial grafts and stents.

The postulated role of pulse pressure and pulse waveform in atherogenesis 
would be further supported if it could be shown in clinical studies that subjects 
with relatively low pulse pressure and rounded pulse pressure waveforms, such as 
those with untreated mild congenital aortic stenosis, had a lower burden of ather-
oma in distal vessels than in comparable controls. The role of blood pressure in the 
initiation of inflammatory changes in the vessel wall might be further explored by 
examining whether good blood pressure control reduces the expression of inflam-
matory mediators associated with cardiovascular risk such as CRP.

4.1 Clinical implications

The conclusion of the present study is a hypothesis based on observational 
evidence and in-vitro experimentation. Should the hypothesis be confirmed by 
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clinical studies these findings provide theoretical support for the following clinical 
measures: control of mean arterial pressure and pulse pressure are particularly 
appropriate targets for prevention; large vessel wall compliance is important, 
and in a vessel already stiff, the transmural strain and hence the mechanical 
contribution to the risk of plaque separation is determined by pulse pressure and 
the sharpness of the systolic peak. The choice of treatment should be determined 
accordingly, and efforts to reduce the diastolic pressure in elderly hypertensive 
patients may be misplaced: the rational targets should be mean arterial pressure, 
pulse pressure and waveform. A key element is the role of arterial wall compliance 
in large vessels.

In brief it may be helpful to consider atherosclerosis as a disease of mechanical-
inflammatory origin to which metabolic elements contribute a part rather than 
concentrating on the contribution of metabolic elements alone.

5. Conclusions

Pulse pressure, mean arterial pressure, pulse pressure waveform and arte-
rial wall elasticity were found to affect transmural stress and strain in pig 
aortas subjected to a variety of haemodynamic stresses in vitro. Moderate rises 
in mean arterial pressure across and above the physiological range gave rise to 
exponential increases in wall stiffness and transmural stress. Transmural stress 
is implicated in both atherogenesis and plaque separation. It is proposed that 
atherosclerosis should be seen as a disease of mechanical-inflammatory origin 
whereby repeated excess mechanical stress gives rise to a state of sustained 
inflammatory healing in the vessel wall akin to a repetition strain injury. The 
way in which statins impair this inflammatory response is discussed. These 
studies suggest that preventative and therapeutic measures should target mean 
arterial pressure, pulse pressure, arterial pressure waveform and emphasises the 
importance of maintaining arterial wall elasticity in capacitance vessels. The 

Figure 12. 
Postulated relationship between vessel wall stiffness, blood pressure and mechanisms involved in the 
pathophysiology of atherosclerosis and cardiovascular risk.
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possible link between mechanical transmural stress and inflammatory signalling 
in the vessel wall requires further evaluation. This study provides theoretical 
support for the central role of blood pressure management in the control of 
cardiovascular risk.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

Contrary to the longstanding taboo of resistance training (RT) as a therapeutic 
treatment, RT has been gaining importance as a safe therapeutic option in the 
management of numerous diseases. Although exercise has well-documented health 
benefits on cardiovascular disease (CVD), the benefit of RT on CVD risk factors 
is not yet as widely prescribed as other modes of exercise. Due to its efficacy in 
the management of CVD, RT should be regarded as a complementary therapeutic 
treatment rather than a substitute to other modes of exercise therapy. While it is 
clear that RT can result in an attenuation of CVD risk, the various RT design options 
related to intensity and volume and how they impact on CVD risk, especially in 
different populations (i.e. children, elderly, women) is not yet well documented. 
This chapter will discuss the physiological phenomenon and benefits of RT as a 
therapeutic intervention aiming to manage CVD risk.

Keywords: CVD Management, CVD Prevention, Resistance Exercise Prescription, 
Strength Training, Weight Training

1. Introduction

Cardiovascular disease (CVD) is the number one cause of death worldwide [1]. 
It includes diseases of the heart, blood vessels supplying the heart, brain, and other 
organs [2] and includes diseases such as angina, myocardial infarction (MI) (heart 
attack), cerebrovascular attacks (stroke), heart failure, cardiomyopathy, carditis, 
abnormal heart rhythms, congenital heart disease, rheumatic heart disease, valvu-
lar heart disease, hypertensive heart disease, aortic aneurysms, peripheral artery 
disease, thromboembolic disease and venous thrombosis [3].

The underlying cause of CVD varies depending on the disease and may be 
caused by a variety of factors [4]. These risk factors for developing CVD are tradi-
tionally divided into primary and secondary risk factors with primary risk factors 
being those risk factors that have conclusively shown to have a strong association 
with CVD. In this regard, smoking, hypertension, dyslipidemia and physical 
inactivity, are the four traditional primary risk factors [5]. On the other hand, sec-
ondary risk factors include diabetes mellitus, obesity, diet, psychological factors, 
age, hereditary/family history, gender, ethnicity/race, and personal (previous) 
history [5]. Thankfully, CVD risk factors can be classified into modifiable and 
non-modifiable risk factors. Of particular importance to healthcare practitioners 
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are the modifiable CVD risk factors, since these factors can be impacted upon via 
various interventions [1, 4].

Although physical inactivity or a sedentary lifestyle is one of the major risk factors 
for developing CVD, physical activity has proved especially useful in the overall 
prevention and treatment of CVD [4]. Problematically, despite strong scientific 
evidence supporting the benefits of regular physical activity for the prevention and 
management of CVD, physical inactivity is highly prevalent worldwide.

In addition, while it is known that physical activity is a critical intervention in 
the prevention and management of CVD, numerous types of modalities of physical 
activity exist. This includes, amongst others, aerobic exercise including walking, 
jogging, swimming, skipping rope, muscular fitness training including, strength 
training, power training, hypertrophy training, muscle endurance training, flex-
ibility exercises, balance exercises, martial arts, and other physical fitness systems, 
including Pilates, Yoga and CrossFit. This sheer diversity of physical activity and 
the various variables of exercise programme design, which are exercise selection, 
intensity, repetitions, tempo, rest interval, sets and frequency of exercise sessions 
further complicate our understanding of what physical activity actually works or is 
best for the prevention and management of CVD in general, or for a specific type 
of CVD [4].

1.1 Health benefits of physical activity

Regular physical activity has an ancient association with general health and 
today it is unquestionable by all those involved in healthcare that regular physi-
cal activity provides many physical and psychological benefits. In this regard, 
>100,000 studies demonstrate positive associations between exercise and health 
[6]. In fact, overwhelming evidence exists that regular physical activity is asso-
ciated with delaying the onset of 40 chronic conditions/diseases [7]. As such, 
exercise has proven to be a critical medical intervention even in diseases with a 
non-locomotor component. Specifically, a significant amount of scientific evi-
dence has established a causal relationship between non-communicable diseases 
(NCD) and physical activity. This is especially important in that NCDs, such as 
CVD, diabetes and cancer, cause 65% of all deaths worldwide and are projected to 
result in >75% of all deaths by 2030 [8].

The success of physical activity in preventing, delaying and rehabilitating a 
multitude of chronic conditions/diseases relates to physical activity’s multisystem 
responses. While the benefits of physical activity have been attributed to several 
mechanisms, including improved blood hemodynamics [9], improved levels of cir-
culating lipids [10], increased cardiorespiratory fitness (CRF) [11, 12] and a reduced 
adiposity and enhanced muscle mass [13], more recent research has shown that 
during physical activity, proteins, peptides, enzymes and metabolites are released 
from one organ (mainly contracting skeletal muscle) to affect the metabolism in 
another organ [14].

1.2 Physical activity and CVD

Regular physical activity has a long scientific association with a reduced risk 
of CVD [15]. Two of the most well-known such studies demonstrating the impor-
tance of physical activity in preventing CVD are the Framingham Heart Study and 
London Transport Workers Study.

Prior to the Framingham Heart Study began in 1948 in Framingham, 
Massachusetts, little was known about the epidemiology of CVD. However, that 
study demonstrated much of the now-common knowledge concerning CVD, 
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such as the effects of physical activity on CVD. In fact, the Framingham Heart 
Study is the source of the term risk factor [16]. The London Transport Workers 
Study, published in 1953 by Jeremy N. Morris was the first rigorous epidemio-
logical study investigating physical activity and CVD risk. In that study, drivers 
and conductors of the London Transport Executive were compared and CVD 
rates were found to be increased in physically inactive bus drivers versus active 
conductors [17, 18].

More recently, many leading international organisations have recognised the 
importance of physical activity as medicine in not only improving health, but also 
preventing and managing CVD and have issued calls to action to make physical 
activity a priority in this regard [19, 20].

In addition to its independent effects on traditional CVD risk factors, regular 
physical activity can also improve cardiovascular health and impact upon non-
traditional or novel CVD risk factors, such as C-reactive protein and oxidative 
stress [21, 22]. Physical activities’ effectiveness at preventing and managing CVD 
is due to its ability to target various pathways through which it influences different 
physiological systems, such as its ability to promote a healthy anti-inflammatory 
environment, largely through the release of muscle-derived myokines, its ability 
to stimulate myocardial regeneration and its ability to improve age-related loss 
of muscle mass and strength, a frequently overlooked non-traditional CVD risk 
factor [23–25].

What is particularly noteworthy about physical activity’s role in CVD preven-
tion and management are the findings that even a single session or brief periods of 
physical activity are known to be associated with improvements in cardiovascular 
health parameters [26], such as an immediate decrease in blood pressure, also 
called post-exercise hypotension (PEH) [27], improved blood levels of lipids [28], 
enhanced fat oxidation [29] and improved insulin sensitivity [30].

1.3 Health benefits of resistance training (RT)

While it is still argued that cardiorespiratory fitness (CRF) is the most impor-
tant measure for health, numerous other primary health-related physical fitness 
parameters exist and include; musculoskeletal fitness, body composition and 
flexibility [31]. Not only does resistance training (RT) improve on these parameters, 
but RT has also shown to enhance several other important aspects of physical and 
mental health [32]. Further, RT has also been associated with reduced low back 
pain, decreased arthritic discomfort, increased functional independence, improved 
mobility, enhanced functional status, enhanced movement control, and increased 
walking speed [32, 33]. What is especially important to note is that RT is equally, 
and in some cases superior, to other modes of physical activity, such as aerobic 
training, in its health-promoting benefits. Examples of this are RT’s superior ability 
to increase metabolic rate, lean body mass and bone mineral density [33]. It is for 
these reasons that RT is recommended by numerous health organisations (e.g., 
American College of Sports Medicine, American Heart Association, American 
Association of Cardiovascular and Cardiopulmonary Rehabilitation, Surgeon 
General’s Office) for inclusion into a comprehensive fitness programme that 
includes aerobic and flexibility exercise [34].

1.4  Resistance training and prevention and management of cardiovascular 
disease (CVD)

It is explicit that RT has been recognised for its value in improving the health 
of athletes and the general public. However, only recently has scientific evidence 
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emerged substantiating its benefits in the prevention and management of CVD 
[35]. This is especially true given RT’s unique benefits over other modes of physical 
activity, especially improving the often overlooked non-traditional CVD risk fac-
tors of muscle mass and strength loss [23–25].

The evidence for a blood pressure-lowering effect of RT remains scarce 
[36]. However, when such evidence is forthcoming it provides confirmation for 
the potential of RT in the prevention and treatment of high blood pressure in 
normo- and even hypertensive patients [37, 38]. Additionally, some studies even 
demonstrate that RT is equally or more effective than aerobic training at doing so 
[39]. What is especially important to note is that little/no RT studies have reported 
serious adverse events in even hypertensive participants [36].

A reduction in cholesterol levels are considered the gold standard in preventative 
cardiovascular medicine [40]. This is why it is essential that much evidence sup-
ports the role that RT improves HDL-cholesterol whilst reducing total cholesterol, 
LDL-cholesterol and triglycerides in adults [41–43]. What is particularly interest-
ing is that RT shows a stronger association than aerobic exercise when attempting 
to improve HDL-cholesterol [44, 45]. It appears that an increased volume (via 
increased numbers of sets or repetitions), rather than intensity or load, has a 
greater impact on lipid profiles [46].

While CRF improvements following RT are not as substantial as those follow-
ing a period of aerobic training [47], the evidence that RT does indeed increase 
CRF [36] is critical, since an enhanced CRF is associated with a lower risk of 
all-cause mortality and cardiovascular events [48]. Interestingly, both low- and 
high-intensity RT have demonstrated to improve CRF, albeit via different proposed 
mechanisms, such as an increased Type IIa muscle activity, increases in leg strength 
(i.e. for pedal thrust and efficiency of movement), improvements in oxidative 
enzymes [49]. However, many of the CRF adaptations to RT appear to be dependent 
on a higher volume of training [50].

More than 39% (1.9 billion) of adults were found to be overweight and 13% 
(650 million) obese in 2016 [51]. This is in addition to over 340 million children and 
adolescents being found to be overweight or obese in 2016 [51]. This is problematic 
in that overweight and obesity are associated with an increased incidence of various 
CVDs, such as diabetes, hypertension, and metabolic syndrome [52]. It is this CVD 
risk factor in which the effect of RT on body composition is unique when compared 
to other modes of physical activity. Specifically, RT has the ability to increase muscle 
mass, while simultaneously reducing fat mass [33, 53]. Further, RT offers an alterna-
tive to other modes of physical activity that may not be tolerated as well by individu-
als who are already overweight or obese, due to the excess body weight increasing 
the intensity (and perceived exertion) of weight-bearing activity [54, 55]. Another 
reason or barrier limiting participation in aerobic-type activities may arise from an 
initially low CRF [54, 56].

The increasing prevalence of diabetes suggests a clear need for effective diabetes 
prevention and management approaches [57, 58]. As stated previously, RT is unique 
in its ability to prevent overweight and obesity and it is for this reason that RT is 
receiving increasing recognition as a cornerstone in the prevention and treatment 
of type 2 diabetes [59, 60]. In this regard, emerging research suggests that RT has 
the power to combat metabolic dysfunction in patients with type 2 diabetes. Some 
of the beneficial adaptations exerted by RT include increased GLUT4 translocation 
in skeletal muscle, increased insulin sensitivity and restored metabolic flexibility. 
Further, an increased energy expenditure and excess post-exercise oxygen con-
sumption (EPOC) in response to RT may be other beneficial effects [60]. In fact, 
it appears that RT can improve glycemic control and insulin sensitivity likely even 
more than aerobic training [61, 62].
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Epidemiological studies have demonstrated the role of diet as a secondary CVD 
risk factor, as it has an important role to play in other CVD risk factors, such as 
hypertension, dyslipidemia, diabetes and obesity [63]. The role of diet in CVD 
development is complex and involves many dietary factors, including inter alia an 
excessive dietary intake of fat (particularly saturated fat), excessive intake of cho-
lesterol, high intakes of certain carbohydrates (i.e. fructose and sucrose), excessive 
salt intake, excessive alcohol consumption and an inadequate intake of fiber [64]. 
Although research on the effects of RT on dietary patterns and intake is limited, 
most studies demonstrate that RT is unable to alter self-selected food intake or food 
preference [64–67]. However, cross-sectional studies do exist that demonstrate ath-
letes engaging in RT have a decreased dietary intake of fat, even when compared to 
aerobic athletes [68]. While it seems RT may have no effect on dietary preferences, 
RT may affect diet indirectly by offsetting the effects of a poor diet. In this regard, 
since RT increases nitrogen retention, enhances protein synthesis and improves the 
expression of insulin-like growth factor in skeletal muscle, the anabolic potential 
of RT is useful in counteracting the catabolism experienced during CVD, such 
as interleukin-mediated myopathy of chronic heart failure, myopathy secondary 
to corticosteroid use in cardiac transplantation and during energy restriction for 
obesity management [69].

Much evidence exists identifying the mechanisms by which psychological 
factors, such as stress, depression, and anxiety and impact CVD [70]. In addition 
to RT’s numerous physical benefits, the effect of RT on psychological factors is well 
documented. In this regard, the demonstrated mental health benefits of RT include 
decreased symptoms of depression, increased self-esteem, increased self-efficacy, 
increased, physical self-concept, improved cognitive ability and enhanced social 
interaction [71–73]. Specifically relating to CVD, it appears that RT may provide 
unique psychological benefits when compared to other physical activity modalities. 
This is because psychological benefits may be more related to reductions in body fat 
than changes in strength or fitness [72, 73]. Therefore, RT could be an alternative to 
aerobic training for some individuals in the biological and psychological manage-
ment of adolescent obesity [72, 73].

1.5  Safety of resistance training in the management of cardiovascular disease 
risk

Resistance training is an exercise modality that can potentially target many of 
the adverse effects of CVD. However, there have been concerns regarding the safety 
of strenuous RT and its application to existing and future clinical interventions.

In the past, RT has been regarded as hazardous due to inflated blood pressure 
responses, elevated double pressure products and an increase in ischemic events. 
However, more recent research has demonstrated that RT may be less risky than was 
once assumed. In this regard, previous research has established intra-arterial blood 
pressures during RT in cardiac patients to be within a clinically tolerable range at 
40–60% of 1-RM [72, 73]. Further, research has also demonstrated that electro-
cardiographic (ECG) responses during RT at 20%, 40%, 60%, and 80% of 1-RM 
failed to induce clinically significant ST-segment depression, angina or ventricular 
arrhythmias [74]. In fact, RT has not been found elicit significant cardiovascular 
events even during 1-RM determination [75]. As such, light-to-moderate RT can be 
deemed safe for low- to moderate-risk CVD patients.

With regards to the use of RT in high-risk CVD patients, even though traditional 
RT participation guidelines have previously advised that surgical and post–myo-
cardial infarction (MI) patients should avoid RT for at least four to six months [76], 
it has been demonstrated that these patients can safely complete static-dynamic 
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activity corresponding to carrying up to 30 pounds or about 13 kilogrammes by 
three weeks after an acute MI [77]. As such, it is probable that RT could be intro-
duced earlier in even these high-risk settings should low-load programmes be 
prescribed.

While moderate to good left ventricular function and cardiorespiratory fit-
ness in the absence of anginal symptoms or ischemic ST-segment depression 
have been proposed as preconditions for participation in RT, contraindications 
to RT comprise unstable angina, uncontrolled hypertension (systolic blood pres-
sure ≥ 160 mm/Hg and/or diastolic blood pressure ≥ 100 mm/Hg), uncontrolled 
dysrhythmias, recent history of congestive heart failure that has not been evaluated 
and effectively treated, severe stenotic or regurgitant valvular disease and hyper-
trophic cardiomyopathy [78].

1.6  Non-communicable disease intervention research unit (NCDIRU) resistance 
training guidelines for the prevention and management of CVD

Although RT is increasingly recommended as an integral component of an 
overall CVD prevention and management programme, many global guidelines 
impose specific RT programme design recommendations for each CVD risk, type 
of disease, even at each severity level, or fail to provide specific criteria for training 
progression [79]. Further, a significant barrier to increased implementation of RT as 
a clinical therapy is the complex, difficult-to-follow regimes compulsively focusing 
on design variables such as load, intensity and volume. As such, a more feasible and 
easier-to-adhere-to paradigm for RT should be explored and adopted as a prescrip-
tion for public health [80, 81].

In this regard, for apparently healthy individuals or those at low-risk, the Non-
Communicable Disease Intervention Research Unit (NCDIRU) recommends utilis-
ing 8–10 different RT exercises that train the major muscle groups, with multiple sets 
(i.e. 3–4 sets) of 8–12 repetitions, with minimal rest intervals (i.e. 30–60 seconds) 
for most days of a week.

In turn, the NCDIRU recommends that individuals with high-risk should 
utilise 8–10 different RT exercises that train the major muscle groups using 
multiple sets (i.e. 3 sets) of 10–12 repetitions, with moderate-long rest intervals 
(i.e. 60–90 seconds) for 3 days weekly. These high-risk individuals should also 
have increased patient monitoring and programme supervision when compared to 
low-risk patients.

Despite much overlap and impracticality, many international organisations have 
guidelines or position statements for each CVD. However, in an effort to develop a 
practical and easy-to-follow RT regime that will increase adherence and outcomes, 
the NCDIRU recommends the following for those patients with existing CVD to 
delay progression or assist in the management of CVDs: an RT prescription of 
8–10 different exercises that train the major muscle groups using 1–2 sets of 10–15 
repetitions, twice weekly. In this existing CVD group, exercise sessions should 
begin at a lower intensity level of 12–15 repetitions and progress more slowly than 
programmes designed for low-risk patients, allowing time for adaptation. These 
patients should also have the most patient monitoring and programme supervi-
sion. Further, variable resistance machines with selectorised weight stacks should 
be utilised. In this regard, variable resistance machines with selectorised weight 
stacks; (1) allow the initial weight applied to be at a low level and increased in small 
increments; (2) the equipment is usually designed to protect the lower back, thus 
reducing the risk of injury; (3) many machines are designed to avoid handgripping 
which reduces the risk of exercise-induced hypertension; (4) the machines are 
usually designed to allow the resistance to be applied evenly through the patients’ 
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full range of motion (ROM); (5) many types of equipment can be double pinned to 
allow the individual to exercise through their pain-free ROM and 6) many machines 
do not require the individual to balance or control the weight, as do dumbbells and 
barbells, which may reduce the likelihood of injury [82].

2. Conclusions

Despite the well-known benefits of exercise, most adults and many children lead 
relatively sedentary lifestyles and are not active enough to achieve the health benefits 
of exercise. Further, due to the stigma associated with RT (i.e. erroneous/unfounded 
issues related to safety and damage to growth plates), many children and adults fail 
to engage in RT as part of their overall health and prevention/management of CVD 
[83]. This is despite the accumulating and overwhelming evidence for health and 
CVD-protective effects of RT. Given its whole-body, health-promoting nature, the 
integrative responses to RT will continue to attract special interest as the notion of 
“exercise is medicine” continues its integration into clinical settings [6]. Given that 
RT has both direct and indirect effects on the mortality and morbidity of CVDs via 
its identified risk factors (e.g. hypertension, dyslipidemia, obesity and diabetes), 
health care professionals and health policy makers should incorporate RT advocacy 
in their daily clinical practice and public health policies.
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Abstract

Cardiovascular disease (CVD) is the number one contributor to death in the 
United States and worldwide. Lipid risk markers for CVD include high serum 
concentrations of total cholesterol, low-density lipoprotein cholesterol (LDL-C), 
very-low-density lipoprotein cholesterol (VLDL-C), lipoprotein (a), and triglyc-
erides, as well as low serum concentrations of high-density lipoprotein cholesterol 
(HDL-C). Additional factors to assess CVD risk include apolipoprotein A (associ-
ated with HDL) and apolipoprotein B (associated with LDL). A suggested dietary 
strategy to decrease these risk factors is to replace a portion of saturated fatty acids 
with unsaturated fatty acids – especially polyunsaturated fatty acids (PUFAs). One 
PUFA, in particular, is the essential omega-6 PUFA linoleic acid, which has been 
demonstrated to affect these CVD risk markers. Therefore, this chapter will discuss 
the effects of linoleic acid consumption on lipid risk markers for CVD in healthy 
individuals, the associated mechanisms, and dietary recommendations to decrease 
CVD risk.

Keywords: linoleic acid, fatty acids, lipid risk markers, cardiovascular disease, 
humans

1. Introduction

Cardiovascular disease (CVD) (includes heart disease and stroke) is the leading 
cause of death in the United States [1] and worldwide [2]. In the United States, heart 
disease is the number one contributor to death, causing 647,457 deaths (23% of total 
deaths), while stroke is the fifth leading cause of death, contributing to 146,383 
deaths (5.2% of total deaths) in 2017 [1]. Worldwide, heart disease is the leading 
cause of death, leading to 8.9 million deaths, or 16% of the total deaths globally in 
2019. Stroke is the second leading contributor to deaths worldwide, causing more 
than 6 million deaths, or 11% of the deaths, worldwide [2].

A suggested dietary strategy to decrease the risk factors for CVD is to replace a 
portion of saturated fatty acids (SFAs) with monounsaturated fatty acids (MUFAs) 
and polyunsaturated fatty acids (PUFAs) [3–10]. For example, the Nurses’ Health 
Study [11] demonstrated that replacing 5% of energy from SFAs with equivalent 
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energy from MUFAs, PUFAs, or carbohydrates from whole grains, decreased the 
risk for coronary heart disease (CHD). A meta-analysis of randomized controlled 
trials reported that replacing saturated fat with polyunsaturated fat reduced CHD 
events [12].

However, certain authors and publications are not in agreement with these 
recommendations to decrease the risk factors for CVD, cardiovascular events, 
and/or mortality [13–22]. The PURE prospective cohort study concluded that 
intakes of total, saturated, and unsaturated fats were not significantly associated 
with the risk of myocardial infarction or CVD mortality [23]. Meta-analyses 
of prospective cohort studies demonstrated that consumption of saturated fat 
was not associated with an increased risk of CVD [24]. Interestingly, there was 
an inverse association between saturated fat intake and the risk of stroke [25]. 
Additionally, a meta-analysis of randomized controlled trials reported that 
replacing saturated fat with primarily polyunsaturated fat is “unlikely” to reduce 
CVD events or mortality [26]. Hooper et al. [27], in a review of randomized 
controlled trials, stated that there is “little or no effect of reducing saturated fat 
on all-cause mortality or cardiovascular mortality.”

As noted, there is controversy regarding the effects of the consumption of fatty 
acids on CVD risk. One such controversy is the recommendation of linoleic acid, 
which is the essential omega-6 (or n-6) PUFA [28–30]. For example, it has been 
found that replacing saturated fat with linoleic acid lowers serum cholesterol, but 
does not lower the risk of death from CHD [21, 22]. Furthermore, there is concern 
regarding whether linoleic acid increases the risk for inflammation [31].

An analysis of prospective observational studies demonstrated that higher tissue 
and serum concentrations of linoleic acid decreased the risk for cardiovascular 
events [32]. The Cardiovascular Health Study, a prospective cohort study, discov-
ered that higher circulating linoleic acid concentrations reduced total and CHD 
mortality [33]. A meta-analysis of prospective cohort studies found that decreased 
consumption of omega-6 PUFAs and increased intakes of saturated and trans-
fatty acids increased CHD mortality [34]. Linoleic acid consumption reduced the 
risk of CHD events and death, according to another meta-analysis of prospective 
cohort studies [35]. A systematic review of randomized controlled trials, in which 
there was a replacement of dietary saturated and monounsaturated fatty acids 
with omega-6 fatty acids, concluded that omega-6 fatty acids lowered the risk of 
myocardial infarction. Additionally, the intake of omega-6 fatty acids reduced total 
serum cholesterol, but not “other blood fat fractions”. It was also highlighted that 
“the benefits of omega-6 fats remain to be proven” [36].

According to the diet-heart hypothesis, a high consumption of saturated fat 
and cholesterol – and a low intake of polyunsaturated fat – increase the build-up 
of cholesterol and plaques in artery walls; these developments, therefore, increase 
the risks for atherosclerosis, cardiovascular disease, and myocardial infarction 
[18, 21, 37]. However, the diet-heart hypothesis has been evolving, and thus, some 
individuals recommend focusing more on overall dietary patterns, rather than 
individual fatty acids [37]. Moreover, there are a variety of factors that contribute 
to increasing the risk for CVD, such as high blood pressure, arrhythmia, inflam-
mation, thrombosis, insulin resistance, endothelial dysfunction, obesity, cigarette 
smoke, genetics, the microbiome, a lack of exercise, a high alcohol consumption, 
and overall dietary patterns [14, 18, 37–42].

Lipid levels have also been proposed to be “strong” risk factors for CVD and 
mortality. These lipid risk factors include the following: high serum concentrations 
of total cholesterol, triglycerides, low-density lipoprotein cholesterol (LDL-C), 
lipoprotein(a), and very-low-density lipoprotein cholesterol (VLDL-C), as well 
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as low serum concentrations of high-density lipoprotein cholesterol (HDL-C). In 
addition, apolipoprotein A1 (associated with HDL) and apolipoprotein B (associ-
ated with LDL) have been used as CVD risk markers [18, 43]. Interestingly, LDL 
particle size has also been utilized as a risk marker for CVD. The small, dense LDL 
subclass, compared to large, buoyant LDL particles, has been reported to be more 
atherogenic [44–50].

Therefore, this chapter will focus on the consumption of linoleic acid on lipid 
risk markers for CVD in healthy individuals, such as total cholesterol, triglycerides, 
LDL-C, LDL particle size, lipoprotein(a), VLDL-C, HDL-C, apolipoprotein A1, and 
apolipoprotein B. The associated mechanisms of action will also be covered. The 
chapter will conclude with recommendations to decrease the risk factors for CVD. 
Significant dietary sources of linoleic acid are presented in Tables 1 and 2. The 
chemical structure of linoleic acid is illustrated in Figure 1.

Oils Linoleic acid (grams)

Corn oil 53.5

Cottonseed oil 51.9

Grapeseed oil 69.6

Peanut oil 32.0

Safflower oil 12.7

Sesame oil 41.3

Soybean oil 51.0

Sunflower oil 65.7

Walnut oil 52.9

Table 1. 
Oil sources of linoleic acid (per 100 grams) [51, 52].

Nuts and seeds Linoleic acid (grams)

Almonds 3.49

Brazil nuts 6.82

Pecans 5.85

Pine nuts 9.4

Pistachios 4.0

Pumpkin seeds 5.55

Sesame seeds 5.78

Sunflower seeds 9.29

Walnuts 10.8

Table 2. 
Linoleic acid content in nuts and seeds (per 1 ounce or 28.3495 grams) [51, 52].

Figure 1. 
The chemical structure of linoleic acid [53].
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2.  The effects of linoleic acid consumption on lipid risk markers for 
cardiovascular disease in healthy individuals

The consumption of linoleic acid has been demonstrated to affect lipid risk 
markers for cardiovascular disease. The discussed studies include intervention trials 
that investigated the effects of linoleic acid consumption, in grams or percentage of 
energy, on CVD lipid risk markers in healthy individuals. Therefore, epidemiologi-
cal, postprandial, and animal studies are not covered. The results are organized by 
the respective CVD lipid risk marker.

2.1 Total cholesterol

The consumption of linoleic acid decreased total cholesterol compared to a usual 
U.S. diet (high in saturated fat and cholesterol) [54], and diets high in SFAs [55] 
(including stearic acid [56] and palmitic acid [57]), MUFAs [58], or medium-chain 
fatty acids [59]. A high intake of alpha-linolenic acid, the essential omega-3 fatty 
acid, decreased cholesterol concentrations compared to the control diet with the 
same percentage of linoleic acid [60]. In contrast, no significant differences in total 
cholesterol were observed after linoleic acid consumption compared to diets con-
taining eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (omega-3 
fatty acids) [61, 62], alpha-linolenic acid [63], high and low amounts of linoleic 
acid [64], oleic acid (a MUFA) [65, 66], or stearic acid [66]. Interestingly, intakes of 
SFA- or linoleic acid-rich diets – both supplemented with EPA and DHA – produced 
no significant differences in cholesterol concentrations [67].

2.2 Triglycerides

The consumption of linoleic acid decreased triglycerides compared to diets with 
significant amounts of oleic acid [58], stearic acid [56], or medium-chain fatty acids 
[59]. Intakes of linoleic acid, supplemented with EPA and DHA, reduced triglycer-
ide concentrations versus a linoleic acid diet rich in oleic acid [62]. A SFA-rich diet 
and a diet high in linoleic acid, both with added EPA and DHA, lowered triglyceride 
concentrations, with no significant differences between diets [67]. In contrast, diets 
supplemented with EPA and DHA decreased triglycerides compared to linoleic acid 
intakes [55, 61]. No significant differences were observed regarding triglyceride 
concentrations between lower and higher linoleic acid intakes [54, 60, 64], and 
diets rich in linoleic acid versus diets high in alpha-linolenic acid [63], oleic acid 
[65], or stearic acid [66].

2.3 Low-density lipoprotein cholesterol (LDL-C)

Intakes of linoleic acid decreased LDL-C versus diets rich in oleic acid [58], 
SFAs [55], palmitic acid [57], stearic acid [56, 68], trans-fatty acids [68], or 
medium-chain fatty acids [59]. Furthermore, higher amounts of linoleic acid more 
significantly lowered LDL-C concentrations [54, 57]. There were mixed results or 
no significant differences in comparison to oleic acid [62, 65, 66, 68]. Additionally, 
there were no significant differences when comparing linoleic acid consumption 
to alpha-linolenic acid [63] or stearic acid [66]. Consuming low and high amounts 
of linoleic acid – along with significant amounts of alpha-linolenic acid [64] or 
EPA and DHA [62] – also did not differ. Moreover, no significant differences were 
observed with respect to LDL-C after following a SFA-rich diet or a diet high in 
linoleic acid – both supplemented with EPA and DHA [67].
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2.4 LDL particle size

There were no significant differences in LDL particle size after consumption 
of low and high amounts of linoleic acid [60, 69], and intakes of linoleic acid 
compared to oleic acid or stearic acid [66]. Interestingly, there were decreases in 
large and small LDL particle concentrations after 10 days of a linoleic acid-rich diet 
compared to a diet high in SFAs, with both diets supplemented with EPA and DHA 
[70]. In contrast, no significant differences were observed in LDL particle size after 
6 weeks of a linoleic acid-rich diet comparted to a SFA-rich diet (both supplemented 
with EPA and DHA) [67].

2.5 Very-low-density lipoprotein cholesterol (VLDL-C)

Following consumption of diets rich in linoleic acid, there were decreases in 
VLDL-C concentrations compared to diets containing significant amounts of oleic 
acid [58] or medium-chain fatty acids [59]. In contrast, intakes of a SFA- or linoleic 
acid-rich diet (both containing significant amounts of EPA and DHA) resulted in 
no significant differences between diets; however, both diets decreased VLDL-C 
concentrations [67].

2.6 High-density lipoprotein cholesterol (HDL-C)

HDL-C increased following consumption of linoleic acid compared to stearic 
acid [56]. In contrast, intakes of linoleic acid decreased HDL-C compared to EPA 
and DHA [61] or palmitic acid [57]. However, most studies noticed no signifi-
cant differences regarding HDL-C concentrations after consuming low and high 
amounts of linoleic acid [54, 60, 62, 64], and linoleic acid compared to oleic acid 
[58, 65, 66], alpha-linolenic acid [60, 63], or stearic acid [66]. Interestingly, intakes 
of SFAs or linoleic acid (both diets supplemented with EPA and DHA) displayed no 
significant differences in HDL-C concentrations [67].

2.7 Lipoprotein(a)

Linoleic acid consumption reduced lipoprotein(a) concentrations compared 
with a diet high in trans-fatty acids [68]. However, linoleic acid intake increased 
lipoprotein(a) compared to a diet rich in SFAs [55]. In contrast, no significant dif-
ferences were found after consuming linoleic acid compared to SFAs, oleic acid, or 
stearic acid [68].

2.8 Apolipoproteins A1, A2, and B

The consumption of linoleic acid increased apolipoprotein A1 compared to 
a typical U.S. diet [54]. Additionally, linoleic acid increased apolipoprotein A2 
compared to EPA and DHA [55]. In contrast, apolipoproteins A1 and A2 decreased 
after following a diet rich in linoleic acid compared to a diet high in oleic acid [65]. 
Apolipoprotein A1 concentrations did not differ when comparing low and high 
linoleic acid intakes [60], and consumption of linoleic acid compared to diets 
containing high amounts of stearic acid or oleic acid [66]. There were decreases in 
apolipoprotein B concentrations after linoleic consumption compared to a typical 
U.S. diet [54], stearic acid, elaidic acid (a trans-fatty acid) [56], or SFAs [55]. There 
were no significant differences with respect to apolipoprotein B after intakes of 
linoleic acid compared with oleic acid [65, 66] or stearic acid [66].
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3.  The mechanisms by which linoleic acid affects lipid risk markers for 
cardiovascular disease

Linoleic acid (or PUFAs) has been demonstrated to affect CVD lipid risk markers. 
The mechanisms involved in altering these risk markers will be discussed in this section.

3.1 Total cholesterol

PUFAs have been shown to increase liver X receptor alpha (LXRα) gene expres-
sion [71, 72] via peroxisome proliferator activated receptors (PPARs) [71]. LXRα 
stimulates the expression of cholesterol 7 α-hydroxylase (CYP7), thereby convert-
ing cholesterol to bile acids. Therefore, by increasing CYP7 activity, PUFAs partici-
pate in cholesterol catabolism [73].

3.2 Triglycerides

PUFAs interact more strongly with PPARα compared to SFAs [74]. PPARα binds 
to peroxisome proliferator response elements (PPREs) located in the promotor 
regions of genes, such as apoC-III and lipoprotein lipase (LPL) [75]. It has been 
proposed that LPL may demonstrate increased activity towards VLDL triglycerides 
containing polyunsaturated fatty acids, thereby leading to increased breakdown of 
triglyceride-rich lipoproteins (chylomicrons and VLDL particles) [73, 76, 77]. LPL 
activity is inhibited by apoC-III, and thus, increases triglyceride concentrations 
[78]. It has been reported that PUFAs decrease apoC-III, thereby increasing LPL 
activity and, indeed, VLDL catabolism [73]. Moreover, omega-3 PUFAs have been 
shown to reduce triglycerides by lowering diacylglycerol acyltransferase, fatty acid 
synthase, and acetyl coenzyme A (CoA) carboxylase [79–84].

3.3 LDL-C

Intakes of linoleic acid [85] or PUFAs [73] have been demonstrated to increase 
LDL receptor activity, protein, and mRNA compared to SFAs. Furthermore, PUFAs 
increase membrane fluidity [73, 85, 86], which increases LDL receptor activity, and 
thus, increases LDL catabolism [87–89].

3.4 LDL particle size

It has been reported that consumption of SFAs increases large, buoyant LDL 
particles compared to lower SFA-containing diets [69, 90], whereas consumption of 
diets rich in PUFAs decreases large, buoyant LDL particles versus diets high in SFAs 
[70, 91]. It has been suggested that SFAs increase LPL and hepatic lipase activities 
[92, 93]. As such, LPL increases large, buoyant LDL particles, whereas hepatic 
lipase may stimulate the catabolism of triglyceride-rich lipoprotein remnants [92]. 
However, additional research is needed in this area regarding the mechanisms by 
which individual fatty acids affect LDL particle size.

3.5 VLDL-C

The sterol regulatory element-binding protein-1 (SREBP-1) is associated with 
lipogenesis and cholesterol synthesis in the liver [94, 95]. PUFAs have been shown 
to inhibit SREBP-1 gene transcription and/or protein [96], thereby lowering VLDL 
secretion from the liver [73, 96]. In addition, intakes of PUFAs increase VLDL 
catabolism and uptake [59, 81].



153

The Effects of Linoleic Acid Consumption on Lipid Risk Markers for Cardiovascular Disease
DOI: http://dx.doi.org/10.5772/intechopen.99894

3.6 HDL-C

Replacing SFAs with MUFAs and/or PUFAs generates lower total cholesterol 
and LDL-C concentrations, with modest HDL-C reductions; however, a lower total 
cholesterol: HDL-C ratio results [4, 97]. It is thought that dietary fat increases the 
“transport rate” and decreases the “fractional catabolic rate” of HDL cholesterol 
ester and apolipoprotein A1 [98]. However, more research is needed to describe the 
mechanisms by which individual fatty acids impact HDL-C.

3.7 Lipoprotein(a)

Lipoprotein(a) is synthesized in the liver and contains apolipoprotein A, 
which is bound to apolipoprotein B-100 [99–101]. The biological activity of 
lipoprotein(a) is unknown [102]; however, high concentrations have been associ-
ated with CVD [101, 103, 104]. Genetics seem to be the primary determinant 
of lipoprotein(a) [105]. Hence, diet and exercise do not appear to be significant 
contributors to lipoprotein(a) concentrations. There have also been inconsistent 
findings of fatty acid consumption (including PUFAs) on lipoprotein(a) concen-
trations [106]. However, it has been suggested that fatty acids may affect liver 
apolipoprotein(a) synthesis, thereby impacting lipoprotein(a) [106–108]. As 
such, more research is needed to determine the effects of dietary composition on 
lipoprotein(a) concentrations.

3.8 Apolipoprotein A1

HDL particles contain apolipoprotein A1, which interacts with the ATP-binding 
cassette transporter on the surface of cells. Furthermore, apolipoprotein A1 is a 
cofactor for lecithin cholesterol acyl transferase, which generates mature HDL 
particles [43, 109]. Plasma apolipoprotein A1 concentration typically coincide with 
HDL-C concentrations [43]. The significance of apolipoprotein A2 is less clear 
[110]. Interestingly, PPARα also interacts with PPREs in the promoter region of the 
apolipoprotein A1 gene in the liver [75]. Hence, PUFAs may exert their effects on 
apolipoprotein A1 via PPARα [73].

3.9 Apolipoprotein B

Apolipoprotein B also occurs in two forms: apolipoprotein B-48 and apolipopro-
tein B-100. The intestine synthesizes apolipoprotein B-48, which is a component of 
chylomicrons. The liver produces apolipoprotein B-100, which is associated with 
VLDL and LDL particles. Apolipoprotein B is necessary for the binding of lipopro-
teins to the LDL receptor. Apolipoprotein B plasma concentrations are significantly 
associated with LDL-C concentrations [43, 111]. It has been reported that high 
apolipoprotein B concentrations increase the risk for CVD, whereas apolipoprotein 
A1 concentrations decrease CVD risk [43, 112]. As mentioned previously, PUFAs 
increase LDL catabolism, thereby reducing apolipoprotein B [87].

4. Linoleic acid recommendations

The adequate intake (AI) values for linoleic acid for males and females (19-50 years) 
are 17 grams/day and 12 grams/day, respectively. Regarding males and females ages 
51-70 years, the AI values for linoleic acid are 14 grams/day and 11 grams/day, respec-
tively. The American Heart Association recommends consuming 5 to 10% of energy as 
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linoleic acid to decrease CVD risk [29, 31]. Additionally, the World Health Organization 
recommends consuming 2.5 to 9% of energy from linoleic acid to decrease LDL and 
total cholesterol concentrations, and thus, lower the risk for CVD [113]. It is not recom-
mended to consume more than 10% of energy as linoleic acid due to limited research.

5. Fat recommendations

In addition to linoleic acid recommendations, there are fat recommendations 
to reduce CVD risk, cardiovascular events, and/or mortality. For example, it has 
been suggested to replace approximately 5% of energy from SFAs with MUFAs 
and/or PUFAs [4, 8–12, 38, 113], and to consume less than 10% of energy as 
SFAs [113, 114]. On the other hand, certain studies do not coincide with these 
recommendations [14–17, 21–27, 115]. In addition, low-fat, and in-turn, high-
carbohydrate diets, decrease LDL-C; however, there is also a reduction in HDL-C 
and increased concentrations of VLDLs or triglycerides [37, 97, 116–118], which 
may produce higher amounts of small, dense LDL particles [41, 119, 120]. It 
has been reported that higher-fat versus lower-fat diets increase large, buoyant 
LDL and/or decrease small, dense LDL particles [69, 92, 121–123]. Interestingly, 
higher SFA intakes also increase large LDL and/or decrease small LDL particles 
[69, 90, 124–126]. These small, dense LDL particles may increase the risk for CVD 
in the following ways: 1) increased transport into arterial walls [127]; 2) increased 
attachment to proteoglycans [128]; 3) increased oxidation [129, 130]; and 4) 
reduced binding to the LDL receptor [127, 131, 132].

Various organizations have published dietary recommendations to decrease 
the risk factors for CVD. The American College of Cardiology/American Heart 
Association Task Force suggests consuming a diet rich in fruits, vegetables, whole 
grains, nuts, legumes, lean animal or plant protein sources, and fish. Additionally, 
it is recommended to decrease the consumption of red and processed meats, refined 
carbohydrates, trans-fatty acids, sodium, cholesterol, and sugar-sweetened drinks 
[38]. The Dietary Guidelines for Americans suggest consuming vegetable oils to 
replace sources rich in SFAs, such as butter, shortening, lard, palm oil, palm kernel 
oil, coconut oil, full-fat dairy products, and high-fat meats [114]. The World Health 
Organization also recommends replacing SFAs with unsaturated fatty acids, such as 
sunflower, safflower, corn, soybean, canola, and olive oils, as well as nuts, avocado, 
and fish [113].

It has been recently proposed, however, that guidelines to lower the risk for 
CVD should focus on overall dietary patterns, rather than individual fatty acids 
[14, 133]. The consumption of low-fat diets, for example, did not reduce CVD risk 
[134, 135]. Furthermore, certain individuals with higher intakes of saturated fat 
and cholesterol do not possess high CVD mortality rates, as they have an increased 
consumption of plant foods – in addition to MUFAs and PUFAs [15]. Furthermore, 
some foods that are higher in SFAs have not been demonstrated to increase the risk 
for CVD. A proposed explanation for these outcomes is the food matrix of these 
items, such as macro- and micronutrients, phytochemicals, and probiotics [14, 37].

6. Conclusions

This chapter focused on the effects of linoleic acid consumption on lipid risk 
markers for CVD in healthy individuals. Interestingly, linoleic acid reduced total 
cholesterol and LDL-C compared to diets that were lower in PUFAs and/or higher in 
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SFAs. In contrast, linoleic acid generated inconsistent outcomes regarding triglycer-
ides, whereas EPA and DHA more significantly reduced triglyceride concentrations. 
In limited studies, linoleic acid decreased VLDL-C compared to diets containing 
oleic acid or medium-chain fatty acids, and decreased HDL-C compared to palmitic 
acid or EPA and DHA; however, linoleic acid increased HDL-C compared with 
stearic acid. Additionally, linoleic acid reduced apolipoprotein B in comparison to 
a typical U.S. diet, SFAs, or trans-fatty acids. Interestingly, there were inconsistent 

Figure 2. 
The progression from individual fatty acids to whole foods and overall dietary patterns on lipid risk markers 
for cardiovascular disease.
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results or no significant differences for selected CVD lipid risk markers – particu-
larly when comparing linoleic acid to oleic acid. Therefore, additional research is 
needed regarding the effects of fatty acids on markers that increase the risk for 
CVD – in addition to the associated mechanisms.

The development of CVD is a complex process which involves many factors that 
influence the discussed lipid risk markers, such as exercise patterns, overweight/
obesity, cigarette smoke, hypertension, high alcohol consumption, and genetics. To 
add to this complexity is our dietary patterns. As discussed, there are mixed results 
regarding the consumption of linoleic acid on CVD lipid risk markers. One such 
dietary explanation is the complex food matrices of these items, which may, there-
fore, influence CVD risk markers. In other words, we do not consume individual 
fatty acids; we consume food. For example, individual saturated and unsaturated 
fatty acids have differing effects on CVD risk markers; however, these individual 
effects may be diminished when these fatty acids are components of whole food 
items. This attribute may explain, in part, for the differing outcomes of saturated 
and unsaturated fat on CVD risk, events, and/or mortality. Perhaps, therefore, we 
should focus on whole foods and overall dietary patterns when providing guidelines 
to reduce the risk for CVD.

It is recommended that future studies investigate the effects of various dietary pat-
terns on CVD risk markers, such as lower-carbohydrate versus higher-carbohydrate 
diets, lower-fat versus higher-fat diets, and plant-based versus meat-based diets. 
Based on the heterogeneity of the reviewed studies on the effects of linoleic acid 
consumption on lipid risk markers for CVD, future studies should be longer in dura-
tion – with more participants. Moreover, it should be clarified, in future publications, 
whether the discussed CVD lipid risk markers exist as strong and independent risk 
factors for CVD.

It is clear that the consumption of fat is a critical component to a healthy diet; 
consuming too much or too little can have detrimental effects on one’s health. 
Therefore, moderation is an important factor to keep in mind regarding fat 
consumption. It seems, however, that certain dietary recommendations focus on 
decreasing the intakes of saturated fatty acids, and increasing the consumption of 
monounsaturated and polyunsaturated fatty acids. These recommendations may 
not be optimal in the following ways: 1) foods consist of individual fatty acids, 
which have different effects on CVD lipid risk markers; 2) overall dietary patterns 
and food components may offset the effects of specific fatty acids; and 3) individu-
als may not be familiar with significant food sources of saturated, monounsatu-
rated, and polyunsaturated fatty acids. Therefore, it seems that dietary guidelines 
to lower the risk for CVD should focus on overall dietary patterns, rather than 
individual fatty acids (Figure 2).
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Abstract

Cardiovascular disease poses a major challenge for the 21st century. Although 
good control of blood pressure and type 2 diabetes and reducing low-density 
lipoprotein-cholesterol levels can improve cardiovascular outcomes, a substan-
tial residual risk remains existed after treatment in most patient populations. 
Recently, many efforts have been directed at finding the important role of low 
high-density-lipoprotein cholesterol, high triglycerides, especially triglyceride-
rich lipoproteins and lipoprotein (a) in the metabolism of atherosclerotic plaque 
formation Therefore, based on the recent evidence, identification and treatment 
of these risk factors may play a role in optimizing therapeutic strategy, particu-
larly in high risk subjects along with conventional treatment. In clinical practice, 
adequate attention should be paid when screening and managing residual car-
diovascular risk factors in dyslipidemia in term of individualized approach. The 
ongoing trials will give more answers to elucidate this important area.

Keywords: cardiovascular disease, dyslipidemia, residual risk factors, 
hypertriglyceridemia, low HDL-C, lipoprotein (a)

1. Introduction

Risk factors for cardiovascular disease (CVD) are specific lifestyles, behaviors 
and a set of conditions that increase likelihood of CVD. An individual may have 
more than one cardiovascular (CV) risk factors. In fact, CV risk factors often 
appear coherently. The more risk factors, the greater the risk of CVD. However, the 
individual with increased risk does not necessarily develop cardiovascular diseases.

A number of factors have been linked to an increased risk of cardiovascular dis-
ease which can be classified as (1) Unmodifiable risk factors: age (men over 45 years 
old, women over 55 years old), gender and family history of early CVD (men under 
55 years old, women under 65 years old) and (2) Modifiable risk factors: unhealthy 
diets, high blood pressure, dyslipidemia, smoking, overweight, obesity, pre-diabetes 
or diabetes, sedentary lifestyle [1–3].

In addition, extended CV risk factors were proposed, including: metabolic syn-
drome (insulin resistance syndrome, syndrome X) including triglyceridemia, chronic 
kidney disease (CKD) with reduced glomerular filtration rate [15–59 ml/min/1.73 m2], 
chronic inflammatory conditions (rheumatic disease, HIV), early menopause 
(< 40 years), history of eclampsia, high-risk ethnicity (South Asian), elevated 
lipoprotein (a) [Lp(a)] ≥ 50 mg/dL (≥ 125 nmol/L) or elevated apolipoprotein B 
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(ApoB) ≥ 130 mg/dL, C-reactive protein (CRP) ≥ 2 mg/L and ankle-brachial  
index <0.9 [4].

Residual CV risk factor is defined as the risk of CV events that persists despite 
achieving treatment goals for low-density lipoprotein cholesterol (LDL-C), blood 
pressure and blood glucose as recommended by current evidence-based guide-
lines [5, 6]. Residual CV risk factors include LDL-C > 100 mg/dL, high-sensitive 
C-reactive protein (hsCRP) > 2 mg/l, triglyceride (TG) > 200 mg/dL, high-density 
lipoprotein cholesterol (HDL-C) < 40 mg/dL, Lp(a) > 50 mg/dL [7]. The origin 
of residual CV risk factors in dyslipidemia is based on atherogenic dyslipidemia 
characterized by elevated TG and triglyceride-rich lipoproteins (TRLs), decreased 
HDL-C, and qualitative changes of lipoprotein particles [8–10].

2. Epidemiology

Most large studies extending over the last 25 years suggested that the leading 
cause of atheroslerotic cardiovascular disease (ASCVD) is high LDL-C levels and 
this has been widely recognized and accepted [9, 11]. Furthermore, there is also 
growing evidence that increased levels of LDL-C and other ApoB containers, 
including very low density lipoprotein cholesterol (VLDL-C), intermediate density 
lipoprotein cholesterol (IDL-C) and Lp(a), are directly related to the progression of 
ASCVD [12, 13]. In 2010, a multicenter study analyzing data from 26 randomized 
clinical trials in 2009 demonstrated that statins are effective in lowering LDL-C 
blood levels and controlling blood glucose levels. LDL-C at the recommended level 
is beneficial in reducing atherosclerotic CV events and CV mortality [14].

However, studies in recent years have revealed that control of plasma LDL-C con-
centrations is not the only goal of reducing the risk of CVD [15]. Based on the results of 
their study, Cannon et al. demonstrated an ongoing risk of major CV events after treat-
ment with high doses of atorvastatin or pravastatin. The data signified that up to 26.3% 
in the atorvastatin-treated group and 22.4% in the pravastatin-treated group experi-
enced a major CV event or death [16]. This evidence suggests that the goal of reducing 
the risk of CVD requires control not only of blood LDL-C levels but also of residual CV 
risk factors in other dyslipidemia, including TG and TRLs, HDL-C and Lp(a) [9].

3. Residual risk factors in dyslipidemia

3.1 Pathogenesis of atherosclerosis

Atherosclerosis is a complex phenomenon that is involved by a number of 
factors. Firstly, when the vascular endothelial cell layer is injured, the synthesis 
of nitrite oxide (NO), a chemical that protects blood vessels, is reduced, while the 
production of oxidants rises [17, 18]. Infiltration of ApoBs including remnants of 
chylomicron, VLDL-C, IDL-C, LDL-C and Lp(a) into the endothelial layer. The 
ApoBs that are retained in the vessel wall oxidize, triggering a cascade of biological 
events that result in an inflammatory response [19, 20]. Furthermore, platelets are 
stimulated to cause chronic vascular inflammation which leads to leukocyte recruit-
ment [21, 22]. Monocytes and neutrophils penetrate the endothelial layer into the 
arterial wall. Macrophages that have been differentiated from monocytes amplify 
lipid absorption and produce foam cells, which play a key role in the formation and 
instability of atherosclerotic plaques. T lymphocytes, mastocytes, and other inflam-
matory cells penetrate the lesion and help to continue the noxious inflammatory 
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response [20–24]. This process is also maintained and enhanced through signaling 
pathways such as MCP-1, M-CFS, GM-CFS [25–27]. As a result, the plaque ruptures 
and leads to clinical manifestations for example, myocardial infarction or stroke.

3.2 Hypertriglyceridemia and related markers

The function of TG in the etiology of atherosclerosis has garnered limited atten-
tion in recent years, with most studies focusing on the benefits of raising HDL-C. 
Contemporary clinical and genetic evidence, on the other hand, suggests that TG, 
especially TRLs, and apoprotein C3, play essential roles in the etiology of athero-
sclerosis. Therefore, TG and TRLs are getting increasing attention and are becom-
ing one of the therapeutic targets for lowering the risk of ASCVD [28].

TG is the main component in the structure of the TRL group including VLDL-C 
and chylomicrons which are synthesized in the liver and small intestine, respec-
tively [29, 30]. The metabolism of TG and TRLs has the involvement of lipoprotein 
lipase (LPL) which is capable of activating the hydrolysis of the TG component in 
the core of TRLs into fatty acids. As a result, residual VLDL-C and residual chylo-
microns are formed, which contain less TG and more cholesterol than normal TRLs 
[29, 31]. A portion of VLDL-C residues and residual chylomicrons are captured in 
the liver and neutralized by hepatic bile. The remainder is metabolized again by LPL 
or hepatic lipase enzymes, forming cholesterol-rich LDL-C [29, 30]. The residual 
LDL-C, VLDL-C, and residual chylomicrons are all cholesterol-rich lipoproteins 
and are classified as non-HDL [29, 32]. As with LDL-C, residual VLDL-C and chy-
plomicron molecules can be engulfed by macrophages in the vascular wall, which 
contributes to vascular inflammation and progression of atheromal. However, 
unlike LDL-C, the residual VLDL-C and chylomicron molecules do not require 
oxidation when participating in the process of atherosclerosis [29, 30]. Many factors 
impact the metabolism of TG and TRLs, with LPL playing a major role. The activ-
ity of the LPL enzyme has a direct effect on the concentration of TG and TRLs in 
the blood; for example, increasing LPL activity lowers TG and TRL concentrations 
while increasing VLDL-C molecules and residual chylomicrons, and vice versa 
(Figure 1).

The reduction in TG and TRLs metabolism leads to less cholesterol-rich lipopro-
tein concentrations and is expected to reduce the risk of atherosclerosis. However, 
intensive genetic and molecular biology studies of TG, TRLs and LPL all showed 
conflicting results. The first observational studies in the field of genetics related to 
TG, TRLs and LPL found that mutations that decrease TRLs metabolism were asso-
ciated with atherosclerosis and coronary artery disease, whereas mutations TRLs 
metabolism enhancer had the opposite effect. Several mutations directly in the 
LPL enzyme associated with CVD risk have been observed including Gly188Glu, 
Asp91Asn and Asn291Ser substitution mutations. In which, the Gly188Glu sub-
stitution mutation in LPL can increase the risk of coronary heart disease 5 times 
higher than those without the mutation [33]. ApoC-II and ApoA-V loss-of-function 
mutations, both have been conveyed to increase blood TG, increase the risk of 
myocardial infarction and coronary artery disease, while mutations in the APOC3 
gene - the gene that codes for Apo C-III - such as the RX 9 mutation and some other 
rare mutations give the opposite result [29, 34]. Most recently, ANGPTL4 mutations 
have appeared to reduce TG levels and reduced the risk of coronary artery disease. 
When conducting whole-chromosome studies on single-nucleotide polymorphisms 
(SNPs), susceptibility loci in the genomic regions encoding ApoC-III, ApoA-V, 
ANGPTL3, and ANGPTL4 were revealed to be associated with ASCVD, which 
lays the foundation for gene therapy to improve CV risk. In addition, there are 



Risk Factors for Cardiovascular Disease

172

many other genetic studies with similar results regarding the role of TG in vascular 
events [29].

Due to the inverse correlation of HDL-C and TG, most of the previous epide-
miological studies intimated the association between increased TG and atheroscle-
rosis, which was explained by the lowering effect of HDL-C. However, there are 
studies that refute this view and provide strong evidence that TG is an independent 
factor affecting the risk of CV events. Furthermore, there appears to be a positive 
correlation between serum TG levels and mortality risk, even when adjusted for 
HDL-C and other factors [29].

With a few other CVD not caused by atherosclerosis, TG also showed a similar 
association. One study found that increase levels of TG and residual cholesterol 
molecules (total cholesterol minus LDL-C and HDL-C) were risks of aortic 
stenosis [35].

3.2.1 Treatment of hypertriglyceridemia

Because of the harmful effects of TG on the cardiovascular system, strategies to 
control TG levels were rapidly investigated to contribute to the control of CV risk in 
general population. Several epidemiological studies have indicated a reduction in the 
risk of CV events in subjects regularly consuming fish or foods rich in omega-3 fatty 
acid (EPA), which has been proved to reduce TG level [36–38]. However, studies 
testing natural EPA in subjects with ASCVD or heart failure or at high CV risk such 
as the ORIGIN study and most recently the STRENGTH study have showed no 
beneficial effect [39, 40]. Similarly, most trials of TG-lowering therapies have failed 
to improve CV risk. Until 2019, the REDUCE IT trial – a multicenter, double-blind, 
randomized, placebo-controlled study – was performed in statin-treated diabetic 
patients with CVD or other CV risk factors having TG levels between 135 and 
499 mg/dl (1.52 to 5.63 mmol/L) and blood LDL-C levels between 41 and 100 mg/dl 
(1.06 to 2.59). mmol/L). There were one group treated with icosapent ethyl - a syn-
thetic derivative of EPA with TG-lowering effects - and a placebo group. The results 

Figure 1. 
The center role of LDL-C and TRLs in the formation of atherosclerotic plaque. ANGPTL = angiopoietin like 
protein, HL = hepatic lipase, LPL = lipoprotein lipase.
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concluded that in patients with elevated TG, the use of icosapent ethyl reduced 
significantly CV events [41]. In addition to TG-reducing effect, the CV benefits of 
icosapent ethyl are also attributed to its effects on the main mechanisms underlying 
the progression of atherosclerosis, such as reduced inflammation and anti-oxidation, 
which stabilize and even regress atherosclerotic plaques [42]. Up to now, icosapent 
ethyl is considered a potential drug to help eliminate the residual CV risk caused by 
hypertriglyceridemia (Figure 2).

Research on the effects of fibrates which is a potent TG-lowering agent on 
CVD was also conducted quite early. In 1975, clofibrate in combination with 
niacin showed no significant benefit in reducing the risk of CVD [43]. However, 
VA-HIT study compared the gemfibrozil-treated group with the placebo group 
in patients with blood HDL-C levels <40 mg/dL and blood LDL-C levels 
<140 mg/dL showed effects on lipid parameters: HDL-C levels increased by 6%, 
total cholesterol decreased by 4% and TG decreased by 31% compared to the 
placebo group. In addition, VA-HIT also uncovered that gemfibrozil reduced the 
risk of mortality from major vascular events such as coronary artery disease, 
myocardial infarction, and stroke by 24% [44]. However, in 2010, ACCORD 
trial on combination of fenofibrate and statin in type 2 diabetes showed no 
favorable results [45]. A multicenter meta-analysis examinining data from 18 
studies of fibrates during 1950–2010 to further assess their impact on CVD 
revealed fibrates decreased the risk of major CV events by 10% and coronary 
events by 13% but did not lower the overall risk of stroke or mortality rate [46]. 
With these results, there is practically no clear evidence that fibrates are benefi-
cial in improving the risk of CVD or vascular events.

Novel therapies of hypertriglyceridemia are being applied to achieve maximum 
efficacy while minimizing undesirable side effects. For example, AKCEA-APOCIII-
LRx is targeted on inhibiting the synthesis of Apo C-III by hindering the mRNA 
that translates it. In healthy volunteers, clinical trials of the treatment revealed a 
reduction in the risk of CV events in the treated group, as well as acceptable toler-
ability [47].

Residual lipoprotein cholesterol (RLP-C) which has close relation with TG level 
has also recently been demonstrated to be a residual CV risk factor even in those 

Figure 2. 
(A) The Kaplan–Meier event curves for the primary end point of CV events without death. There was a 
statistically significant difference in primary CV events in the icosapent ethyl group (17.2%) compared with 
the placebo group (22%), corresponding to an absolute between-group difference of 4.8 percentage points, 
hazard ratio, 0.75 (95% CI, 0.68–0.83) P < 0.001, NNT = 21 over a median follow-up of 4.9 years. (B) The 
Kaplan–Meier event curves for the secondary end point of CV events without death. There was a statistically 
significant difference in secondary CV events in the icosapent ethyl group (17.2%) compared with the placebo 
group (22%), corresponding to an absolute between-group difference of 3.6 percentage points, hazard ratio, 
0.74 (95% CI, 0.65–0.83) P < 0.001, NNT = 28 over a median follow-up of 4.9 years. NNT = number needed to 
treat, Cl = confidence interval. Reproduced with permission from Deepak L. Bhatt, M.D., 2019 [41].
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with good LDL-C control. Elevated blood levels of RLP-C have been proved to 
predict coronary and other CV events [35, 48]. This is a new direction that need 
investigating in order to enhance the accuracy of assessing residual CV risk. In addi-
tion, more RLP-C intervention trials are required to demonstate the effect in CVD 
prophylaxis.

3.3 Low HDL-C

Research on the role of TG and TRLs in atherosclerotic disease are progres-
sively providing conclusive evidence while trials to raise blood HDL-C levels have 
so far failed to show significant clinical benefit. This augments the possibility 
that the previously established causal link between higher HDL-C and a lower 
risk of vascular events is attributable to a comparable reduction in TG as HDL-C 
rises. The function of HDL-C in atherosclerosis-related CVD is still debatable 
nowadays.

There are several factors that contribute to HDL-C to protect blood vessels from 
atherosclerosis. The HDL-C molecule is responsible for cholesterol transfer from 
organs and peripheral blood vessels to the liver for biliary elimination. HDL-C 
also diminishes immune cell adherence and increases vasodilating process as well 
as inhibits platelet aggregation via prostacyclin. Prostacyclin modulation, in turn, 
aids in the breakdown of fibrin and thrombolysis in couple with decreasing inflam-
matory mediators and restoring vascular endothelial cell function. In addition, 
HDL-C is an inherent antioxidant involved in the preservation of blood vessels from 
oxidative damage [8, 49].

It is evident that HDL-C can prevent blood vessels from atherosclerosis. 
However, the role of HDL-C in lowering the overall risk of cardiovascular disease 
remains unknown. While epidemiological studies linked HDL-C to a lower risk 
of atherosclerotic CV events [50, 51], genetic study found that HDL-C had no 
effect on CV event risk [52, 53]. Indeed, when delving into a few gene mutations 
related to Scavenger receptor class B type 1 (SR-BI) and Cholesteryl ester transfer 
protein (CEPT) receptors - two components involved in HDL-C metabolism, 
these ones affect CV events differently. The pathway of HDL-C metabolism in the 
human body has the participation of SR-BI and CEPT receptors. When these two 
factors lose their function, the concentration of HDL-C in the blood will increase 
[54–56]. Studies in individuals with anomalies in the gene that cause loss of SR-BI 
receptor function have showed an increase in HDL-C levels but also an increased 
risk of CV events [55]. Nevertheless, studies of mutations that reduce function of 
CEPT showed irrelevant outcome. With the Ile405Val substitution alteration on 
CEPT, it is concluded that there was a decrease in CEPT activity and an increase in 
HDL-C regarding gender, but further an increased risk of ischemic heart disease 
in women but not in men [56]. Despite that, studies with other gene mutations 
such as TaqIB, I405V and -629C > A have clarified a reduced risk of coronary 
heart disease [57]. In 2009, a genetic study in different loci of the gene coding for 
CEPT, gave an explaination for this heterogeneity. There was an inverse association 
between HDL-C and the risk of cardiovascular events as a result of mutations; 
however, there are other alterations that do not demonstrate this correlation [8]. 
With achievements in functional decoding of HDL-C in terms of genes, researchers 
and clinical practitioners would assume the role of HDL-C in ASCVD will soon be 
clarified and become a state-of-art implement to assist in the treatment, prognosis, 
and prevention of CVD.

Since the role of HDL-C is uncertain, the use of the HDL-C measurement in 
clinical practice has been limited up until present. Due to the extreme prior belief 
that HDL-C is a favorable factor for lowering CVD risk, HDL-C was added to 
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SCORE – the CV risk assessment model – to create SCORE – HDL-C in European 
Society of Cardiology recommendations for the treatment of dyslipidemia [58, 59]. 
A study published in 2015 evaluated the predictive capacity of two models, SCORE -  
HDL-C and SCORE, and found that while the SCORE - HDL-C did not enhance CV 
mortality prognosis, it did lower the sensitivity of finding persons at high risk of 
CVD in the population [60].

3.3.1 Treatment of low HDL-C

Niacin is a medication that raises HDL-C levels and has been examined  
extensively in clinical studies. Its efficacy in controlling dyslipidemia and 
lowering the risk of cardiovascular disease is not well established. In a 1975 study 
comparing the CV merits of niacin, clofibrate, and placebo, treatment with a 
high dose of 3000 mg/day of moderate-release niacin resulted in a 14% reduc-
tion in coronary mortality, and 26% of stroke death [43]. When the research was 
expanded to include additional possible medicines in the treatment of dyslip-
idemia, such as estrogens, clofibrate, dextrothyroxine sodium, and niacin, and 
compared to lactose as a placebo, niacin was found to be encouraging reducing 
mortality [66]. However, in the AIM-HIGH and HPS2-THRIVE studies, the 
effects of niacin were only significant on lipid parameters without effect on CV 
outcomes [61, 62].

CEPT inhibitors came later than niacin and fibrates in terms of development 
and application. ILLUMINATE, dal-OUTCOMES, ACCELERATE, and REVIEW 
are among the most notable CEPT inhibitor trials to date. Nonetheless, the results 
of this medication were similarly unsuccessful due to inconsistencies in genetic 
research of CEPT. With the exception of the 2017 anacetrapid REVIEW study, 
which described a reduction in coronary events [63], the majority of the remaining 
studies suggested that CEPT inhibitors did not improve CVD risk but increased 
rates of CV mortality or adverse events such as increased CRP levels or increased 
systolic blood pressure [64–66]. Thus, clinical application studies of drugs that 
increase HDL-C have not yet provided evidence that HDL-C is beneficial in CVD.

In addition to the genetic aspect mentioned above, another hypothesis about 
HDL-C levels has been expanded to explicate the incompatible results of studies on 
HDL-C. When examining at HDL-C levels and mortality in the study population, 
several studies found a U-shaped relationship between HDL-C levels and overall mor-
tality rates. This is understandable since extremely low or high HDL-C levels increase 
population mortality [67–69]. In fact, prior HDL-C studies neglected this aspect, 
requiring more study to more correctly assess HDL- C involvement in ASCVD.

Based on the available evidence, it can be stated that HDL-C modification in clinical 
practice is currently restricted. Not all HDL-C-increasing medications yield the same 
outcomes. To better understand the significance of HDL-C, these items must be consid-
ered to a greater extent: the threshold concentration of plasma HDL-C and the genetic 
aspect. It is indeed questionable if increasing HDL-C can assist reducing CV risk.

3.4 Lipoprotein (a)

Lp(a) is made up of an LDL-C molecule covalently bound to an apolipoprotein 
(a) that is homologous to the coagulation factor plasminogen. It also includes an 
apolipoprotein B100 as it contains LDL-C. Therefore, Lp(a) has both atherogenic 
and thrombolytic properties [70, 71]. The ability of Lp(a) to permeate the artery 
wall has been demonstrated [72]. Lp(a) has been showed to increase thrombus 
development, inflammatory response, and foam cell production in both laboratory 
and animal investigations [73].
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Many studies prove that Lp(a) is a factor affecting the morbidity and mortality 
of CVD [74, 75]. The INTERHEART study proclaimed that Lp(a) levels >50 mg/dL 
increased the risk of myocardial ischemia [76]. The effect of Lp(a) on CV risk was 
independent of other risk factors, including LDL-C levels [77, 78]. Thus, elevation 
of blood Lp(a) levels confers a residual CV risk in dyslipidemia, which is similar to 
the role of TG mentioned above. A large study of LPA genetic variants also showed 
an independent role for Lp(a) in relation to coronary events, despite low LDL-C lev-
els with statin therapy [79]. To specify the role of Lp(a) in reducing the risk of CVD, 
a study compared blood levels of Lp(a) with the risk of CVD and LDL-C levels with 
CVD risk, the results showed that the clinical benefit of lowering Lp(a) was directly 
proportional to the reduction of Lp(a) levels. Specifically, a 101.5 mg/dL reduc-
tion in Lp(a) resulted in a clinically significant reduction in CVD risk similar to a 
38.67 mg/dL reduction in LDL-C [80].

Among the factors affecting Lp(a) levels, PCSK9 is one that has been observed 
in clinical trials to reduce Lp(a) concentration [78]. The role of proprotein 
convertase subtilisin/kexin type 9 (PCSK9) in influencing Lp(a) levels was also 
confirmed in a survey of PCSK9 functional-affecting mutants, which explicated 
that overexpressed function mutations of PCSK9 increased the CV risk while 
the PCSK9 R46L mutation reduced its function, showing a reduced risk of aortic 
stenosis and myocardial infarction [81]. The reduction in CV risk is proportional 
to the level of Lp(a) in the blood as mentioned above. Therefore, PCSK9 inhibi-
tors are a potential agent for reducing the incidence of vascular events through its 
effect on Lp(a).

3.4.1 Treatment of high lipoprotein (a)

The cornerstone of current potential drug development is the new evidence on 
the benefits of Lp(a) reduction on the risk of CV events and mortality. Only in the 
last three years have trials of drugs that reduce Lp(a), such as alirocumab and evo-
locumab, been conducted. ODYSSEY OUTCOMES was a large trial of alirocumab, 
the results of which showed that alirocumab reduced the total number of CV events 
and CV mortality in patients diagnosed with acute coronary syndrome (ACS) 
[81]. In 2020, the data from the ODYSSEY OUTCOMES trial were reanalyzed to 
determine the effect of baseline Lp(a) levels and the trend of alirocumab-induced 
change on Lp(a) and LDL-C, results showed that each 5 mg/dL reduction in Lp(a) 
was predictive of a 2.5% reduction in CV events. Therefore, Lp(a) should now be 
considered a therapeutic target, especially after ACS [82]. There was a tremendous 
advantage when comparing alirocumab or evolocumab with placebo or ezetimibe 
plus a statin in another trial; however, the benefit difference between the two 
groups was not significant when comparing the two groups utilizing the combina-
tion of ezetimibe and statin [83].

Currently, new therapies that selectively target Lp(a) are being developed. The 
APO(a)-LRx study is currently ongoing, but preliminary findings indicate that 
APO(a)-LRx has the potential to reduce Lp(a) levels and their effects by up to 80%, 
potentially lowering CV risk [84]. In addition, testing a monoclonal antibody that 
reduces blood Lp(a) levels has demonstrated promising in vitro data [85]. The 
results of these trials are eagerly awaited.

To date, more persuasive evidence has exhibited that TG and Lp(a) are indepen-
dent CV risk factors, even with LDL-C, and should be considered as new thera-
peutic targets in the management of CVD. Meanwhile, the importance of HDL-C 
has decreased compared to the previous era. However, in-depth studies analyzing 
genes and blood HDL-C levels are two hypotheses that need to be further studied to 
clarify the role of HDL-C.



177

Residual Cardiovascular Risk Factors in Dyslipidemia
DOI: http://dx.doi.org/10.5772/intechopen.100046

4.  Situations for considering residual cardiovascular risk factor 
intervention

4.1 After achieving LDL-C target

Based on the close association between hypercholesterolemia, especially 
LDL-C, with the incidence and mortality of ASCVD, the current treatment 
guidelines mainly focus on on lowering LDL-C levels [9, 11]. However, numerous 
clinical trials of statins, non-statin LDL-C lowering agents, and combination 
therapy have shown that the risk of ASCVD persists despite positive LDL-C 
reduction [14, 86, 87]. Accumulating evidence from epidemiological and genetic 
studies, as well as randomized clinical trials, suggests that TRLs [29, 41, 88], 
Lp(a) [77, 79, 82], inflammatory phenomenon [89–91] and thrombosis risk 
[92–95] are associated with risk of ASCVD in individuals with active LDL-C 
control and interventions to these factors yield promising results promise in 
improving the incidence of CV events [96].

Non-HDL-C dyslipidemia plays an important role in the residual risk of CVD. 
Recent recommendations for the quantification of atherogenic lipoproteins in addi-
tion to LDL-C for lipid-lowering strategies have been published [97].

4.2 Post-acute coronary syndrome

Advances in the treatment of ACS over the past few decades have improved 
the clinical outcomes of CV patients [98, 99]. Despite this, a substantial propor-
tion of individuals continue to experience CV events, even when they are actively 
treated according to current guidelines [100]. This residual risk may be due to 
inflammation [90, 101, 102], thrombotic risk [93, 103] and metabolic causes such 
as TG [88, 104], Lp(a) [82, 105] and with or without HDL-C but has not been 
effectively addressed by current recommended approaches and is influenced by 
comorbidities [76, 102].

TG, Lp(a) have been shown to be independent risk factors affecting the risk of 
major CV events, some studies in subjects with a history of ACS also showed a similar 
correlation. Furthermore, the data to date suggest that TG and Lp(a) levels are 
positively correlated with the risk of ASCVD. Therefore, these two factors should be 
considered as new therapeutic targets to reduce residual CV risk [82, 88, 104, 105].

4.3 Diabetes mellitus

Insulin resistance and type 2 diabetes mellitus are associated with increased pro-
duction of TRLs, such as VLDL-C and chylomicrons, as well as smaller and denser 
LDL-C particles (sdLDL-C), which makes LDL-C particles more compressed and 
therefore more prone to induce atherosclerosis. ApoB-100, the primary lipoproteins 
in VLDL-C, IDL-C, and sdLDL-C, as well as ApoB-48, the major lipoproteins in 
chylomicrons, have a significant risk of causing atherosclerosis. Despite effective 
LDL-C control with statin treatment, severe vascular events such as myocardial 
infarction, stroke, stable angina, and other vascular events, along with mortality 
from CV causes, occur substantially more frequently in diabetic patients. This has 
been shown to be related to TG [88, 104] because hyperglycemia is prevalent in 
those with type 2 diabetes mellitus [106]. Therefore, elevated TG is an important 
residual CV risk factor that should be considered in the treatment of diabetes.

In recent years, LDL-C-lowering treatments and other risk factor control strate-
gies have significantly reduced the incidence of CVD, but in patients with type 2 
diabetes there is still continue to increase the risk of ASCVD. Based on the evidence 
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to date, it is suggested that non-LDL-C is a necessary therapeutic target in the pre-
vention of CV events, especially in the TRLs group, in the setting of type 2 diabetes 
[107]. Furthermore, numerous studies suggest that low HDL-C levels and high 
TG, particularly TRLs, predict the risk of ASCVD in diabetes 2 which explains how 
low HDL-C levels impact cholesterol conversion from intravascular atherosclerotic 
plaque via CETP in TG metabolism. The consequence of all lipid abnormalities in 
type 2 diabetes is an increased risk of ASCVD. There is strong evidence, both genetic 
and clinical, that reducing residual TRLs and TG is likely to reduce the risk of CVD 
in CKD. diabetic patients with 2-insulin resistance [88, 104, 107]. Interventions on 
ApoC3, ANGPTL3, and ANGTL4 factors are being examined as potential TG- and 
TRL-lowering treatments and risk reductions in CVD, according to preclinical and 
human genetic research.

5. Conclusion

Based on the current evidence, the importance of residual CV risk factors in 
dyslipidemia are undoubtfully obvious. Since the complexity of the pathogenesis 
of atherosclerosis related to dyslipidemia, the recent interventional studies have 
shown controversial results. Therefore, identification and treatment of these risk 
factors is critical to optimizing treatment, particularly in subjects with recurrent 
vascular events, despite optimal treatment of traditional CV risk factors. In clinical 
practice, adequate attention should be paid when screening and managing residual 
CV risk factors in dyslipidemia in individualized approach. The ongoing trials will 
give more answers to elucidate this important clinical area.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

The occurrence of heart electrophysiology dysfunction or/and muscle damage 
is referred to as cardiotoxicity. The heart weakens and becomes less efficient at 
pumping and hence circulating blood. Cardiomyopathy can be caused by a variety 
of factors, including viral infections, diseases such as diabetes, ischemia, hyperten-
sion, obesity, radiation therapy, antipsychotic drugs, cytotoxic drugs, most notably 
chemotherapeutic agents; antitumor antibiotics, monoclonal antibodies, tyrosine 
kinase inhibitors, platinum-based compounds, microtubule inhibitors, vinca alka-
loids, antimetabolites, proteasome inhibitors, topoisomerase inhibitors, alkylating 
agents, corticosteroids. This chapter focuses on the mechanisms of cardiotoxicity, 
animal models and transgenic methods used in studies, and the effects of therapeu-
tic agents on cardiotoxicity.

Keywords: cardiotoxicity, cardiomyopathy, chemotherapeutics, diabetes, ischemia, 
radiation therapy, toxicants, transgenic animal models

1. Introduction

Globally, heart disease is responsible for a third of all deaths [1]. Cardiotoxicity 
occurs when the heart, in whole or in part, is damaged as a result of factors such as 
obesity, chemotherapy (CT), alcohol exposure, anorexia, neurosis, unconscious 
drug use, occupational and environmental heavy metal exposure [2–4].

Toxicants impair pumping efficiency by reducing the number of active myocytes, 
cause oxidative damage and lipid peroxidation, which results in cell swelling, altered 
Ca2+ homeostasis, and irreversible myocyte injury, alter aerobic metabolism, myocar-
dial conduction, cell membrane function, directly damaged myocardium, and induce 
vascular changes [5]. They also cause QT interval prolongation and ionic channel 
blockage, which can lead to syncope and ventricular fibrillation. The heart weakens 
and becomes less efficient at pumping and thus circulating blood. Because of the high 
energy demands of the heart, it is susceptible to toxins that interfere with oxygen 
availability, carbohydrate metabolism, and oxidative phosphorylation [6, 7].

Cardiotoxicity is characterized by cardiac dysfunctions, arrhythmia (changes 
in heart rhythm), hypotension, tachypnea, edema, heart muscle damage (car-
diomyopathy), changes in transmission pathways, and toxic effects on the heart 
[3]. Cardiotoxicity includes changes in resting cardiac measurements as well as 
dynamic functional evaluations of the cardiovascular (CV) systems [3, 5, 6]. The 
formation of oxygen free radicals and calcium overload in myocytes, a deficiency 
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of antioxidant systems such as catalase and superoxide dismutase, and a possible 
immunological reaction triggered by the drug are the main pathophysiologi-
cal processes of cardiotoxicity [8]. Acute or subacute heart damage includes 
changes in the ventricular repolarization phase, the duration of the QT interval, 
arrhythmias, ischemia, acute heart failure (HF), and myocarditis-pericarditis-
like syndrome. As a result of chronic (early/late) conditions, patients may have 
symptoms such as left ventricular (LV) dysfunction, systolic/diastolic impo-
tence, and cardiac death [9, 10].

Cardiotoxicity is a well-known side effect of many cytotoxic drugs that can 
result in long-term morbidity.

2. Chemotherapy-induced cardiotoxicity (CIC)

The development of cancer screening methods, early diagnosis, and the wide-
spread use of adjuvant chemotherapy can result in a significantly higher positive 
response rate in cancer treatment. Cancer drugs destroy cancerous cells in a variety 
of ways. These actions usually result in cell death (cytotoxicity), but they can also 
prevent the cell from growing without killing it (cytostatic action) [11].

Chemotherapeutics have a variety of modes of action, including alkylation of 
DNA, disruption of DNA and RNA synthesis by intercalating between base pairs, 
inhibition of DNA polymerase, stimulation of apoptosis, inhibition of DNA topoi-
somerase II, and preventing mitosis via altering tubulin polymerization. With this 
higher positive response, however, the number of people exposed to chemothera-
py’s early and late cardiac side effects emerges [12]. A wide range of adverse effects 
of chemotherapy and radiation on cardiac structure, hemostasis and thrombosis, 
cardiac dysfunctions and arrhythmias, and toxic effects on the heart have been 
well-documented [1, 13].

Side effects are common among cytotoxic drugs, notably chemotherapeutic 
agents; antitumor antibiotics, monoclonal antibodies, tyrosine kinase inhibitors, 
platinum-based compounds, microtubule inhibitors, vinca alkaloids, antimetabo-
lites, proteasome inhibitors, topoisomerase inhibitors, alkylating agents, cortico-
steroids, and other drugs. They have the potential to cause long-term morbidity. 
They are linked to irreversible dilated cardiomyopathy and dose-dependent 
cardiotoxicity [14, 15].

Anthracyclines, a class of antibiotics derived from Streptomyces spp, have 
been used to treat a variety of cancers over the last 50 years, including lymphoma, 
leukemia, bladder cancer, breast cancer, and other metastatic cancers [16, 17]. 
Cardiotoxicity is a growing concern in clinical oncology due to the increasing use of 
anthracyclines, the introduction of new antitumor agents with potentially cardio-
toxic properties, and the use of combined treatments that may have adverse effects 
on the heart [18, 19].

Anthracyclines catalyze intracellular oxygen radicals via enzymatic reactions 
in mitochondria, as well as non-enzymatic iron-mediated free radical reactions 
which damage DNA. They induce apoptosis in vascular cells and cardiomyo-
cytes by activating caspases and degrading internucleosomal DNA [20]. When 
compared to other tissues, cardiomyocytes have a 35–40% larger amount of 
mitochondria. Cardiomyocytes use 90% of the ATP produced by mitochondria 
[21]. Due to bio-energetic failure, genotoxic stress, and oxidative stress, adenosine 
monophosphate-activated protein kinase (AMPK) signaling is suppressed dur-
ing treatment, resulting in increased energy stress and hypertrophy [21]. Serum 
troponin levels in anthracycline-treated patients are also observed to be higher, 
indicating cell death [22, 23].
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Daunorubicin, doxorubicin, epirubicin, idarubicin, mitoxantrone, and val-
rubicin are some of the most commonly used anthracyclines [17]. These drugs 
have similar effects on cardiotoxicity [24–26]. Following the existence of targeted 
therapy, doxorubicin is still widely used in cancer treatment today [10, 27]. 
However, anthracycline’s medical use is limited due to dose-dependent and cumu-
lative cardiotoxicity. The clinical efficacy of this drug is restricted due to its side 
effects, particularly cardiotoxicity when doses exceed 400–700 mg/m2 for adults 
and 300 mg/m2 for children [6, 7, 28]. Doxorubicin cardiomyopathy is more likely 
at 400 mg/m2 (5%), at 550 mg/m2 (26%), and at 700 mg/m2, where the risk is as 
high as 48% [14].

A primary cause of doxorubicin-induced cardiomyocyte damage is assumed to 
be ROS (reactive oxygen species) generation and lipid peroxidation by inhibition of 
mitochondrial membrane potential and mitochondrial permeability transition pore 
[29]. To interfere with DNA replication, doxorubicin inhibits DNA topoisomerase 
2-beta (Top2β) whereas a doxorubicin-Top2β DNA complex prevents the repair of 
damaged DNA and leads to cell death [27, 30, 31]. Doxorubicin also affects adrenergic 
function and adenylate cyclase inhibition of sarcoplasmic reticulum Ca2+ release, 
inhibits Ca2+-ATPase activities causing diastolic dysfunction, reduces expression of 
cardiac-specific genes and down-regulates expression of a variety of cardiac muscle-
specific proteins including mitochondrial proteins, contractile proteins, sarcoplasmic 
reticulum proteins [29]. Treatment with doxorubicin induces the immune system to 
generate a variety of inflammatory mediators (IL-1, IL-6, IL-7, TNF receptor 2, vascu-
lar endothelial growth factor/VEGF, matrix metalloproteinases/MMP2); natural killer 
cells stop functioning, cytotoxic T lymphocytes responses are triggered, and macro-
phage differentiation is inhibited [32, 33]. Doxorubicin cardiomyopathy increases oxi-
dative stress, which is connected to an increase in Toll-like receptors 2, induces nuclear 
factor kappa B (NF-κB), and finally leads to apoptosis [34]. There is also an increase in 
the level of tumor necrosis factor (TNF-α) due to the toll-like receptor 4 [35].

The human epidermal growth factor receptor 2 (ERBB2) is a transmembrane 
tyrosine kinase receptor that plays in a variety of cellular processes, including 
cell survival in normal healthy tissue [36]. As a humanized monoclonal antibody, 
trastuzumab targets ERBB2 on the surface of tumor cells that overexpress ERBB2 
[37]. Trastuzumab-induced cardiac damage was detected in metastatic breast can-
cer trials for the first time. It is the most common chemotherapeutic agent related to 
left ventricular dysfunction [38]. Bevacizumab is a humanized monoclonal anti-
body that inhibits vascular endothelial growth factor (VEGF) activity in patients 
with metastatic colorectal cancer, non-small cell lung cancer, and breast cancer. 
Although, congestive heart failure (CHF) has been reported in a study, its overall 
incidence and relative risk are still unknown [39].

Tyrosine kinase (TK) inhibitors (TKI) are molecules designed to target TKs that 
are overexpressed in cancer cells, but they also inhibit normal variants of tyrosine 
kinases in non-cancerous cells, which can cause severe side effects such as left 
ventricular failure [40].

Imatinib is an ATP-competitive small-molecule ABL kinase inhibitor that was 
developed primarily for the treatment of malignancies such as chronic myeloid 
leukemia (CML) [41, 42]. It has been shown that imatinib leads to significant mito-
chondrial damage, including loss of membrane potential, the release of cytochrome 
C, and markedly reduced energy production with significant declines in ATP con-
centration, in studies on cultured cardiomyocytes [43, 44]. Other tyrosine-kinase 
inhibitors such as dasatinib, nilotinib, sunitinib, sorafenib, and lapatinib have been 
related to drug-induced cardiotoxicity, although the true extent of the damage 
remains unknown. The literature mentions only a few cases of asymptomatic QT 
prolongation, pericardial effusion, acute coronary syndromes [45].
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Anticancer drugs based on platinum bind to DNA, causing it to crosslink. End 
result: cancer cells die through apoptosis because of the crosslinks, which interfere 
with DNA repair and synthesis in the cancer cells. Cisplatin, carboplatin, and oxali-
platin, platinum-based compounds with severe nephrotoxic, neurotoxic, and ototoxic 
properties, are frequently used in the treatment of human neoplasms [46, 47]. Vascular 
toxicity, hypertension, dyslipidemia, early atherosclerosis, and coronary artery disease 
are the most serious late effects of cisplatin-based chemotherapy in patients [48].

Taxanes (paclitaxel, docetaxel, cabazitaxel, Nab-paclitaxel) are microtubule 
inhibitors (MIT) or mitotic inhibitors that play an important role in mitosis and 
have lower cardiotoxicity than anthracyclines. Vinca alkaloids such as vinblastine, 
vincristine, liposomal vincristine, and vinorelbine are also mitotic inhibitors that 
are used to treat a variety of cancers such as breast, lung, myelomas, lymphomas, 
and leukemia. As a result, several trials have been conducted to evaluate their use in 
combination with anthracyclines [49–52].

Antimetabolites such as 5-fluorouracil (5-FU), capecitabine, azacitidine, 
cytarabine, gemcitabine, methotrexate, hydroxyurea, and pentostatin which are 
commonly used to treat leukemia, ovarian, breast, gastrointestinal, and other solid 
tumors, damage proliferating cells during the S phase of mitosis by substituting the 
normal DNA/RNA building blocks [53]. Endothelial injury followed by thrombosis; 
energy depletion and myocardial ischemia; coronary arterial spasm following myo-
cardial ischemia; and decreased ability of red blood cells to transfer oxygen leading 
to myocardial ischemia are all associated with antimetabolite toxicity [54, 55].

Proteasome inhibitors (PI), which primarily function as immunosuppressants and 
inhibit bone resorption, such as bortezomib, carfilzomib, and ixazomib, are a promis-
ing new class of drugs for the treatment of multiple myeloma, and they are also being 
studied for other types of cancer [56]. As non-proliferative cells with increased protea-
some activity, cardiomyocytes are particularly sensitive to proteasome inhibition.

DNA topoisomerases (type I and type II) are the enzymes responsible for DNA 
unlinking, and play critical roles in a variety of biological processes involving 
DNA. Several topoisomerase I inhibitors (also known as camptothecins) include 
irinotecan, topotecan, and camptothecin, while topoisomerase II inhibitors (also 
known as epipodophyllotoxins) include etoposide, mitoxantrone, and teniposide 
[57]. Topoisomerase inhibitors cause the release of ROS, lead to DNA breaks and 
prevent ligase repair. The enzymes catalase (CAT), superoxide dismutase (SOD) 
and glutathione peroxidase (GSH-Px) are antioxidant enzymes in oxidative stress 
modulation, crucial for efficient removal of ROS. Cardiomyocytes are particularly 
vulnerable to damage because they have low levels of antioxidant enzymes required 
to detoxify ROS [58].

Cells are also prevented from reproducing by alkylating agents such as cisplatin, 
busulfan, mechlorethamine, temozolomide, dacarbazine, streptozocin, which 
damage their DNA [59].

Following are a few examples of in vivo models of chemotherapy-induced 
cardiotoxicity and protective agents based on the literature;

To explore cardiotoxic effects, animal models are being studied, and therapeutic 
approaches developed. Because considerable pharmacokinetic and pharmacody-
namic data from studies examining the anticancer efficacy of drugs are available, 
rodents are an attractive model for studying cardiotoxicity.

In the initial periods of cardiotoxicity studies, rabbits were thought to be the 
standard model. In a study, scientists evaluated the protective effect of ICRF-187 
(dexrazoxane, a drug used to prevent anthracycline-induced cardiotoxicity) in 
rabbits against chronic daunorubicin cardiotoxicity. For the experimental model, 
twenty-four male white rabbits were divided into four groups (group1; 25 mg ICRF-
187/kg and 3.2 mg daunorubicin/kg, group2; daunorubicin (3.2mg/kg), group3; 
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ICRF-187 (25 mg/kg), group4; placebo). They treated animals six times at 3-week 
intervals over an 18-week period. Significantly different cardiotoxic effects were 
observed in animals treated only with daunorubicin and those treated only with 
daunorubicin + ICRF-187. Anthracycline cardiotoxicity was significantly reduced by 
pretreatment with ICRF-187 [60].

In another study, Zhang et al. divided 50 male Sprague-Dawley rats into three 
groups for a 15-day experiment: control (saline), doxorubicin (3 mg/kg), and 
doxorubicin+oxymatrine (12.5, 25, and 50 mg/kg) to detect oxymatrine’s protective 
effects on cardiovascular diseases. Specifically, they found that oxymatrine pre-
treatment protected against doxorubicin-induced cardiotoxicity in rats’ hearts by 
inhibiting the apoptotic pathway [61].

Zilinyi et al. investigated metformin’s (anti-diabetic drug) protective role and its 
effect on autophagy in doxorubicin-induced cardiotoxicity. In the first group of four 
Sprague-Dawley rats, doxorubicin (3 mg/kg every second day) was administered 
intraperitoneally, metformin (250 mg/kg/day) was administered via gavage, and the 
third group received doxorubicin + metformin, while the fourth group was a control 
group for two weeks. Doxorubicin-treated myocytes were significantly thinner than 
those in the control group. Myocyte diameters in the doxorubicin + metformin group 
were nearly identical to those in the control group. According to the histopathological 
examination of heart tissue samples, metformin normalized autophagy [62].

In a doxorubicin-induced cardiomyopathy model, Erbaş and his colleagues 
described the therapeutic effects of liraglutide (LIR), oxytocin, and granulocyte 
colony-stimulating factor. Four groups of 32 rats were given, respectively, group 
I; placebo 0.9% NaCl saline solution at a dose of 1 ml/kg/day i.p. (doxorubicin + 
saline), group II; 1.8 mg/kg/day of liraglutide i.p. (doxorubicin + LIR), group III; 
160 μg/kg/day oxytocin i.p. (doxorubicin + OX), group IV; 100 μg/kg/day filgras-
tim i.p. (doxorubicin + G-CSF (Granulocyte colony-stimulating factor)). It was 
revealed through the study’s findings inflammatory activity and improved tissue 
integrity were found to be decreased in response to oxytocin treatment. Besides, 
LIR reduces levels of proinflammatory cytokines, lipid peroxidation products, 
troponin T, pro-BNP levels, and CASPASE-3 in doxorubicin-treated rats [63].

Arsenic trioxide and imatinib mesilate cardiotoxicity were examined in male 
Wistar rats. In the experiment, for ten days, arsenic trioxide (5 mg/kg) and imatinib 
mesilate (30 mg/kg) was given intraperitoneally and orally, respectively. As a result, 
the cardiac tissue of the combination-treated group showed fibroblastic prolifera-
tion, myocardial disorganization, and myocardial necrosis [64].

According to a study by Saleh et al., tadalafil (Tad) might protect against 
cardiac and vascular damage caused by the chemotherapy drug cisplatin (CDDP). 
Seventy-two male albino rats were divided into four groups: the control group, the 
CDDP (4 mg/kg) i.p. group, the Tad (0.4 mg/kg BW Tad i.p. daily) group, and the 
Tad +CDDP (0.4 mg/kg BW Tad i.p. + 4 mg/kg BW CDDP i.p) group. In the heart 
homogenate sample from CDDP treated rats, Tad was able to reduce blood pressure, 
heart rate, and levels of cardiac troponin, malondialdehyde (MDA), while increas-
ing levels of reduced glutathione (GSH) and nitric oxide (NO) [65].

3. Radiation therapy-induced cardiotoxicity

Cardiotoxicity caused by radiation therapy (RT) is not only seen in adults, 
but also in children. High radiation exposure, being female, higher anthracycline 
cumulative dose, trisomy 21, and race are all risk factors for cardiotoxicity in 
children [66]. Since the early 1900s, ionizing radiation therapy has been utilized to 
treat cancer [67]. Along with medical advancements, the role of imaging modalities 
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in the administration of the treatment process has gradually increased, in addition 
to surgical and systematic treatment [68, 69]. Considering the significance of these 
procedures in the treatment process and in enhancing survival, heart problems 
from radiotherapy remain a risk [69]. Radiation-induced heart disease (RIHD) is 
an important cause of long-term non-cancer death after thoracic irradiation [70]. 
Studies have shown that people who live at least 5 years after diagnosis have a high 
rate of cardiovascular death [71]. Studies have shown that significant cardiovascular 
events usually occur within 10–15 years [72]. Lung cancer, mediastinal lymphoma, 
and breast cancer are cancers that are proximal to the heart and have the highest 
prevalence of RT, which means they have a significant risk of cardiotoxicity [73]. 
When Saika et al. looked at breast cancer radiotherapy treatment and heart failure 
risk, they discovered that women who had RT for breast cancer had a 10 times 
higher risk of heart failure than the control group, regardless of age or cancer type 
[74]. Cardiotoxicity from RT causes a worsening of cardiac function in a variety of 
illnesses, including cardiomyopathy, pericardial injury, coronary artery disease, and 
heart disease [75, 76].

The effects of factors such as the total radiation volume applied to the patient, the 
patient’s age, the radiation exposure process, and the simultaneous use of cardiotoxic 
chemotherapeutic drugs such as anthracyclines are seen in radiation-induced heart 
diseases [1, 4]. Symptoms of these diseases include pericardial and myocardial 
fibrosis, rhythm disorders, conduction abnormalities, atherosclerosis, and heart 
valve injuries. Although, cardiac issues do not manifest themselves until later in life 
in people, evidence of cardiac toxicity can be found after 10–15 years of follow-up 
[1, 77]. It has been stated in the literature that RT may have detrimental effects on 
several important tissues in the heart [68]. In studies, it has been explained that the 
basis of the mechanism of cardiac damage caused by RT is related to microvascular 
changes and inflammation that causes longer-term fibrotic changes [1, 68, 78].

Following are a few examples of in vivo models of radiation-induced cardiotoxic-
ity and protective agents based on the literature;

In the studies carried out so far, models have been created with different animals 
to create experimental animal models of cardiotoxicity. Some of these models are 
Male Albino rats [79, 80], Male Sprague-Dawley rats [63], Albino Wistar rats [81], 
male C57/BL6 mice [82].

Mezzaroma et al. used three-month-old C57BL/6J male mice in their study, and 
12 of them were irradiated with a single 20 Gray (Gy) dose of radiation therapy, 
while the other six underwent sham-irradiation. They found that when compared to 
sham non-irradiated mice, radiation therapy-treated mice exhibited a 2-fold higher 
rate of myocardial interstitial fibrosis after six months [83].

Using Mast cell-deficient rats (Ws/Ws) and mast cell–competent littermate 
controls (+/+), researchers exposed the rats for six months to 18 Gy localized single-
dose irradiation to investigate cardiac function. They found that mast cell–deficient 
rats had a higher upward/leftward shift in the left ventricular (LV) diastolic 
pressure-volume relationship, a decrease in vivo LV diastolic area, and a greater rise 
in the thickness of the LV posterior wall [84].

Dreyfuss et al. in their study aimed to develop a new mouse model to investigate 
the pathophysiological mechanism of RT-induced cardiotoxicity and to detect 
clinically targetable biomarkers of cardiac damage. They used 9–11 weeks of female 
C57BL/6 mice to form the model. Single radiation doses of 20, 40 or 60 Gy were 
given to the selected mice, with or without the adjacent lung tissue, using conformal 
radiation therapy to the cardiac apex. When the results were analyzed, perivascular 
fibrosis was seen 8 and 24 weeks after RT. The developed model can be utilized 
to incorporate radiomic and biochemical markers of cardiotoxicity to guide early 
treatment intervention and human translation studies [85].
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In another study, Ibrahim et al. aimed to detect cardiac magnetic resonance 
(CMR) imaging markers of early RT-induced cardiac dysfunction. In the study, 
the effect of CMR on global and regional cardiac function and myocardial T1/T2 
values at 2-time points after RT with the use of CMR in a localized cardiac RT rat 
model was investigated. Rats that received 24 Gy radiation, whole-heart radiation 
were compared to sham-treated rats. They concluded that MRI regional myocardial 
strain is sensitive imaging diagnostic for detecting RT-induced subclinical cardiac 
damage before global cardiac function was compromised [86].

4. Ischemic cardiomyopathy

Ischemia is another of the most typical cardiotoxic effects [87]. This term comes 
from the Greek language (isch means restriction and haema means blood) and 
refers to a situation where there is an imbalance between the demand for blood 
and the supply in the tissue [88]. Cardiomyocytes, unlike other tissue cells, do not 
store energy in the form of glycogen, hence the relationship between myocardial 
oxygen use and the amount of oxygen given to the myocardial cells is extremely 
delicate. Cardiovascular problems are further increased by myocardial ischemia 
[89]. Stress, aging, alcohol consumption, and poor nutrition are all risk factors [90]. 
5-fluorouracil (5-FU), cisplatin, and capecitabine are the most common chemo-
therapeutic agents that cause cardiac ischemia as a cardiotoxic side effect [88, 91, 
92]. Isoproterenol (ISP) is another drug that is commonly used to treat bradycardia 
and heart block, but it can cause myocardial ischemia [92]. 5-FU is a common anti-
cancer drug that can cause cardiotoxicity and is related to myocardial ischemia. In 
this case, the potential mechanism that occurs in myocardial ischemia is indirectly 
induced coronary vasospasm. Coronary vasospasm may be caused by the synthesis 
of vasoactive compounds, intimal hyperplasia which results in hyperactive coro-
nary arteries, or it can be myocardial cell damage that occurs as an autoimmune 
reaction in individuals who are susceptible to 5-FU. Eskilsson et al. investigated 
verapamil to see if it could protect against 5-FU-induced cardiac ischemia, but 
the results were not significant [88]. Capecitabine, another agent that is used in 
chemotherapy, is the oral prodrug of 5-FU. In other words, it is the inactive form of 
5-FU, which is activated by thymidine phosphorylase in tumor cells. It is used for its 
advantages compared to 5-FU. However, capecitabine cardiotoxicity is also known 
to be reported in the literature [92]. In a case of cardiac ischemia associated with 
capecitabine-induced cardiotoxicity, acute onset of severe anterior chest pain is 
observed. The development of chest pain and ischemic changes on ECG is no more 
observed after capecitabine is ceased [93].

Isoproterenol (ISP) is a medication used to treat conditions such as brady-
cardia, Torsades de pointes (TdP), and heart block. However, ISP also generates 
free radicals, which cause oxidative stress. Underlying molecular mechanisms in 
ISP-induced cardiotoxicity include oxidative stress, the renin-angiotensin system 
(RAS), apoptosis, and DNA damage. All of these causes cell death and, as a result, 
cardiac injury, including ischemia [90].

Cisplatin is an antineoplastic drug based on platinum. It is used to treat 
tumors of the lung, ovary, sarcoma, and lymphoma. The most common cardio-
toxic complications caused by cisplatin are thromboembolic events, including 
myocardial ischemia and infarction [94]. Depolarization of the mitochondrial 
membrane due to structural abnormalities is one of the mechanisms involved 
in cisplatin-induced myocardial dysfunction. Furthermore, the endoplasmic 
reticulum stress response is activated, and apoptosis and caspase-3 activity are 
increased in cardiomyocytes [95].
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Arsenic trioxide (As2O3) is an anticancer agent used in patients with acute 
promyelocytic leukemia. Arsenic is a chemical element that can be consumed or 
absorbed through the environment, such as through water and air. Arsenic-related 
cardiopathological consequences include heart failure and arrhythmia. Caspase 
activation, mitochondrial disruption, and the pk53 and MAPK signaling pathways 
all contribute to apoptosis in arsenic cardiotoxicity [96].

Following are a few examples of in vivo models of ischemic cardiomyopathy and 
protective agents based on the literature;

Paclitaxel, a taxoloid drug, is a cardiotoxicity-inducing drug that causes isch-
emia, with mechanisms including oxidative stress and apoptosis [97]. Studies on 
mice have shown that l-glutamine protects against the cardiotoxicity of the antican-
cer drug cantharidin, which is similar to ischemia in its mechanism of action [98]. 
ISP is used in protective drug research to create acute or progressive cardiotoxicity 
in animal models. Curcumin, quercetin, coriander, Momordica, and Withania som-
nifera are plant-based agents that have been shown to reduce myocardial ischemia 
in ISP models [90]. The extract of the Spondias mombin plant was used as a treat-
ment in an ISP model on rats. The findings strongly imply that the plant could be 
used as a cardioprotective treatment. Spondias mombin improves the contractility 
of the ISP model rat hearts, which are unable to pump blood due to ischemia [99]. 
Another ISP model investigation was conducted by Jain et al., and ferulic acid was 
found to be a cardioprotective agent for ISP-induced cardiotoxicity [100]. Pituitrin, 
like ISP, induces myocardial ischemia. Another rat model for cardiotoxicity is being 
investigated, and a flavonoid named latifolin derived from Lignum dalbergiae 
odoriferae was shown to protect against acute myocardial ischemia induced by 
pituitrin and ISP [101]. Zhang et al. investigated latifolin’s cardioprotective effects 
on doxorubicin-induced cardiotoxicity. They determined that latifolin protects 
against the cardiotoxic effects of doxorubicin [102].

5. Diabetic cardiomyopathy

Diabetes mellitus (DM) is a heterogeneous metabolic disease characterized by 
chronic hyperglycemia resulting from defects in insulin action, insulin secretion, or 
both. Although, some of the patients die from acute metabolic complications such as 
ketoacidosis, hyperosmolar hyperglycemic state, and hypoglycemia, the main prob-
lem is the increased morbidity and mortality resulting from long-term complications 
of diabetes. Morbidity and mortality are related to decreased life expectancy and 
decreased quality of life due to diabetes-related complications [103]. The main cause 
of morbidity and mortality in diabetic patients is cardiovascular complications [104].

40% of DM patients have heart failure and cardiotoxicity. The increase in the 
incidence of these conditions is because insulin resistance is a risk factor [105]. 
Insulin desensitization greatly diminishes the important effects of insulin on heart 
tissue. It is expressed on many cell surfaces, including cardiomyocytes, where 
insulin receptor, ligand binding, and insulin receptor substrates (IRS) 1 and 2 are 
taken up. In addition to IRS1 and IRS2, regulation of the PI3K/Akt pathway is also 
important in the ERK and MAP kinase cascade. They provide control of metabolism 
and cell survival. One of the Akt isoforms, AKT1 is involved in the survival of 
cardiomyocytes; AKT2 is required for the modulation of genes involved in cardiac 
metabolism. AKT2 promotes glucose uptake through mobilization and fusion of 
GLU4-containing vesicles to the plasma membrane. Short-term activation of AKT 
shows cardioprotective effects, can increase glycolysis, and decrease oxidative phos-
phorylation. The long-term activity of AKT1 in the adult heart is associated with 
a higher risk of cardiac complications and reduced mitochondrial function [106]. 
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Following insulin stimulation, AKT1 phosphorylates and blocks FOXO1 nuclear 
translocation, inhibiting the expression of proapoptotic proteins belonging to the 
Bcl-2 family. FOXO1 has emerged as one of the key players in chronic metabolic 
diseases, promoting hyperglycemia and glucose intolerance [107]. In physiological 
conditions, pro-survival stimuli were induced by insulin-suppressing FOXO1 activ-
ity via the PI3K/AKT1 pathway. Following stress stimuli, FOXO1 translocates in the 
nucleus and causes negative feedback on the insulin pathway via a JNK-dependent 
mechanism that greatly reduces IRS-1 activity [108].

The heart of healthy people without DM obtains 60–90% of its energy from free 
fatty acids (FFA) oxidation and the rest from lactate and glucose [109]. In patients with 
DM, glucose uptake is greatly reduced, FFA uptake is increased, and the metabolic 
balance shifts to lipid oxidation. Increased FFA oxidation is complicated by lipotoxic-
ity and high levels of triglyceride synthesis causing myocyte apoptosis. Additionally, 
in the diabetic heart, increased lipid oxidation increases mitochondrial dissociation 
and oxidative stress, which can lead to decreased myocardial energy production and 
myocardial contractile dysfunction [110]. Hyperglycemia is an important component 
in diabetes-associated cardiotoxicity because glucotoxicity leads to cardiac dysfunction 
by inducing oxidative stress and producing enhanced glycation end products. In addi-
tion, hyperglycemia may activate the renin-angiotensin-aldosterone system (RAAS) 
and cause an increase in cell necrosis and fibrosis [111]. Another important component 
is the inflammation that occurs in diabetes. Expression of inflammatory cytokines 
such as tissue necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) is increased 
in the myocardium associated with myocardial contractile dysfunction [112]. In a 
study by Stentz et al., it was reported that acute hyperglycemic crises such as diabetic 
ketoacidosis (DKA) and hyperosmolar hyperglycemic syndrome (HHS) are associated 
with the inflammatory state and independently cause changes in proinflammatory 
cytokines, oxidative stress, and cardiovascular markers [113].

Increased leukocytes in the myocardium also contribute to the relationship between 
diabetes and cardiotoxicity. Pathological stresses such as hyperglycemia, hyperlipid-
emia, high RAAS, and advanced glycation end products (AGEs) stimulate the secretion 
of proinflammatory molecules, adhesion molecules, and danger-associated molecular 
patterns (DAMPs) from leukocytes. In addition, these triggers induce ROS-mediated 
endothelial dysfunction, which also causes cardiac remodeling. Secreted proinflam-
matory cytokines bind to receptors such as TLR4-MyD88 complex, the receptor for 
AGEs (RAGE), and IL-1R and initiate intracellular signaling pathways. These pathways 
activate NF-kB, resulting in transcriptional upregulation of inflammatory cytokines 
and NLRP3 inflammasome. NF-kB activation and increased oxidative stress mature 
IL-1B and IL-18 with induction of pyroptosis. At the same time, stressed and damaged 
cardiomyocytes contribute to inflammatory cascades by releasing pro-inflammatory 
cytokines and DAMPs. The chronic inflammatory cytokine-induced intracellular 
response causes pathological cardiac remodeling and cardiac dysfunction [114].

In summary, it involves complex and multifactorial mechanisms such as hyper-
glycemia, hyperinsulinemia, insulin resistance, increased free fatty acids, microvas-
cular damage and inflammatory cytokines, changes cellular metabolic pathways in 
cardiomyocytes and contributes to cardiotoxicity by impairing heart function.

Following are a few examples of in vivo models of diabetic cardiomyopathy and 
protective agents based on the literature;

Rodent models of type 1 and type 2 diabetes share many features with human 
diabetic cardiomyopathy and have greatly advanced our understanding of the 
underlying pathology of diabetic cardiomyopathy. Each model has certain limita-
tions, and there is no perfect model that fully phenotypes the human condition. 
Genetic heterogeneity and lifestyle differences among people make it difficult to 
produce a suitable model. Some studies with these models are given below.
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In one study, empagliflozin treatment was applied to investigate the cardiac meta-
bolic profile of Zucker diabetic fatty rats, which is an early-stage DMT2 model. This 
treatment activated the cardioprotective master regulator of cellular energy homeo-
stasis, AMP-activated protein kinase, and decreased IL-6 and cardiac mRNA levels 
while increasing autophagy at the cardiac level. In addition, it reduced cardiac levels 
of the essential glucose mediators 2,3-bisphosphoglycerate and phosphoenolpyru-
vate, and regulated several amino acids important in the metabolic control of cardiac 
function, such as glutamic acid. Therefore, it has been proven that empagliflozin has 
a protective effect on the development of cardiometabolic diseases associated with 
cardiac bioenergetic dysregulation and cardiac lipidoma dysregulation [115].

In a study at the ERBAS Institute of Experimental Medicine, 12 rats were used 
to create a diabetic model after receiving an i.p injection of streptozocin. Rats 
were randomly assigned to one of two groups: the diabetes group, received 1 mL/
kg saline, and the second one received 160 g/kg/day i.p oxytocin for 28 days. They 
found that oxytocin treatment reduced cardiac myocyte thicknesses significantly 
over a 4-week period. Besides, as plasma TGF-β levels increased in diabetic rats, 
oxytocin application significantly decreased plasma TGF-β levels [116].

In another study, rats with and without diabetes were used as models. The hearts 
of those predisposed to diabetes exhibited depressed contractility and ventricular 
relaxation at high filling pressures, and abnormalities in the contractile perfor-
mance of these hearts were observed [117].

Diabetic patients suffer from dual stress on the heart: (1) diabetic cardiomyopa-
thy caused by hyperglycemia and (2) cardiotoxicity caused by anti-diabetic drugs. 
The following drugs are used as a solution to cardiotoxicity [118].

Metformin (Met) is an oral biguanide antihyperglycemic drug commonly used in 
the treatment of type 2 diabetes. It activates AMPK and induces cardiac autophagy 
through the AMPK signaling pathway and improves cardiac functions. In other words, 
metformin activates AMP-activated protein kinases that play an important role in 
insulin signaling and fat and glucose metabolism [119]. Kobashigawa and colleagues 
demonstrated that the cardioprotective effect of metformin against DOX-induced 
toxicity is mediated through the upregulation of AMPK and its downstream target 
molecules [120]. However, treatment with high doses of metformin induces the same 
change in the AMPK pathway, but its protective effect is lost. The authors suggested 
that this may be due to the downregulation of the platelet-derived growth factor 
receptor. Moreover, silencing of adiponectin receptors suppressed AMPK activation 
and cell viability in metformin and DOX-treated cells [121]. In another study, metfor-
min was able to activate AMPK, restore autophagy, and improve heart function [122].

Another drug, Pio, is hyperglycemic drug; it is FDA (Food and Drug 
Administration) approved and does not show liver toxicity, but cardiotoxicity. It 
stimulates the peroxisome proliferator-activated receptor (PPAR) γ, which controls 
the storage of fatty acids and glucose metabolism [123].

One study shows that curcumin has the potential to reverse cardiotoxicity caused 
by the anti-diabetic drugs Pio and Met. It confirms the generation of ROS in cardio-
myoblasts upon treatment with anti-diabetic drugs that Pio is more toxic than Met. 
Curcumin significantly reduced the oxidative stress caused by anti-diabetic drugs 
and strengthened the built-in oxidative machinery. It also reduces mitochondrial 
changes and thus reduces apoptotic cell death of cardiomyoblasts in vitro [118].

6. Antipsychotic drug-induced cardiotoxicity

Antipsychotic drugs have been used to treat psychosis caused by a vari-
ety of disorders such as bipolar disorder, delirium, paranoia, schizophrenia, 
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substance-induced psychosis, Tourette’s syndrome, dementia, Huntington’s disease, 
multiple sclerosis, and parkinsonism. They come in a variety of forms and affect 
dopamine, serotonin, and other receptors as well as physiological systems. This 
can cause a wide range of negative effects, such as palpitations, akathisia, dystonia, 
tardive dyskinesia, orthostatic hypotension, tachycardia, arrhythmias, and heart 
failure [124]. Antipsychotics are grouped into two types: first-generation (typical, 
conventional or neuroleptics) antipsychotics (FGAs) such as butyrophenones, 
chlorpromazine, haloperidol, phenothiazines, thioridazine, and thiothixene, and 
second-generation (atypical) antipsychotics (SGAs) such as aripiprazole, asenap-
ine, brexpiprazole, clozapine, iloperidone, lurasidone, olanzapine, paliperidon, 
quetiapine, risperidone, ziprasidone. They can have a variety of effects on car-
diovascular function, including direct effects such as blocking cardiac muscarinic 
receptors, blocking 1-adrenoceptors, blocking sodium, potassium, and calcium 
channels, and blocking calmodulin, causing QT prolongation as well as indirect 
effects such as blocking 2-adrenoceptors in the central nervous system (CNS). 
Antipsychotic drug-induced toxic cardiomyopathy has also frequently been linked 
to myocardial infarction [125, 126].

Clozapine, the only drug approved for resistant schizophrenia, comes with a 
warning for an increased risk of fatal myocarditis [124, 127].

Cyclic antidepressants, such as tricyclic and tetracyclic forms, were among 
the first antidepressants to be developed. TCAs (tricyclic antidepressants) inhibit 
norepinephrine and serotonin reuptake, leading to an overproduction of these 
neurotransmitters in the presynaptic cleft [128]. They also inhibit postsynaptic 
histamine, alpha-1 adrenergic, and muscarinic-acetylcholine receptors [129]. 
These tricyclic antidepressants were approved by the FDA for the treatment of 
depression and anxiety disorders: amitriptyline, amoxapine, desipramine, doxepin, 
Imipramine, nortriptyline, protriptyline, and trimipramine [130].

Most mortality from arrhythmias, hypotension, QTc prolongation, myocardial 
depression, and ventricular fibrillation is caused by cardiac toxicity, which is the 
most common side effect of TCAs. TCAs lengthen the cardiac action potential by 
inhibiting cardiac sodium channels and slowing phase 0 depolarization [131].

Amitriptyline (AMT) intoxication is the third most prevalent cause of mortality 
among prescription medication-related toxicities, after sedative-hypnotic drugs 
and analgesic drugs [132].

Following are a few examples of in vivo models of antipsychotic drug-induced 
cardiotoxicity and protective agents based on the literature;

In a study conducted at the ERBAS Institute of Experimental Medicine, they 
investigated and compared the electrophysiological, immunohistochemical, and 
biochemical effects of metoprolol, lipid emulsion, and MgSO4 on AMT-induced 
cardiotoxicity. Thirty male Sprague-Dawley rats were used in the study. Five groups 
were given the following treatments: saline intraperitoneally (i.p.); AMT 100 mg/kg 
per os (p.o.) and saline i.p.; AMT 100 mg/kg p.o. and 5 mg/kg metoprolol i.p.; AMT 
100 mg/kg p.o. and 20 ml/kg lipid emulsion. As a result of the study, the QT intervals 
were significantly prolonged in the AMT + saline group than in the other groups. 
The QT interval was significantly reduced in all the other groups when compared 
to the AMT + saline group. They reported that AMT has severe cardiotoxic effects 
and manifests with ECG abnormalities such as prolongation of QTc duration, which 
is crucial in cardiotoxicity. The study’s findings also demonstrated that MgSO4 was 
more potent than other treatments in AMT-toxic rats in terms of shortness of QTc 
prolongation and immunohistochemical/biochemical effects [133].

In their research, Erbas and his colleague examined the impact of metoprolol 
and diltiazem on ziprasidone-induced QTc prolongation. For the experiment, 24 
rats were divided equally into four groups: I, control, II, 3 mg/kg ziprasidone and 



Risk Factors for Cardiovascular Disease

198

saline, III, 3 mg/kg ziprasidone and 1 mg/kg metoprolol, IV, and 3 mg/kg ziprasi-
done and 2 mg/kg diltiazem. As a result, they observed that rats treated solely with 
antipsychotic drugs developed ECG abnormalities. When the QTc intervals of the 
four groups were compared, the QTc of the second group (ziprasidone + saline) 
was significantly prolonged than that of the control group. Moreover, in the study, 
metoprolol and diltiazem were found to have a beneficial effect on a prolonged QT 
interval [134].

A study on clozapine-induced cardiotoxicity was conducted using young male 
Wistar rats that were given clozapine (10, 15, and 25 mg/kg/day, i.p.) for 21 days. 
Clozapine, particularly at relatively high doses, was found to have a clear cardiotoxic 
effect after haemodynamic and echocardiographic studies were performed to assess 
cardiac functions. An increase in the serum activity of CK-MB (creatine kinase-
myocardial band) and LDH (lactate dehydrogenase), two markers of cardiotoxicity, 
supported these findings [135].

7. Transgenic methods in cardiotoxicity research

Cardiotoxicity develops later as a result of stress, chronic diseases, cancer 
therapies, and immunotherapies in general, but it can occur in vivo and in vitro 
if the necessary genetic facilities are available. Mimicking proteomic and genetic 
disorders, in particular, can cause cardiomyopathies, cardiac transmission prob-
lems, and a variety of heart diseases. These models are created using a variety of 
transgenic methods. The method to be used in a study also varies depending on the 
pathophysiological mechanisms being studied.

The main methods for creating transgenic models are TALEN (transcription 
activation-like effector nucleases), CRISPR/Cas9 (clustered regularly interspaced 
short palindromic repeats/CRISPR associated protein 9), sleeping beauty, piggyBac 
(PB), pronuclear microinjection (PMI), viral transgenesis, RNAi (RNA interfer-
ence), and hiPSC (human induced pluripotent stem cells). Numerous studies are 
currently being conducted in which these methods are being used not only to create 
pathological models, but also to develop new treatment methods.

Following are a few examples of in vivo models of transgenic methods based on 
the literature;

Genetically modified cell lines are frequently used due to their ease of main-
tenance and manipulation. Unfortunately, cell culture results do not always accu-
rately reflect human physiology.

hPSCs (human pluripotent stem cells) can be genetically reprogrammed and 
converted into iPSCs (induced pluripotent stem cells), which can then be used for 
functional analysis in a variety of studies. Isogenic hPSC lines derived from ZFNs 
(zinc-finger nucleases), TALENs, or CRISPR/Cas9 add to our understanding of a 
variety of cardiovascular diseases, particularly cardiomyopathies and electrophysi-
ological disorders [136].

Disease models can be created in a matter of weeks using current gene-editing 
methods, including knock-in, knock-out or mutation of certain genes in experi-
mental animals, such as rats. CRISPR/Cas9 systems have recently been used to edit 
DNA more efficiently based on direct injection of genome editing machines into 
single-celled mouse embryos. Various cardiovascular diseases have been studied 
in mammalian models, including but not limited to rats, rabbits, and pigs, to date. 
Even in zebrafish models alone, various cardiac development, cardiac regeneration, 
vascular development, and hereditary cardiomyopathy were studied. In addition to 
single-cell embryo studies, it has been demonstrated that somatic in vivo genome 
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editing studies in adult animals using CRISPR/Cas9 delivery via viral vectors and 
lipid nanoparticles are possible. Adenovirus and adeno-associated viruses (AAVs) 
are viral vectors that can be used to efficiently present genetic material in adult 
animals [136].

Several transgenic models of inherited arrhythmias have been described. 
Long-QT syndrome (LQTS-1/2/3/8/15), Atrial fibrillation (AF), Brugada 
Syndrome, and Catecholaminergic polymorphic ventricular tachycardia (CPVT) 
are just a few of the inherited arrhythmias that have been created using the 
hPSC [137].

LQTS: Ion channel genes KCNQ1 and KCNH2 with dominant-negative muta-
tions that cause LQTS Type 1 and 2, respectively, were successfully integrated into 
the AAVS1 locus, which is considered a safe haven using ZFN technology and cre-
ated an LQTS model in a study on iPSC-CMs (iPSC-Cardiomyocytes). The potential 
duration of action in regulated iPSC-CMs was significantly longer than in control 
cells that were not regulated as characteristic phenotypes of the long-QT syndrome, 
according to patch-clamp results [138].

Dermal fibroblasts from two people in a family with LQTS-1 and two healthy 
people were infected with retroviral vectors encoding the human transcription fac-
tors OCT3/4, SOX2, KLF4, and c-MYC and converted into hPSCs in another study 
[139]. Another research examined the therapeutic potential of new IKs activators in 
LQTS using dermal fibroblasts differentiated into hPSCs [140].

To create the LQT15 model, an electrophysiological study mimicked mutations 
in CALM2 from the CALM1, CALM2, and CALM3 genes that encode Calmodulin, a 
Ca2+ sensor on hPSC [141].

Transgenic models are also frequently used in studies on other types of Long QT 
Syndrome [142–147].

Brugada Syndrome: a large class of arrhythmias caused by a mutation in SCN5A 
(sodium voltage-gated channel alpha subunit 5), a cardiac sodium channel gene. 
Brugada Syndrome, Bradycardia, Atrioventricular (AV) Blocks, and Ventricular 
Fibrillation are few examples (VF).

A scn5a+/− (heterozygous knock-out) transgenic rat model was created for 
therapeutic evaluation, and the Brugada Syndrome phenotype was mimicked in a 
study [148]. The models created in a study targeting the SCN5A gene demonstrate 
cardiac conduction slowdowns and ventricular tachycardia (VT) [149].

In an in vitro study, dermal fibroblasts from two patients with Brugada 
Syndrome and two healthy individuals were differentiated to iPSC-CMs using 
Sendai virus (SeV) [150].

CPVT: The mutation in the RYR2 gene, which encodes the cardiac ryanodine 
receptor and is associated with CPVT cases, is modeled on hiPSCs differentiated 
from dermal fibroblasts via retrovirus [151].

The main cardiomyopathies investigated by developing transgenic models are 
dilate cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), and restric-
tive cardiomyopathy (RCM).

Dilate cardiomyopathy: A study focused on striated muscle alpha-tropomyosin 
(α-TM), an essential thin filament protein involved in the pathogenesis of both 
dilate and hypertrophic cardiomyopathy. The Glu54Lys mutation, one of two 
prominent mutations in this protein (Glu40Lys and Glu54Lys), was expressed in 
transgenic rats. In echocardiography examinations, the successful dilate cardiomy-
opathy phenotype was observed [152].

In an iPSC-based study, an iPSC-CMs model was created from dermal fibro-
blasts from patients in a DCM family with a spot mutation (R173W) on the gene 
encoding cardiac troponin T (cTnT), a sarcomric protein [153].
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In a study targeting Leiomodin proteins, which play a vital role in muscle thin 
filament length, the Lmod2 mutation was modeled in rats using the piggyBac 
transposon. It has been demonstrated that these rats with ventricular arrhythmias 
and increased postnatal mortality have a typical DCM phenotype [154].

In a recent study, a knock-in mouse model was created in which endogenous 
genes were altered to include the deletion of three base pairs encoded in cardiac 
troponin T for K210 in dilate cardiomyopathy patients [155].

In a study focusing on the titin protein, preserved blood samples from three 
DCM patients with the dominant TTN mutation were reprogrammed, and high-
quality iPSC clones were expanded, differentiated, and enriched by metabolic selec-
tion to create a culture with >% iPSC-CMs. To analyze the effects of titin mutation 
on sarcoma structure, the iPSC-CMs method was created [156].

Hypertrophic cardiomyopathy: A transgenic hypertrophic cardiomyopa-
thy model based on the erasure of 468–527 amino acids, which is bridged by 
the addition of a point mutation (G1445A) and 9 nonmyosin amino acids 
(SerSerLeuProHisLeuLysLeu) resulting in Arg403Gln, was created in a study 
targeting two mutations in the myosin heavy chain gene. Transgenic sequences were 
shown to be extracted from prokaryotic vector sequences, purified on agarose gels, 
and injected into the pronuclei of fertilized rat eggs [157].

In a comparative study, two different mutations (R92Q and E163R) in the 
TNNT2 gene, which encodes cardiac troponin T, were used. Echocardiography 
showed left ventricular hypertrophy, increased contractility, and diastolic dys-
function in both models. These phenotypes, however, were found to be more 
pronounced in R92Q mice [158]. HCM rat models with these two mutations had 
previously been described [159, 160].

In a study on the actin protein, the molecular mechanisms of apical hypertro-
phic changes were tried to be clarified in rat models created by a mutation (E99K) in 
the cardiac actin gene (ACTC). The phenotypic investigation of the created models 
was carried out using echocardiography, electrocardiography, magnetic resonance 
imaging, and a conductance catheter [161].

In a study examining the central role of calcium-related disorders in the disease 
pathogenesis in HCM, the iPSC-CMs model was created using fibroblasts derived 
from HCM patients with the Arg663His mutation in the MYH7 gene, which encodes 
the heavy chain of myosin [162].

A recent study used transgenic mouse models with the cardiac troponin-I muta-
tion (cTnIGly146) to try to demonstrate that the exosomally derived Y-RNA fragment 
could regress the HCM clinic [163].

Restrictive cardiomyopathy: Mogensen and colleagues first described six differ-
ent TnI C-terminal mutations linked to restrictive cardiomyopathy (L144Q, R145W, 
A171T, K178E, D190G, and R192H) in 2003 [164, 165].

In a study in RCM examining troponin mutations, transgenic rat models were 
explained by focusing on cTnI193His (R193H) and R145W mutations [165].

Numerous transgenic methods from the past to the present have developed in 
vivo and in vitro models that are commonly utilized to describe the pathophysiol-
ogy of the disease. Aside from these studies, which look at the phenotypic mani-
festations of disease molecular mechanisms, the fact that transgenic approaches 
give hope for the treatment of numerous diseases has sparked a lot of research. 
Transgenic methods have therapeutic potential, particularly for cardiotoxic condi-
tions induced by proteomic and genetic disorders that cannot be treated with drugs.

Besides these, R14del mutation in the phospholamban gene (PLN) is another 
important cause of cardiomyopathy development. Correcting this mutation on 
induced cardiomyocytes (iCMs) using the TALEN vector method resulted in 
improved Ca2+ handling, hypertrophic phenotype regression, and homogeneous 



201

Experimental Model of Cardiotoxicity
DOI: http://dx.doi.org/10.5772/intechopen.101401

reticular distribution of phospholamban [166]. In another study using 3D human 
engineering heart tissue technology, the PLN R14del mutation disrupts cardiac 
contractility; however, the contractile function is restored in this model with 
TALEN-mediated genetic correction [167].

A study of the human embryo revealed that the heterozygous MYBPC3 mutation 
associated with HCM is corrected by an endogenous, germline-specific DNA repair 
response using the homology-directed repair (HDR) with CRISPR/Cas9, an up-to-
date genome editing method [168].

Long QT syndrome is caused by three major mutations: KCNQ1 (LQT1), 
KCNH2 (LQT2), and SCN5A (LQT3) [169]. These mutations disrupt potassium 
flow or prolong inward storage flows, prolonging the potential duration of cardiac 
action and reducing repolarization reserve. According to a study that modeled the 
E637K mutation in KCNH2, potassium currents were also corrected to relatively 
close levels after transfection with an optimized siRNA targeted against the mutant 
potassium channel [170].

A study of CASQ2 knockout rat models reported that exogenous CASQ2 expres-
sion, provided via intraperitoneal adeno-associated virus serotype 9 (AAV9) vector, 
improves CPVT phenotype by correcting arrhythmogenic phenotype and ultra-
structural abnormalities [171].

In addition to these models, studies on the therapeutic potentials of transgenic 
studies for heart failure (HF) have been conducted. An earlier study revealed that 
overexpression of SERCA2a in cells isolated from HF patients improved myocyte 
contractile function [172]. Furthermore, genetic therapies for Duchenne muscu-
lar dystrophy (DMD), which causes HF with cardiomyopathy, were emphasized. 
Previous research tried to improve dystrophin mutations using transgenic meth-
ods such as ZFN, TALEN, and meganucleases [173–177]. Even more recently, 
the CRISPR/Cas9 method was used with AAV to treat mice with dystrophin 
deficiency induced by a spontaneous mutation in the dystrophin gene [178]. The 
aim was to remove exon 23 from the dystrophin gene, provide partial functional 
dystrophin expression in skeletal myofibers and heart muscle, and increase 
muscle strength [179–181].

8. Conclusion

Cardiomyopathy is a serious disease in which the heart muscle becomes 
inflamed and does not work as well as it should. Although, that drug administra-
tion and radiation therapy for the disease have a higher positive response, the 
number of patients experiencing early and late cardiac side effects is growing. 
There are dozens of diseases related to cardiotoxicity described in the literature, 
each with dozens of distinct proteomic/genetic mechanisms. The difficulty in mod-
eling and treating diseases stems from the fact that disease mechanisms emerge 
from a variety of causes that interact with one another in a complex structure. 
New therapeutic agents, advanced genetic editing technologies and the effective 
revelation of molecular mechanisms every day, however, are a beacon of hope for 
humanity to overcome these diseases.
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