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Abstract: Aim: To evaluate the association of alcohol and smoking combined with cardiovascular
and renal events and investigate whether moderate and heavy alcohol consumption have a different
impact on this association. Methods: The study was conducted in 1208 young-to-middle-age stage
1 hypertensive patients. Subjects were classified into three categories of cigarette smoking and
alcohol use, and the risk of adverse outcomes was assessed over a 17.4-year follow-up. Results: In
multivariable Cox models, smoking showed a different prognostic impact on alcohol drinkers and
abstainers. In the former, an increase in the risk of cardiovascular and renal events was observed
compared to nonsmokers (hazard ratio, 2.6, 95% CI, 1.5–4.3, p < 0.001), whereas in the latter, the risk
did not achieve the level of statistical significance (p = 0.27) with a significant interaction between
smoking and alcohol use (p < 0.001). Among the heavy smokers who also drank alcoholic beverages,
the hazard ratio from the fully adjusted model was 4.3 (95% CI, 2.3–8.0, p < 0.0001). In the subjects
with moderate alcohol consumption, the risk of smoking and alcohol combined was similar to that
found in the whole population (hazard ratio, 2.7; 95% CI, 1.5–3.9, p < 0.001). Among the subjects
with heavy alcohol consumption, the hazard ratio was 3.4 (95% CI, 1.3–8.6, p = 0.011). Conclusion:
These findings indicate that the detrimental cardiovascular effects of smoking can be worsened by
concomitant alcohol use. This synergistic effect occurs not only for heavy alcohol consumption but
also for moderate use. Smokers should be aware of the increased risk associated with concomitant
alcohol consumption.

Keywords: alcohol; smoking; cardiovascular; risk; hypertension

1. Introduction

The unhealthy effects of smoking, including an increased risk for several types of
cancer, chronic obstructive pulmonary disease, coronary heart disease, and cardiovascular
disease in general, have been well documented since the publication of the seminal Fram-
ingham studies [1–4]. Tobacco use remains the leading cause of morbidity and mortality
in the United States [5] and is estimated to cause approximately 8 million deaths per year
throughout the world [6]. Conversely, quitting smoking is associated with a significant
reduction in the risk of coronary heart disease and stroke [7].

Alcohol use has also been found to increase the risk of developing serious diseases,
including cancer, liver cirrhosis, hypertension, and hemorrhagic stroke [8,9]. However, the
relationship between alcohol intake and cardiovascular disease is controversial because
the results of the literature have been inconsistent. Although epidemiological studies have
shown that excessive drinking is harmful to humans, evidence shows that mild-to-moderate
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alcohol consumption may even reduce cardiovascular risk [10–14]. Indeed, meta-analysis
studies have advocated the health benefit of light to moderate alcohol consumption related
to cardiovascular disease [15,16].

Epidemiological data suggest that smokers are at a higher risk of greater alcohol use
patterns, including greater consumption and higher binge-like alcohol use [17,18]. Indeed,
daily smokers have been shown to be more likely to meet the criteria for hazardous drinking
and other alcohol-related diagnoses [19,20]. A body of evidence indicates that the detrimen-
tal effects seen with the singular abuse of smoking or alcohol use also increase substantially
as a result of their co-use [21]. A strong synergistic effect between smoking and alcohol has
been found in the induction of several types of cancer [22,23]. The ominous multiplicative
consequences of concurrent use extend to other clinical conditions, such as liver cirrhosis,
pancreatitis, and psychiatric co-morbidity [24–26]. Recent research has also documented a
significant increase in hypertension risk due to tobacco–alcohol interaction [27,28].

However, little is known about the combined effect of alcohol and smoking on car-
diovascular events, especially in young individuals, despite emerging concerns about
the cardiovascular health of this segment of the population. Recent data indicate that
treatment and control of major risk factors for cardiovascular disease among young adults
are far from optimal and suggest that cardiovascular disease may now be increasing in this
population [29–31].

In a previous analysis of the HARVEST population, we observed an interactive effect
of alcohol and smoking on the risk of cardiovascular events in 18- to 45-year-old indi-
viduals [32]. The aim of the present analysis was to evaluate the association of alcohol
and smoking combined with cardiovascular and renal events over a longer follow-up and
investigate whether moderate and heavy alcohol consumption have a different impact on
this association.

2. Methods

2.1. Subjects

The HARVEST is a multicenter prospective observational study conducted in 17
hypertension units in Italy that began on 1 April 1990 [33–35]. The study participants are
18- to 45-year-old never-treated patients screened for stage 1 hypertension (systolic blood
pressure (BP) ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg). Subjects with diabetes,
nephropathy, cardiovascular disease, neoplastic diseases, and any other serious clinical
condition were excluded [33–35]. Consecutive patients with the above-mentioned clinical
characteristics were eligible for recruitment and were sent to the referral centers by their
general practitioners. Participants were recruited for five years after the beginning of the
study. A total of 1208 participants who had at least 6 months of follow-up were included
in this analysis. Patient data and blood and urine samples were periodically sent to the
coordinating center in Padova, Italy, where they were processed.

2.2. Data Collection

The questionnaire captured data pertaining to the participants’ demographics, per-
sonal and family health, medical history, and lifestyle habits, which included information
about smoking, alcohol intake, coffee consumption, and physical activity. Participants
were classified into three categories according to the daily number of cigarettes smoked:
nonsmokers, 1–10 cigarettes/day, and >10 cigarettes/day. They were also divided into
three categories of alcohol use: 0 g/day, <50 g/day, and ≥50 g/day. Coffee consumption
was defined according to the number of caffeine-containing coffees drunk per day. For
the present analysis, participants were divided into two categories: coffee drinkers and
nondrinkers. Information on physical activity was collected using a previously published
classification [33,34]. A family history of cardiovascular disease was defined as stroke,
myocardial infarction, or sudden death before the age of 60 in a first-degree relative. More
details about the interview and lifestyle assessment have been reported elsewhere [32–35].
All subjects underwent physical examination, anthropometry, blood chemistry, and urine
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analysis. Body mass index (BMI) was considered as an index of adiposity (weight divided
by height squared). BP was measured in the office using the auscultatory method, and the
mean of six readings obtained during two visits performed 2 weeks apart was considered
as the baseline office BP. Twenty-four-hour ambulatory BP monitoring was performed
using the A&D TM-2420 model 7 (Tokyo, Japan) or the ICR Spacelabs 90207 (Redmond,
WA, USA). Measurements were taken every 10 min during the day (06.00–23.00 h) and
every 30 min during the night (23.00–06.00 h). The procedures followed were in accordance
with institutional guidelines, and the study was approved by the Ethics Committee of the
HARVEST and by the Department of Clinical and Experimental Medicine of the University
of Padova. Written informed consent was given by the participants.

2.3. Follow-up and Outcomes

During the follow-up, visits were scheduled every 6 months. Antihypertensive treat-
ment was started following the recommendations of international guidelines available at
the time of the visit (see Supplementary Materials). Then, treated and untreated subjects
continued to be checked at 6-month intervals. For survivors who were lost to follow-up,
the date of the last available visit was considered. Survival time was defined as the period
from the date of the first visit to the date of first adverse event. Detailed information on the
follow-up procedures has been reported elsewhere [32–35].

Cardiovascular events included fatal and nonfatal strokes, fatal and nonfatal ST-
elevated acute myocardial infarction, non ST-elevated acute coronary syndromes, any
myocardial revascularization procedure, heart failure needing hospitalization, any aortic
or lower limb revascularization procedure, and development of permanent atrial fibrilla-
tion. Renal events were defined as chronic kidney disease at stage 3 or higher (estimated
glomerular filtration rate < 60 mL/min/1.73 m2). We ascertained vital status and the
incidence of fatal and nonfatal events from medical records and interviews with attending
physicians and patients’ families.

2.4. Data Analysis

Quantitative variables were reported as mean ± SD unless specified. For follow-up
duration, the median and interquartile range (IQR) were calculated. Categorical variables
were reported as percentages and differences in the distribution were tested by χ2 test.
Differences in the distribution of continuous variables across groups were tested by AN-
COVA test adjusting for age and sex. Lifestyle factors were modeled as time-dependent
categorical variables in Cox proportional hazards regressions adjusting for age and sex.
Subsequently, coffee consumption (yes/no), physical activity (yes/no), parental history of
cardiovascular disease, BMI, total cholesterol, average 24 h systolic and diastolic BPs, and
incident hypertension needing antihypertensive treatment diagnosed during the follow-up
were also included. No violations to the proportional hazards assumption were detected by
inspection of survival curves. Hazard ratios and corresponding two-sided 95% confidence
intervals were derived from the regression coefficients in the Cox models. Tests for interac-
tion effects were conducted in multivariate regression analyses by adding the product of
smoking and alcohol in the models. A two-tailed probability value ≤0.05 was considered
significant. Analyses were performed using Systat version 12 (SPSS Inc., Evanston, IL,
USA) and MedCalc version 20.218 (MedCalc Software Ltd., Ostend, Belgium).

3. Results

Clinical characteristics of the subjects stratified by smoking and alcohol use are re-
ported in Table 1. Compared with nonsmokers who abstained from alcohol consumption,
participants who smoke and drank alcohol were slightly older, were more frequently male,
and had higher 24 h systolic BP.
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Table 1. Characteristics of the participants grouped according to smoking and alcohol use (yes/no).

Variable
Alcohol No

Smoking No
(N = 525)

Alcohol Yes
Smoking No

(N = 429)

Alcohol No
Smoking Yes

(N = 112)

Alcohol Yes
Smoking Yes

(N = 142)

Mean SD Mean SD Mean SD Mean SD p-Value

Age, years 30.8 8.8 35.4 * 7.7 32.4 8.0 34.8 * 7.9 <0.001
BMI, kg/m2 25.0 3.7 25.6 2.9 25.7 3.4 25.4 3.1 0.07

Office SBP, mmHg 145.9 10.7 145.6 10.0 144.5 10.7 144.5 11.2 0.37
Office DBP, mmHg 92.9 6.1 94.4 5.1 93.3 5.4 93.3 6.1 0.26

Heart rate, bpm 75.7 9.6 73.4 9.1 75.3 9.6 73.1 9.7 0.13
Cholesterol, mg/dL 193.4 36.7 201.2 39.0 197.2 38.2 200.2 39.9 0.92

24-h SBP, mmHg 130.3 10.9 131.2 10.2 131.4 12.5 133.8 † 10.6 0.014
24-h DBP, mmHg 81.7 8.2 81.8 8.0 81.3 8.4 82.3 8.1 0.60

Sex, male % 64.8 – 81.2 – 60.7 – 85.2 – <0.001
Coffee use, yes % 62.7 – 83.5 – 70.5 – 88.7 – <0.001

Physical activity, yes % 43.0 – 35.7 – 29.5 – 39.4 – 0.02
MACE, yes % 6.3 – 8.6 – 9.8 – 18.3 – <0.001

* p < 0.001 versus alcohol no/smoking no and † p < 0.01 versus alcohol no/smoking no, according to a Bonferroni-
corrected post hoc test. MACE indicates major adverse cardiovascular and renal events.

3.1. Relationship between Lifestyle Factors

Smokers were more frequently alcohol drinkers than nonsmokers. Alcohol consump-
tion was proportional to the number of cigarettes smoked per day (Figure 1). Coffee
consumption was more frequent in alcohol drinkers than nondrinkers and in smokers
than nonsmokers (Figure 2). The highest rate of coffee drinkers was found in the group of
smokers who also drank alcohol (Table 1). Nonsmokers who abstained from alcohol were
more physically active than the other three groups (Table 1).

Figure 1. Frequency of alcohol abstainers, moderate alcohol drinkers (<50 g/day), and heavy alcohol
drinkers (≥50 g/day) according to smoking category in 1208 participants from the HARVEST study.
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Figure 2. Frequency of coffee users (yes/no) according to alcohol and smoking category in 1208
participants from the HARVEST study.

3.2. Association with Cardiovascular and Renal Events

During a median follow-up of 17.4 (IQR 8.9–23.0) years, there were 108 adverse events
(8.9%). Of these, 96 were fatal and nonfatal cardiovascular events (7.9%), and 12 were renal
events (1.0%). The rate of total events was higher among the 879 men (N = 88; 10.0%) than
the 329 women (N = 20; 6.1%) (chi2 4.5; p = 0.033). The most common events were acute
coronary syndromes (n = 50; 4.1%), with 4.9% among men and 2.1% among women (chi2

4.6; p = 0.032).
The risk of cardiovascular and renal events from a multivariable Cox model including

age, gender, BMI, parental history for cardiovascular disease, coffee consumption (yes/no),
physical activity (yes/no), total cholesterol, mean 24 h systolic and diastolic BPs, and
incident hypertension in the subjects stratified by smoking and alcohol drinking is reported
in Figure 3. The risk was slightly higher in alcohol drinkers than abstainers but was
not statistically significant. Among the smokers, the risk was increased compared to
nonsmokers and was proportional to the number of cigarettes smoked per day (Figure 3).
However, smoking showed a different prognostic impact on alcohol drinkers and abstainers.
In the former, a clear increase in risk was observed compared to nonsmokers (hazard ratio,
2.6, 95% CI, 1.5–4.3, p < 0.001). In the latter, the risk did not achieve the level of statistical
significance (hazard ratio, 1.5; 95% CI, 0.7–3.0, p = 0.27) with a significant interaction
between smoking and alcohol use (p < 0.001) (Figure 4). Among the heavy smokers
(>10 cigarettes/day) who also drank alcoholic beverages, the hazard ratio from the fully
adjusted model was 4.3 (95% CI, 2.3–8.0, p < 0.0001).
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Figure 3. Hazard ratios (95% confidence intervals) for cardiovascular and renal events from multi-
variable Cox models in the HARVEST participants stratified by tobacco and alcohol categories.

Figure 4. Hazard ratios (95% confidence intervals) for cardiovascular and renal events from multi-
variable Cox models in the HARVEST participants stratified according to whether they were alcohol
drinkers or abstainers. Within each alcohol group, the hazard ratios represent the risk for smokers
versus nonsmokers.

The survival curves for the participants stratified according to smoking and alcohol
combined are reported in Figure 5. Taking the group of nonsmokers/nonalcohol drinkers
as the reference, a clear increase in the risk of adverse outcomes was observed in smokers
who drank alcoholic beverages. No increase in risk was observed for the group of alcohol
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drinkers who did not smoke. The inclusion of incident hypertension in the survival models
did not attenuate the synergistic effect of smoking and alcohol on the risk of events.

Figure 5. Adjusted survival curves from the Cox multivariable model for the HARVEST participants
stratified according to smoking (yes/no) and alcohol use (yes/no). Major adverse cardiovascular and
renal events were considered as the outcome variables.

3.3. Risk in Smokers by Level of Alcohol Consumption

The rate of cardiovascular and renal events was 6.3% in nonsmokers/nonalcohol
drinkers, 17.4% in the group of smokers with moderate alcohol consumption (<50 g/day),
and 22.2% in the smokers with heavy alcohol consumption (≥50 g/day). In a sensitivity
Cox analysis, the risk of smoking and alcohol combined in the subjects with moderate
alcohol consumption (N = 1121, number of events = 93) was similar to that found in the
whole population (hazard ratio, 2.7; 95% CI, 1.5–3.9, p < 0.001) (Supplementary Figure S1).
Among the subjects with heavy alcohol consumption (N = 723, number of events = 58), the
hazard ratio was 3.4 (95% CI, 1.3–8.6, p = 0.011) (Supplementary Figure S2).

4. Discussion

In this prospective cohort study of young-to-middle-aged subjects with stage 1 hyper-
tension followed for over 17 years, we observed that the detrimental effects of smoking on
cardiovascular health were worsened by concomitant alcohol use confirming our previ-
ous findings that smoking and drinking can act synergistically to increase cardiovascular
risk [32]. In addition, the present results show that this synergistic effect occurs not only
for heavy alcohol consumption but also for moderate use.

Tobacco consumption is widely recognized as an important risk factor for cardiovas-
cular disease and multiple chronic noncommunicable diseases [1–6] and is the leading
cause of death among middle-aged and older men [36]. Thus, there is a need to implement
actionable interventions to reduce smoking-related cardiovascular risk. In addition to
promoting smoking cessation, identifying risk factors that amplify the detrimental effect of
smoking may be of help to reduce the burden of tobacco use on public health.

According to the American Heart Association, ideal cardiovascular health should
include the combination of the 7 factors that compose the so-called “Life’s Simple 7”:
not smoking, having a healthy diet pattern, adequate physical activity, healthy body
weight, and healthy BP, cholesterol, and blood glucose in the absence of pharmacological

7



J. Clin. Med. 2023, 12, 2792

treatment [37]. Alcohol was not included in this list because findings reported in the
literature were often inconsistent across studies.

A strong synergistic effect between smoking and alcohol has been found in several
clinical conditions, including some types of cancer [22–24], liver cirrhosis, pancreatitis, and
psychiatric co-morbidity [24–26]. Two recent studies have documented a significant increase
in the risk of hypertension due to the joint effect of tobacco and alcohol [27,28], emphasizing
the importance of controlling the concurrence of smoking and alcohol consumption to
prevent hypertension. However, little is known about the combined effect of these two
risk factors on cardiovascular events. In a cohort of Korean adults aged 20–65 years with
elevated BP, smoking and alcohol consumption, independently and jointly, were found to
be associated with the risk of cardiovascular disease, but the interactive effect of these two
lifestyle factors was not tested [38].

A J-shaped relationship between alcohol use and cardiovascular mortality has been
described in several studies and meta-analyses, suggesting an increase in risk among
heavy drinkers and a protective effect among light users [9–13]. However, recent studies
suggest that the reduction in cardiovascular risk is a result of global lifestyle changes and
that any reduction in alcohol consumption is beneficial [39]. In the present study, among
nonsmokers, both alcohol categories were not associated with increased cardiovascular
risk. In contrast, among the smokers, the multiplicative adverse effect of alcohol was found
for both heavy and moderate use with hazard ratios of 3.4 and 2.7, respectively. These
data are in keeping with those by Shin et al., who found that the adverse effect of alcohol
combined with smoking also occurred for moderate alcohol consumption [38]. In a cohort
study by Xu et al., nonsmokers with moderate alcohol consumption showed a reduced
risk of cardiovascular events; in contrast, no beneficial effect from alcohol was observed in
smokers with moderate alcohol use [40].

Tobacco and alcohol use have reciprocal influences on potentiating cravings and
interact with each other leading to more frequent use and higher consumption levels [41].
A recent US study has shown that high-risk lifestyle factors tend to cluster in the population
and that the joint risk is much higher than the sum of the individual risks [42], highlighting
the importance of paying attention to their unhealthy co-effects. The present study confirms
that unhealthy lifestyle factors tend to cluster together, as smokers were more frequent
alcohol drinkers and had more sedentary habits.

The mechanisms underlying the interactive cardiovascular effects of smoking and
alcohol remain elusive. In a previous study, we observed an interactive effect of these
two factors on 24 h catecholamine output, suggesting that increased sympatho-adrenergic
activity may be a contributing factor to the synergistic cardiovascular effect of tobacco
and alcohol use [32]. In addition, it has been shown that both alcohol consumption and
smoking trigger the production of carbon monoxide and phenolic free radicals, which
have proven pro-oxidant and pro-inflammatory effects, thereby increasing the likelihood
of adverse clinical outcomes [43]. Through chronic inflammation and endothelial damage,
both tobacco and alcohol consumption can cause a direct or indirect impairment of vascular
elasticity and promote atherosclerosis [44,45].

5. Limitations

We acknowledge that the present study has several limitations. First, in our study,
the status of lifestyle factors was self-reported by the participants and thus subject to
misclassification. However, health behaviors were checked frequently during the follow-
up, showing that lifestyle habits were constant and well-reported [32,33]. Second, the
evaluation criteria of lifestyle factors in the HARVEST differ from those of other reports,
which might cause differences between the studies. This limitation pertains particularly
to the definition of heavy and moderate drinkers, which is inconsistent among different
studies. Third, we enrolled only Caucasians and were unable to perform subgroup analyses
by race or ethnicity. In addition, we could not estimate differences between men and
women because of the smaller sample size and the low number of events among the
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women. Therefore, the present results may not be applicable to women or people of other
racial backgrounds.

6. Conclusions

The present findings indicate that there is an important synergistic effect between
tobacco and alcohol consumption on cardiovascular and renal outcomes in young hyper-
tensive subjects. The multiplicative risk associated with smoking and alcohol drinking also
occurred for moderate alcohol consumption, emphasizing the importance of controlling
the concurrence of unhealthy lifestyle factors. Strategies for improving lifestyle behaviors
are well recognized and should be applied and reinforced, particularly in young patients
with hypertension. Indeed, increases in heart disease and cardiovascular mortality has
been reported in recent years in younger adults, which reflect recent unfavorable trends
in cardiovascular risk determinants and events [29,46]. Tobacco product use remains high
among youth in Western countries [47], calling for the implementation of population-based
tobacco control strategies in this segment of the population. However, only a minority of
smokers state they want to quit at some point in time [48]. Thus, smokers should be aware
that quitting alcohol consumption would reduce the detrimental effects of tobacco use.
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//www.mdpi.com/article/10.3390/jcm12082792/s1, Figure S1: Adjusted survival curves from the
Cox multivariable model for the HARVEST participants stratified according to smoking (yes/no)
and moderate alcohol use (yes/no). Major adverse cardiovascular and renal events were considered
as the outcome variable; Figure S2: Adjusted survival curves from the Cox multivariable model
for the HARVEST participants stratified according to smoking (yes/no) and heavy alcohol use
(yes/no). Major adverse cardiovascular and renal events were considered as the outcome variable.
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Abstract: Cardiovascular diseases (CVD) remain the leading cause of morbidity and mortality
worldwide, hence significant efforts have been made to establish behavior and risk factors associated
with CVD. The American Heart Association proposed a 7-metric tool to promote ideal cardiovascular
health (CVH). Recent data demonstrated that a higher number of ideal CVH metrics was associated
with a lower risk of CVD, stroke, and mortality. Our study aimed to perform a systematic review and
meta-analysis of prospective studies investigating the association of ideal CVH metrics and CVD,
stroke, and cardiovascular mortality (CVM) in the general population. Medline and Scopus databases
were searched from January 2010 to June 2022 for prospective studies reporting CVH metrics and
outcomes on composite-CVD, coronary heart disease, myocardial infarction, stroke, and CVM. Each
CVH metrics group was compared to another. Twenty-two studies totaling 3,240,660 adults (57.8%
men) were analyzed. The follow-up duration was 12.0 ± 7.2 years. Our analysis confirmed that a
higher number of ideal CVH metrics led to lower risk for CVD and CVM (statistically significant for
composite-CVD, stroke, and CVM; p < 0.05). Conclusion: Even modest improvements in CVH are
associated with CV-morbidity and mortality benefits, providing a strong public health message about
the importance of a healthier lifestyle.

Keywords: cardiovascular health; Life’s Simple 7; cardiovascular diseases and mortality

1. Introduction

Cardiovascular diseases (CVD) are major, global, non-communicable chronic diseases
that are still the leading cause of morbidity and mortality within the United States (US)
and worldwide despite declining age-standardized CVD-death rates over the second half
of the 20th century [1,2]. The burden of CVD in terms of diminished quality of life, life-
years lost, and direct and indirect medical costs remains substantial [2]. Nearly 50% of
adults in the US have some form of CVD, and that number increases to nearly 60% among
African Americans [3]. With life expectancy increasing over the past century, significant
efforts have been made to establish health-related behaviors and health factors associated
with CVD [1]. There is compelling evidence that unhealthy behaviors (e.g., smoking
or a sedentary lifestyle) lead to unhealthy risk factors that worsen CVH and increase
cardiovascular morbidity and mortality. This in turn leads to increased healthcare costs and
financial burdens on individual, societal, and international levels [2]. Therefore, in 2010, the
Goals and Metrics Committee of the Strategic Planning Task Force of the American Heart
Association (AHA) proposed a seven-item tool as a part of their “2020 Impact Goals” to
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reduce the burden of CVD by promoting ideal CVH and primordial prevention [2,4]. The
initial goal set in 2010 targeted a 20% reduction of death from CVD and stroke in the US
via a 20% improvement of CVH in the American population [2]. This seven-item tool, also
known as “Life’s Simple 7” (LS7), consists of four health-related behaviors (not smoking,
healthy dietary intake, physical activity, and body mass index [BMI]), and three health
factors (total cholesterol, blood pressure, and fasting plasma glucose) [2,4]. Each of the
seven CVH metrics is classified further as either poor, intermediate, or ideal; in order to
numerically categorize CVH, researchers have represented these metrics as numeric scores
from 0 to 2 [2]. The AHA criteria for the definition of poor, intermediate, and ideal CVH
metrics are presented in Supplement Table S1.

Recent data have demonstrated that the presence of a greater number of ideal CVH
metrics was associated with a lower risk of CVD, stroke, and cardiovascular mortality
(CVM) [5–7]. Since the inception of CVH, there have been numerous epidemiological studies
on this topic (both cohort and cross-sectional); however, there have been very few systematic
reviews and meta-analyses [5–8], with the latest being published in 2018 [7]. These earlier
analyses had significant shortcomings in their design, methodology, and data interpretation,
and were further limited by omitting some of the important studies [9].

2. The Aim of the Study

Our study aimed to perform a systematic review and meta-analysis of prospective
cohort studies investigating the association of ideal CVH metrics and CVD (composite
CVD, coronary heart disease [CHD], and MI), stroke, and CVM in the general population.

3. Materials and Methods

3.1. Search Strategy, Study Selection, and Quality Assessment

A comprehensive and systematic literature search of the Medline database (via the
PubMed search engine) and the Scopus database was performed according to the preferred
reporting items for systematic reviews and meta-analyses (PRISMA) guidelines from the
inception of the CVH concept (2010) to 30 June 2022. The review was not registered.
The following search keywords (a combination of MeSH and non-MeSH terms) were
used: “ideal cardiovascular health”, “cardiovascular health metrics”, “Life’s Simple 7”,
“cardiovascular diseases”, “coronary heart disease”, “stroke”, “cerebrovascular disease”,
“mortality”, and “death”. Furthermore, the reference list of identified studies was manually
screened to identify additional studies that can be included in our analysis.

Two authors (M.R. and I.D.) independently and blindly screened the titles, abstracts,
and full manuscripts of the identified articles, excluding duplicates and articles irrelevant
to the topic. Any discrepancies or uncertainties were resolved by a third author (J.J.).

Articles included in the study were eligible if they met the following criteria: written
in English, peer-reviewed, observational prospective cohort studies investigating the ideal
CVH metrics and reporting cardiovascular events (e.g., composite CVD, CHD, MI, or
stroke) or CVM in the general adult population. Composite CVD represents a major CVD
that was not specified in the studies. All eligible studies had reported adjusted relative risks
(RR) or hazard ratios (HR) with confidence intervals (CI) or standard errors (SE). Authors
of eligible studies with incomplete information were contacted to provide additional data;
however, if this proved either impossible or ineffective, the study was rejected. Review
articles, meta-analyses, commentaries and discussions, editorials, letters to editors (except
when all relevant data was available), conference papers, books, or book chapters, as well
as studies conducted on children, were excluded.

The Newcastle-Ottawa Scale (NOS) for cohort studies was used for methodological
quality assessment. The NOS scale is a nine-star point system used to assess the quality
of non-randomized studies, including cohort studies. The scale awards up to three stars
in each of three categories: the selection of study groups; the comparability of the groups;
and the ascertainment of the outcome of interest [10,11]. In our analysis authors M.R. and
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J.J. independently assessed the quality and calculated the NOS score for each study. Only
high-quality studies with a NOS score of at least 7 were included in our analysis (Table 1).

3.2. Data Collection and Group Comparison

In addition to ideal CVH metrics, we extracted authors’ names, publication year,
country of the study, study name, sample size, percentage of males, population age (average
or range), number of cardiovascular events including CVM, and duration of follow-up.
Based on the number of ideal CVH metrics, patients were categorized into 3 groups: poor
CVH group (with the fewest ideal CVH metrics: between 0 and 2), intermediate CVH
group (with CVH metrics between 3 and 4), and ideal CVH group (with CVH metrics
between 5 and 7). In the studies where each of the seven CVH metrics was scored from
0 to 2, patients were categorized into the poor CVH group (score 0 to 4), intermediate
CVH group (score between 5 and 9), and ideal CVH group (score 10 to 14). Data were
presented as mean ± SD and median (interquartile range) for continuous variables or
numbers (percentages) for categorical variables.

We compared the ideal CVH group (CVH metrics 5–7 or score 10–14) to the intermedi-
ate CVH group (CVH metrics 3–4 or score 5–9) and poor CVH group (CVH metrics 0–2 or
score 0–4), as well as intermediate CVH group (CVH metrics 3–4 or score 5–9) to the poor
CVH group (CVH metrics 0–2 or score 0–4).

3.3. Statistical Analysis

The analysis was carried out using the log risk ratio (RR) with 95% CI as the outcome
measure comparing each CVH metrics group to another. The amount of heterogeneity
(i.e., Ʈ2), was estimated using the restricted maximum-likelihood estimator [12]. In addition
to the estimate of Ʈ2, the Cochrane Q-test for heterogeneity [13] and the I2 statistic [14] were
reported. In case the I2 statistic was higher than 50%, a random-effects (RE) model was
fitted to the data, otherwise, a fixed-effects (FE) model was fitted. Sensitivity analysis
was performed to investigate the robustness of the findings and results, and to determine
whether a particular study accounted for the heterogeneity. Studentized residuals and
Cook’s distances were used to examine whether studies may be outliers and/or influential
in the context of the model [15]. Studies with a studentized residual larger than the
100 × (1 − 0.05/(2 × k))th percentile of a standard normal distribution were considered
potential outliers (i.e., using a Bonferroni correction with two-sided α = 0.05 for k studies
included in the meta-analysis). Studies with a Cook’s distance larger than the median plus
6 times the interquartile range of the Cook’s distances were considered influential. The
presence of publication bias was assessed graphically by funnel plots. The rank correlation
test [16] and the regression test (Egger) [17], using the SE of the observed outcomes as a
predictor, were used to check for funnel plot asymmetry. The analysis was carried out
using R Programming Language and Environment for Statistical Computing (version
4.2.2) [18] and the metafor package (version 3.8.1) [19]. Statistical significance was reported
using a two-sided p-value of <0.05.

4. Results

4.1. Literature Search and Study Characteristics

The initial search of two databases (Medline and Scopus) over the span of 12 years
yielded 701 records. One study that fulfilled inclusion criteria was manually identified
by checking the reference lists of identified articles [20], totaling the number of analyzed
records to 702. We screened the titles and abstracts of all 400 non-duplicate records and
excluded 310 irrelevant articles for the topic. A total of 90 full-text articles were reviewed
for eligibility, yielding 22 studies (articles) that met the eligibility criteria for our analysis.
The flow chart of detailed article selection and the final studies included in the analysis
was created (Figure 1). Three studies [21–23] did not have sufficient data on CVH metric
groups, however, we were able to receive additional data from the authors of one study,
which we included in our analysis [21].
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Figure 1. PRISMA flowchart detailing the search results.

All 22 selected and analyzed studies were observational prospective cohort studies,
published from April 2011 [24] until June 2022 [25], that reported an association between
ideal CVH metrics and the risk of CVD (composite, CHD, and MI), stroke, and CVM
(Table 1). There were multiple papers published from the same large population-based
studies, like Kuopio Ischemic Heart Disease (KIHD) from Finland [26–28], National
Health and Nutrition Examination Survey (NHANES) from the USA [29–31], and
Kailuan from China [20,32,33] (Table 1). The total number of cohort members was
3,240,660, out of which 57.8% were men. Sample sizes ranged from 2520 to 2,728,427 par-
ticipants (Table 2). There were 3 published articles from the NHANES study that
included only males [29–31]. Follow-up duration ranged from 3.3 to 26 years (mean
12.0 ± 7.2 years). All studies had NOS scores of 7 or 8 (Table 1).

Table 1. Characteristics of the included studies.

Reference, Year Country
Study
Name

Subjects
(n)

Men (%)
Age (Range
or Mean) (y)

Main
Outcome

Follow-Up
(y)

NOS
Score

Fernandez-
Lazaro et al.,

2022 [25]
Spain RIVANA 3826 44.1 52.8 ± 12.8

CVD, MI,
Stroke,
CVM

12.8 8

Itoh et al.,
2022 [34] Japan JMDC

database 2728427 56.2 44.9 ± 11.0 MI, stroke 3.3 8

Isiozor et al.,
2021 [26] Finland KIHD 2520 100 42–60 Stroke 26 7

Isiozor et al.,
2019 [27] Finland KIHD 2584 100 40–62 MI 25.2 7
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Table 1. Cont.

Reference, Year Country
Study
Name

Subjects
(n)

Men (%)
Age (Range
or Mean) (y)

Main
Outcome

Follow-Up
(y)

NOS
Score

Isiozor et al.,
2019 [28] Finland KIHD 2607 100 42–60 CVM 25.8 8

Diez-Espino
et al., 2019 [21] Spain PREDIMED 7447 42.5 67 ± 6.2 MI, stroke,

CVM 4.8 8

Ahmad et al.,
2019 [29] USA NHANES 6766 46.1 59.1 ± 13.3 CVM 14 8

Han et al.,
2018 [35] China China-PAR 93987 40.2 51.64 ± 11.97

CVD, CHD,
stroke,
CVM

15 7

Gaye et al.,
2017 [36]

N.
Ireland,
France

PRIME 9312 100 50–59 CHD,
stroke 10 7

Gaye et al.,
2017 [37] France Three-City 7371 36.7 73.82 ± 5.34 CHD,

Stroke 8.6 7

Ommerborn
et al., 2016 [38] USA Jackson

Heart 3707 45.1 40–76 CVD 8.3 7

Lachman et al.,
2016 [39] UK EPIC-

Norfolk 10043 44.1 57.0 ± 9.67 CVD, CHD,
stroke 10 7

Miao et al.,
2015 [20] China Kailuan 91598 79.5 51.6 ± 12.4 CVD, MI,

stroke 6.8 8

Liu et al.,
2014 [32] China Kailuan 95429 79.7 51.46 ± 12.46 CVM 4 7

Zhang et al.,
2013 [33] China Kailuan 91698 79.4 51.93 Stroke 4 7

Kulshreshta
et al., 2013 [40] USA REGARDS 22915 41.9 65 Stroke 4.9 8

Kim et al.,
2013 [41] S. Korea Seoul Male

Cohort 12538 100 40–59 CVM 19 8

Yang et al.,
2012 [30] USA NHANES 13312 49 46.8 CVM 14.5 8

Ford et al.,
2012 [31] USA NHANES 6855 47.7 43 (median) CVM 5.8 7

Dong et al.,
2012 [42] USA NOMAS 2981 36.3 69 ± 10

CVD, MI,
stroke,
CVM

11 8

Artero et al.,
2012 [43] USA ACLS 11993 75.7 46 ± 9.9 CVM 11.6 8

Folsom et al.,
2011 [24] USA ARIC 12744 43.8 45–64 CVD 18.7 8

Legend: CVD—cardiovascular disease; MI—myocardial infarction; CVM—cardiovascular mortality; CHD—
coronary heart disease; RIVANA—Vascular Risk in Navarra; JMDC—Japan Machine Design Center; KIHD—
Kuopio Ischemic Heart Disease; PREDIMED—Prevención con Dieta Mediterránea; NHANES—National Health
and Nutrition Examination Survey; PRIME—Prospective Epidemiological Study of Myocardial Infarction;
EPIC—European Prospective Investigation into Cancer; REGARDS—Reasons for Geographic And Racial Dif-
ferences in Stroke; NOMAS—Northern Manhattan Study; ACLS—Aerobics Center Longitudinal Study; ARIC—
Atherosclerosis Risk in Communities.
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Table 2. Summary of analyzed data for each outcome and CVH metrics group.

Events (n) Subjects
(n, Male %)

Poor
(CVH Metrics:

0–2
or Score 0–4)

Intermediate
(CVH Metrics:

3–4
or Score 5–9)

Ideal
(CVH Metrics:

5–7
or Score 10–14)

Follow-Up
(Average, y)

Subjects Events Subjects Events Subjects Events

CVD (12069) 218786 (57.2) 18972 3370 110347 6588 89467 2111 11.8 ± 4.1

CHD (2829) 120713 (44.9) 13666 993 51972 1537 55075 299 10.9 ± 2.8

MI (7629)
2836863

(56.9) 281282 2209 1086848 3754 1468733 1666 10.6 ± 8.0

Stroke
(35190)

3072125
(57.0) 342422 6539 1196199 17284 1533504 11367 9.8 ± 6.3

CVM (5500) 257741 (60.9) 62927 1945 117758 2742 77056 813 12.6 ± 6.4
Legend: CVH—cardiovascular health; CVD—cardiovascular disease; MI—myocardial infarction; CVM—
cardiovascular mortality; CHD—coronary heart disease.

Table 2 represents a summary of each cardiovascular outcome and study population,
with notably the highest number of events and subjects reported for stroke (the number of
stroke events was 35,190, while the subject population was 3.07 million which was followed
over the 9.8 ± 6.3 years).

4.2. Association between Ideal CVH Metrics and the Risk of Composite CVD

The results of our analysis demonstrated that having a higher number of ideal CVH
metrics decreases the risk of developing composite CVD. When comparing the ideal to poor
CVH profile, the observed RR ranged from 0.05 to 0.71, while the estimated average RR
based on the RE model was 0.24 (95% CI: 0.14–0.42; p < 0.01; I2 = 97.2%). This demonstrates
that there is a 76% lower risk of developing CVD for patients having ideal compared to
poor CVH. Similarly, when comparing intermediate to poor CVH groups, the observed
RR ranged from 0.41 to 0.93, and the estimated average RR based on the RE model was
0.61 (95% CI: 0.49–0.76; p < 0.01; I2 = 95.0%). This demonstrates that there is a 39% lower
risk of developing CVD for patients having intermediate compared to poor CVH. In
addition, when comparing ideal to intermediate CVH groups, the observed RR ranged
from 0.11 to 0.80, and the estimated average RR based on the RE model was 0.38 (95%
CI: 0.24–0.60; p < 0.01; I2 = 97.7%). This demonstrates that there is a 62% lower risk of
developing CVD for patients having ideal compared to intermediate CVH. Forest plots
showing the observed outcomes and the estimates based on the RE model are shown in
Figure 2a–c. Publication bias was not detected, and funnel plots were symmetric (as shown
in Supplemental Figures S1–S3 with respective p = 0.613, p = 0.713, and p = 0.391).

4.3. Association between Ideal CVH Metrics and the Risk of CHD

Overall, when comparing the individuals with higher numbers of ideal CVH metrics
the risk for development of coronary heart disease (CHD) was lower. When comparing
ideal to poor CVH groups, the observed RR ranged from 0.04 to 0.29, and the estimated
average RR based on the FE model was 0.22 (95% CI: 0.18–0.26; p = 0.05; I2 = 61.5%). This
demonstrates that there is a 78% lower risk of developing CHD for patients having ideal
compared to poor CVH. Similarly, when comparing intermediate to poor CVH groups,
the observed RR ranged from 0.43 to 0.59, with the estimated average RR based on the RE
model was 0.51 (95% CI: 0.43–0.60; p < 0.01; I2 = 75.4%). This demonstrates that there is
a 49% lower risk of developing CHD for patients having intermediate to poor CVH. In
addition, when comparing ideal to intermediate CVH groups, the observed RR ranged
from 0.08 to 0.49, with the estimated average RR based on the FE model was 0.45 (95%
CI: 0.39–0.52; p = 0.12; I2 = 49.1%). This demonstrates that there is a 55% lower risk of
developing CHD for patients having ideal compared to intermediate CVH. Forest plots
showing the observed outcomes and the estimates based on the FE and RE models are
shown in Figure 3a–c. Publication bias was not detected, and funnel plots were symmetric
(as shown in Supplemental Figures S4–S6 with respective p = 0.608, p = 0.452, and p = 0.330).
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a 

b 

c 

Figure 2. (a–c) Forest plots showing comparisons of CVH metrics groups for the composite CVD
with RR and 95% CI [20,24,25,35,38,39,42].
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4.4. Association between Ideal CVH Metrics and the Risk of MI

The results of our analysis demonstrated that having a higher number of ideal CVH
metrics decreases the risk of developing MI. When comparing ideal to poor CVH groups,
the observed RR ranged from 0.12 to 0.32, and the estimated average RR based on the
FE model was 0.18 (95% CI: 0.17–0.20; p = 0.12; I2 = 43.2%). This demonstrates that there
is an 82% lower risk of developing MI for patients having ideal compared to poor CVH.
Similarly, when comparing intermediate to poor CVH groups, the observed RR ranged
from 0.49 to 0.83, and the estimated average RR based on the RE model was 0.63 (95%
CI: 0.52–0.76; p < 0.01; I2 = 74.3%). This demonstrates that there is a 37% lower risk of
developing MI for patients having intermediate compared to poor CVH. In addition, when
comparing ideal to intermediate CVH groups, the observed RR ranged from 0.17 to 0.54,
and the estimated average RR based on the FE model was 0.38 (95% CI: 0.36–0.40; p = 0.25;
I2 = 23.9%). This demonstrates that there is a 62% lower risk of developing MI for patients
having ideal compared to intermediate CVH. Forest plots showing the observed outcomes
and the estimates based on the FE and RE models are shown in Figure 4a–c. Publication
bias was not detected for “ideal vs poor” and “ideal vs intermediate”, and funnel plots
were symmetric (as shown in Supplemental Figures S7 and S9 with respective p = 0.182,
and p = 0.837), however, the publication bias was detected in “intermediate vs poor” with
funnel plot being asymmetric (Supplemental Figure S8 with p = 0.015).

The study from Japan Itoh et al. [34] was identified as an influential study in the
case of MI when comparing all three CVH groups by providing 96.2% of the subjects.
Leave-one-out analysis indicated that the RR excluding Itoh et al. [34] would be 0.27 (95%
CI: 0.20–0.36) for ideal vs poor CVH, 0.68 (95% CI: 0.58–0.79) for intermediate vs poor CVH,
and 0.44 (95% CI: 0.37–0.52) for ideal vs intermediate CVH.

4.5. Association between Ideal CVH Metrics and the Risk of Stroke

Overall, when comparing the individuals with a higher number of ideal CVH metrics
the risk for the development of stroke was lower. When comparing ideal to poor CVH
groups, the observed RR ranged from 0.16 to 0.64, with the estimated average RR based
on the RE model was 0.38 (95% CI: 0.30–0.47; p < 0.01; I2 = 85.0%). This demonstrates
that there is a 62% lower risk of developing stroke for patients having ideal compared to
poor CVH. Similarly, when comparing intermediate to poor CVH groups, the observed
RR ranged from 0.53 to 0.98, and the estimated average RR based on the RE model was
0.70 (95% CI: 0.65–0.75; p < 0.01; I2 = 54.5%). This demonstrates that there is a 30% lower
risk of developing stroke for patients having intermediate compared to poor CVH. In
addition, when comparing ideal to intermediate CVH groups, the observed RR ranged
from 0.16 to 0.95, and the estimated average RR based on the RE model was 0.53 (95%
CI: 0.46–0.61; p < 0.01; I2 = 80.3%). This demonstrates that there is a 47% lower risk of
developing stroke for patients having ideal compared to intermediate CVH. Forest plots
showing the observed outcomes and the estimates based on the RE model are shown in
Figure 5a–c. Publication bias was not detected, and funnel plots were symmetric (as shown
in Supplemental Figures S10–S12 with respective p = 0.298, p = 0.155, and p = 0.498).

Itoh et al. [34] was identified as an influential study in the case of stroke when com-
paring intermediate vs poor CVH. Leave-one-out analysis indicated that the RR excluding
Itoh et al. [34] would be 0.67 (95% CI: 0.63–0.72) compared to 0.70 (95% CI 0.65–0.75) when
all studies are included. Although the study by Itoh et al. [34] does influence the effect
size in the case of MI and stroke by providing 96.2% and 88.8% of the analyzed subjects,
respectively, it does not change the direction of the effect, nor its significance.
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Figure 3. (a–c) Forest plots showing comparisons of CVH metrics groups for the CHD with RR and
95% CI [35–37,39].
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c 

Figure 4. (a–c) Forest plots showing comparisons of CVH metrics groups for the MI with RR and
95% CI [20,21,25,27,34,42].
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a 

b 

c 

Figure 5. (a–c) Forest plots showing comparisons of CVH metrics groups for the Stroke with RR and
95% CI [20,21,25,26,33–37,39,40,42].

4.6. Association between Ideal CVH Metrics and the Risk of CVM

Results of our analysis demonstrated an inverse relationship showing a reduced risk
of CVM with achieving a greater number of ideal CVH metrics. When comparing ideal to
poor CVH groups, the observed RR ranged from 0.09 to 0.94, and the estimated average RR
based on the RE model was 0.30 (95% CI: 0.21–0.42; p < 0.01; I2 = 86.3%). This demonstrates
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that there is a 70% lower risk of CVM for patients having ideal compared to poor CVH.
Similarly, when comparing intermediate to poor CVH groups, the observed RR ranged
from 0.41 to 1.05, while the estimated average RR based on the RE model was 0.66 (95% CI:
0.57–0.75; p < 0.01; I2 = 74.2%). This demonstrates that there is a 34% lower risk of CVM for
patients having intermediate compared to poor CVH. In addition, when comparing ideal
to intermediate CVH groups, the observed RR ranged from 0.08 to 0.94, and the estimated
average RR based on the RE model was 0.49 (95% CI: 0.40–0.61; p < 0.01; I2 = 70.4%). This
demonstrates that there is a 51% lower risk of CVM for patients having ideal compared to
intermediate CVH. Forest plots showing the observed outcomes and the estimates based
on the RE model are shown in Figure 6a–c. Publication bias was not detected, and funnel
plots were symmetric (as shown in Supplemental Figures S13–S15 with respective p = 0.961,
p = 0.880, and p = 0.765).

a 

b 

c 

Figure 6. (a–c) Forest plots showing comparisons of CVH metrics groups for the CVM with RR and
95% CI [21,25,28–32,35,41–43].
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5. Discussion

Compared to our analysis that included 22 studies, previous systematic reviews and
meta-analyses on the topic of CVH [5–8] analyzed a total of 13 unique studies (ranging from
6 to 12 studies) [20,24,30–33,36,38–43], and lacked some of the important studies [9]. Except
for Guo et al. [5], none of the previous meta-analyses and systematic reviews included
all of the papers that fulfilled the reported inclusion criteria by the end of the performed
search. The rationale for excluding eligible studies was not documented, and the selection
criteria (prospective cohort studies in adults, published in the English language, and that
analyzed the relationship of CVH and CVD/CVM) did not justify the exclusion of many
important studies [9]. Two studies (Fang et al. [5], and Guo et al. [6]) did not examine
the effect of meeting the intermediate compared to poor CVH, which is important as
intermediate CVH is much more achievable in the general population than ideal CVH.
Additionally, these two studies comparing ideal versus poor CVH were concerning with
respect to their inconsistent and highly variable CVH group categorization as reported in
“Table 1” in both papers [5,6]. Their ideal CVH group was classified as either 4–7, 5–7, or
6–7 CVH metrics; or 10–14 to 12–14 score points. Likewise, their poor CVH group was
classified as either 0, 0–1, or 0–2 metrics; or 0–1, 0–2, to 0–4 score points. This variability
led authors to compare dissimilar and incomparable categories of CVH. Similarly, in the
paper by Aneni et al. [8], the authors compared various levels of CVH with a reference
group that was un-uniform and ranged from 0, to 0–1, to 0–2 CVH metrics. This significant
heterogeneity engenders substantial concerns about the validity and comparability of
study results. Conversely, in our analysis, we strictly categorized data into three CVH
metric groups, and if sufficient data were unavailable in the published manuscripts and
supplements, we requested additional information from the study authors (from three such
papers, we received additional information from only one study [21], excluding the other
two studies [22,23]).

The results of our analysis confirm that achieving a higher number of ideal CVH
metrics is associated with a lower risk for CVD and CVM. Our findings align with those
of previous studies despite their aforementioned methodological limitations [5–8]. This
was derived by comparing the 3 CVH metrics groups, having relative risk reduction with a
higher number of achieved CVH metrics. In addition, Aneni et al. [8] reported an inverse
linear relationship between CVH metrics and mortality, with an estimated 19% reduction
in CVM for each achieved CVH metric. It was also reported in the literature that a longer
duration of favorable CVH was associated with decreased cardiovascular-related morbidity
and mortality [4].

The low prevalence of ideal CVH is a cause for concern. Amongst our analyzed
cohort, only 12.3% qualified as ideal CVH, 39.4% fell into intermediate CVH, and 48.3%
were classified as poor CVH. Similar patterns were reported in the published literature of
individual studies where ideal CVH was found to be the least common (prevalence of 0.5%
to 3.3% reported in the general population [44] but approaching 15% in some subgroups
and specific populations [45,46]). Data from NHANES 2011–2016 reported a predominance
of poor CVH in the general US population (around 59%), while merely 7.3% of adults
had ideal CVH [47]. In another study, about 62% of US adults achieved 3 or fewer CVH
metrics [48]. Given that even a single risk factor is associated with an increased lifetime
risk of CVD, the present distribution of CVH is troubling [4,49].

Ideal CVH is difficult both to achieve and maintain. As such, it may be more realistic
to improve CVH by achieving metrics that can move the population from the poor to
the intermediate category. The previous systematic reviews and meta-analyses compared
ideal with poor CVH. Our study, however, assessed the comparative benefits of achieving
intermediate over poor CVH, which we believe to be a more attainable goal. We went one
step further by assessing the risk reduction of achieving the ideal CVH in comparison to
intermediate CVH, and the implications resulting from that additional improvement. The
only other study that studied intermediate CVH was Ramírez-Vélez et al. [7]; however,
they did not analyze ideal versus intermediate CVH, nor did they assess the effect of
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various CVH levels on CVM. For the composite CVD, CHD, MI, and stroke, our study
reported similar results as Ramírez-Vélez et al. [7], despite our analysis of 8 additional
studies (our analysis comprised a total of 22 studies; 15 after excluding studies reporting
CVM, while Ramírez-Vélez et al. had 12 studies; 7 after excluding studies reporting heart
failure and venous thromboembolism, which they analyzed). In both our study and that of
Ramírez-Vélez et al. [7], there was a significantly lower risk when higher levels of CVH were
compared to lower CVH. When comparing ideal to poor CVH, our results demonstrated
that there was a lower risk of developing composite CVD, CHD, MI, and stroke of 76%,
78%, 82%, and 62%, respectively. Similarly, Ramírez-Vélez et al. [7] reported a lower risk for
developing composite CVD, CHD, MI, and stroke of 77%, 79%, 76%, and 67%, respectively.
When comparing intermediate to poor CVH, our results demonstrated that there was a
lower risk of developing composite CVD, CHD, MI, and stroke of 39%, 49%, 37%, and
30%, respectively. Likewise, Ramírez-Vélez et al. [7] reported a lower risk for developing
composite CVD, CHD, MI, and stroke of 55%, 44%, 46%, and 42% respectively. These
results demonstrate that while ideal CVH confers the greatest risk reduction for CVD and
stroke, achieving the more attainable goal of intermediate CVH (defined as 3–4 metrics or a
score of 5–9) still offers substantial protective benefit. Due to the prevalence of poor CVH
amongst the general population, Ramírez-Vélez et al. [7] point out that a realistic short-term
goal should be the promotion of meeting 3 to 4 CVH metrics in order to achieve a positive
outcome. The findings from our study fully support this conclusion and recommendation.

Although the beneficial effects of ideal CVH have been supported by increasing
scientific evidence, the precise relationship is still not well measured. Furthermore, strong
evidence of individual CVH metrics in relation to CVD, stroke, and mortality is lacking.
Preliminary data on socioeconomic, gender, and racial inequalities report the unsatisfactory
prevalence of ideal CVH metrics, with significant room for improvement [44]. There are
many identified social determinants of health that influence an individual’s psychological
health and well-being, which in turn may positively or negatively affect CVH through the
continuous interplay of mind-heart-body connections [45]. While a healthier lifestyle from
a young age is a successful strategy for higher CVH later in life, the ability to choose and
practice healthier lifestyles across the lifespan is strongly influenced by psychosocial health
factors [45,50–55]. Despite CVD and CVM being improved in the US over the past decade,
concerning disparities persist regarding risk factors, health behaviors, and CVM based on
ethnicity, race, geography, and income [3]. Similar disparities are present globally, further
efforts set by AHA (“2030 Impact Goals”) and WHO are intended to improve health equity
and address a broader range of factors that contribute to CVH [3].

6. Strengths and Limitations of the Study

The principal strengths of our study are its large study cohort (n = 3,240,660), that it
has studied various CVD outcomes (including CVM) across all CVH metrics groups, and
its comparison of each CVH metric group to the others. Our data interpretation, however,
has several limitations that must be considered. In some cases, there was significant
heterogeneity between analyzed studies, which was addressed by using the RE model.
Measurements of physical activity and diet are not standardized amongst other CVH
metrics, and there may have been different interpretations of ideal physical activity levels
and diet. We acknowledge there is an overlap of articles published from the same studies
and examined patient cohorts, however, a “leave-one-out” analysis showed no significant
difference when any one study is excluded from statistical analysis. Not all eligible studies
were included due to a lack of data for at least one CVH metrics group and the unavailability
of authors to provide the requested information [22,23].

7. Conclusions

The results of our study clearly demonstrate that higher adherence to ideal CVH
standards yields a significantly lower risk of CVD and CVM. While achieving ideal CVH
metrics is associated with the lowest risk, it is imperative to recognize that achieving in-
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termediate CVH metrics will also offer a strong protective effect. Given that the majority
of the population has poor CVH, there exists tremendous potential to improve outcomes
worldwide. We advocate for sending a strong public health message that even modest im-
provements in CVH are associated with substantial cardiovascular morbidity and mortality
benefits. To that end, we should collectively promote healthier lifestyles and behaviors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12134417/s1. Supplement Table S1. Definition of the car-
diovascular health metrics and scores according to the American Heart Association. Supplement
Figures S1–S3. Funnel plot publication bias for different categories of cardiovascular health and
composite cardiovascular disease risk. Supplement Figures S4–S6. Funnel plot publication bias for
different categories of cardiovascular health and coronary heart disease risk. Supplement Figures
S7–S9. Funnel plot publication bias for different categories of cardiovascular health and myocardial
infarction risk. Supplement Figures S10–S12. Funnel plot publication bias for different categories of
cardiovascular health and stroke risk. Supplement Figures S13–S15. Funnel plot publication bias for
different categories of cardiovascular health and cardiovascular mortality.
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Abstract: Cardiovascular disease (CVD) is the leading cause of death worldwide, with coronary
artery disease (CAD) being one of its main manifestations. Both environmental and genetic factors
are widely known to be related to CAD, such as smoking, diabetes mellitus, dyslipidemia, and a
family history of CAD. However, there is still a lack of information about other risk factors, especially
those related to genetic mutations. Sex represents a classic CAD risk factor, as men are more likely to
suffer CAD, but there is lack of evidence with regard to sex-specific genetic factors. We evaluated the
Y chromosome haplogroups in a cohort of young Spanish male patients who suffered from STEMI. In
this cohort, haplogroup R was significantly more frequent in STEMI patients.

Keywords: coronary artery disease; genetics; cardiovascular risk factors; premature cardiovascular
disease; myocardial infarction

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality
worldwide [1,2], coronary artery disease (CAD) being a major concern. CAD is a com-
plex disease with multiple risk factors, including genetics, lifestyle, and environmental
factors [1,2]. Classic cardiovascular risk factors known to contribute to the development
of CAD include smoking, high blood pressure, diabetes mellitus, high cholesterol levels
or dyslipidemia (DL), a family history of CAD, obesity, a lack of physical activity, and
stress [3]. Moreover, CAD has important genetic underpinnings that can be considered
equivalent to environmental factors [4]. However, the role of genetic factors in CAD sus-
ceptibility, beyond familial hypercholesterolemia [5], is not yet well understood. In this
regard, studying genetic susceptibility for premature CAD is of utmost importance.

Because CAD is more common among men, sex-specific factors might contribute
to the risk of developing this disease. Although several loci have been identified to be
associated with the genetic risk for CAD, the contribution of Y chromosome variants to
CAD risk remains unclear. As a result, there has been increasing interest in the potential
association between Y chromosome polymorphisms and CAD risk. Chromosome Y is
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male-specific and plays a determinant role in defining the biological characteristics of male
sex. Chromosome Y is unique in that it is paternally inherited and passed down from
father to son. Therefore, Y variants have been used to determine the patrilineal history and
migration patterns of human populations [6,7]. In this regard, Y chromosome haplogroups
are defined by specific sets of single-nucleotide polymorphisms (SNPs) that are passed
down through the male lineage. The distribution of Y chromosome haplogroups varies
significantly between populations due to differences in migration patterns, genetic drift,
and natural selection, and reflects the timeline distance between human populations [6,8].
In this regard, haplogroup R (defined by SNP rs2032636, also known as M207) would
have originated about 30,000 years ago in South-Asia and is present in more than half of
Europeans. A subclade of R designated as R1b (SNP rs9786153 or M269) would have surged
during the Upper Paleolithic (approx. 28,000 years ago) in the Caucasus region and is
present in more than half of Spanish men, with higher frequencies in the Cantabrian cornice.

Some studies have suggested that Y chromosome haplogroups may also be associated
with various health outcomes, including cancer or cardiovascular disease [9]. Some studies
have reported an association between specific haplogroups and CAD risk [10,11]. However,
other studies have failed to find such an association. In summary, the evidence linking
specific haplogroups with CAD risk is still limited and controversial.

Many studies are limited by their sample sizes, differences in the definitions of CAD,
presentation ages, ethnicities of the populations studied, and other potential confounding
factors. Therefore, further studies are needed to elucidate the potential role of Y chromo-
some haplogroups in the development of CAD. Identifying genetic markers associated
with CAD risk may help to develop more effective prevention and treatment strategies for
this common and debilitating disease.

In this scenario, aiming to provide some insights into the genetic determinants of
premature CAD in men, we aimed to evaluate the different Y chromosome haplogroups in a
cohort of male patients presenting with premature myocardial infarction with ST-elevation
(STEMI).

2. Materials and Methods

2.1. Study Population

Patients were recruited from the CholeSTEMI registry [5,12]. This study was approved
by the local Ethical Committee (CEIMPA; registry number 2020/003) [5,12]. All participants
who wished to participate in the actual investigational project had signed written consent
to grant access to their genetic data for additional investigational purposes.

In this study, we review all consecutive patients referred to our center for emergency
cardiac catheterization due to STEMI as reported elsewhere [5,12]. From the initial cohort
of 157 male patients with premature STEMI, 35 were not studied due to lack of DNA. The
main characteristics of the remaining 122 male patients with premature STEMI are shown
in Table 1. All patients from this cohort were of European ancestry and from the region of
Asturias (Northern Spain, total population of about 1 million). Only patients with type 1
myocardial infarction and confirmed atherothrombotic CAD by coronary angiogram, who
agreed to participate in the CholeSTEMI registry, were included in this study. Patients
with other kinds of myocardial infarction different to type 1 myocardial infarction (such
as vasospasm, demand/supply mismatch due to hypoxemia, anemia or arrythmia, etc.),
according to ESC guidelines [13,14], were excluded from analysis.

Premature CAD for men was considered if presented before the age of 55 [15,16]. Pa-
tients without sufficient stored DNA to perform the additional Y chromosome haplogroup
study were excluded from this study.

Clinical data from this cohort was already reviewed: birth date, gender, age at STEMI,
and classical cardiovascular risk factors: high blood pressure, tobacco consumption, dia-
betes mellitus, dyslipidemia, and premature CAD.
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Table 1. The 8 single nucleotide polymorphisms determined to define the Y haplogroups, genotyped
with Taqman assays (Fisher scientific, Hampton, NH, USA).

NUCLEOTIDE
Y Position

SNP HAPLOGROUP ASSAY EUR FREQUENCY

13407103 rs2032658 G/A R C___2307221_1Y G (0.58) 0.0016

12914512 rs2032624 C/A R1 C___2292796_20 C (0.58) 0.0016

20577481 rs9786153 T/C R1B C__29812961_10 C (0.53) <0.0001

2789135 rs2534636 C/T R1A C__26236081_10 T (0.05) 0.0113

14436668 rs113623003 G/A I C_153784812_10 A (0.14) 0.0085

20587967 rs13447352 A/C J C__33589462_10 C (0.11) 0.1168

19617112 rs9306841 C/G E C__29796914_10 G (0.03) 0.0008

12915617 rs2032636 G/T G C___2292797_20 T (0.06) 0.0996

2.2. Control Cohort

We compare the Y chromosome haplogroup prevalence to that found in a represen-
tative control cohort of 200 individuals from the same region of the cohort of premature
CAD presenting with STEMI. These male controls were aged <55 years and recruited as
part of the RENASTUR project to determine the prevalence of cardiovascular risk factors in
the region of Asturias [17]. For the objectives of our study, these controls were genotyped
with the only purpose of determining the frequency of the main Y haplogroups in our
population.

2.3. Genetic Testing

All the male patients (N = 122) and controls (N = 200) were genotyped for 8 single
nucleotide polymorphisms in chromosome Y that defined the common European Y hap-
logroups (Table 1). The corresponding nucleotides were determined by real-time PCR
with Taqman assays in an ABI7500 equipment and following the manufacturer instruc-
tions (Fisher Scientific). The allele frequencies among Europeans were obtained from the
Ensembl database (www.ensembl.org).

2.4. Statistical Analysis

Statistical analysis was performed with STATA. Descriptive data for continuous vari-
ables are presented as mean ± SD and as frequencies or percentages for categorical variables.
The Chi-square test was used to compare frequencies, whereas differences in continuous
variables were evaluated with either Student’s t-test or Mann–Whitney U test. A p value
below 0.05 was considered to be significant.

3. Results

The eight single nucleotide polymorphisms determined to define the Y haplogroups
are summarized in Table 1. The frequency of the allele that defined the haplogroup among
Europeans is indicated in Table 1. The haplogroup labelled as “other” corresponded to the
remaining haplogroups that could not be assigned based on the allele combinations at the
8 SNPs.

Prevalence of the different Y chromosome haplogroups in both control and patient’s co-
horts are shown in Figure 1. As expected, due to its geographical location in the Cantabrian
cornice of Spain, haplogroup R was the most frequent in our population, followed by
haplogroups E, H and G (Table 2). Due to it high frequency, we also evaluated R subhap-
logroups, being most for them were R1 (SNP rs2032624 = M173) and R1B (Table 2).

31



J. Clin. Med. 2023, 12, 4812

Figure 1. Prevalence of the different Y chromosome haplogroups in both control and patient’s cohorts.

Table 2. Y chromosome haplogroups differences between the male control cohort and male patients
with premature coronary artery disease.

Haplogroup
Control Cohort

N = 200
Patients Cohort

N = 122
p

R 122 (0.61) 88 (0.72) 0.04 *
R1 118 (0.59) 88 (0.72) 0.02 *

R1B 118 (0.59) 88 (0.72) 0.02 *
R1A 4 (0.02) 0 0.12

I 8 (0.04) 7 (0.06) 0.47
J 20 (0.10) 8 (0.07) 0.28
E 28 (0.14) 10 (0.08) 0.12
G 16 (0.08) 3 (0.02) 0.04 *

Other 6 (0.03) 6 (0.05) 0.38
* p < 0.05.

However, only 2% of the controls and none of the STEMI patients were R1A. Moreover,
when we compared the frequencies of R haplogroup between patients and controls, we
found that cases had a significantly increased frequency (p = 0.04), with an OR = 1.65
(95% CI = 1.02–2.69). In particular, we found the frequency of Y chromosome haplogroup
R1B in STEMI patients to be significantly higher than in the control cohort. Thus, in our
population the common Y haplogroup R seems to be a risk factor for premature STEMI
in men.

In contrast, in our region, the haplogroup I was rare, representing only 4% and 6% of
the control and patient cohort, respectively (p = 0.47). Given its low frequency, subgroups
of this haplogroup were not evaluated.

Haplogroups J, E and “other” showed a frequency that was non-significantly lower
in the patients than in the controls, whereas haplogroup G was significantly less frequent
(Table 2). For these rare haplogroups, we believe that evaluating the effect on STEMI risk is
statistically underpowered due to the reduced sample size.

General clinical characteristics of the included 122 male patients with premature
STEMI are shown in Table 3. Personal history of tobacco consumption was, by far, the most
frequent cardiovascular risk factor in this young population presenting with premature
CAD (86%).
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Table 3. Clinical characteristics of patients presenting with premature ST-elevation myocardial
infarction.

122 Male Patients with Premature STEMI

Mean age at STEMI 47.11 (±8.99)

Cardiovascular risk factors

Previous/current smoker 95 (86.07%)

High blood pressure 34 (27.87%)

Diabetes mellitus 14 (11.48%)

Dyslipidemia 45 (36.89%)

Family history of premature CAD 30 (24.59%)
STEMI: ST-elevation myocardial infarction; CAD: coronary artery disease.

Among the population with premature STEMI, haplogroups G and I were more
common in patients with a family history of premature cardiovascular disease than in those
without it (Table 4). Moreover, the haplogroup “other” was significantly more frequently
found in those STEMI patients who suffered diabetes mellitus when compared to those
without diabetes (Table 4).

Table 4. Y chromosome haplogroup prevalence in patients with premature cardiovascular disease,
depending on the presence/absence of cardiovascular risk factors.

Y
Chromosome
Haplogroups

No DM
(108)

DM
(14)

No HTN
(88)

HTN
(34)

No DL
(77)

DL
(45)

Non-
Smokers

(26)

Smokers
(96)

No FH of
PCAD

(92)

FH of
PCAD

(30)

R 73.2% 64.3% 70.5% 76.5% 74% 68.9% 76.9% 70.8% 71.7% 73.3%

E 9.3% - 10.2% 2.9% 7.8% 8.9% 11.5% 7.3% 9.8% 3.3%

J 5.6% 14.3% 5.7% 8.8% 6.5% 6.7% 3.9% 7.3% 6.5% 6,7%

G 2.8% - 3.4% - 3.9% - 3.9% 2.1% 1.1% 6.7% *

I 6.5% - 6.8% 2.9% 5.2% 6.7% 3.9% 6.3% 6.5% * 3.3%

Other 2.8% 21.4% * 3.4% 8.8% 2.6% 8.9% 6.3% 4.4% 6.7%

DM: diabetes mellitus; HTN: high blood pressure; DL: dyslipidemia; FH: family history; PCAD: premature
coronary artery disease. * p < 0.05.

We did not find significant differences between the haplogroups for the mean choles-
terol levels (Table 5).

Table 5. Mean cholesterol value levels in each Y chromosome haplogroup.

Mean Values
(mg/dL)

R
(n = 88)

E
(n = 10)

J
(n = 8)

G
(n = 3)

I
(n = 7)

Other
(n = 6)

HDL cholesterol 37.6 42.7 39 34 39.57 33.33

LDL cholesterol 114.97 120.7 111.63 110 134.7 112.17

Triglycerides 173.30 157.2 152,88 140.67 191.86 242.5

4. Discussion

Premature CAD is a significant health concern that requires early diagnosis, effective
management, and ongoing prevention. It is crucial to identify and manage risk factors
to prevent the development of premature CAD and its associated complications. There-
fore, investigating the genetics of populations with premature CAD, presenting with life
threatening events like this cohort, is of utmost importance. The heritability of CAD has
been estimated to be between 40% and 60%, on the basis of family and twin studies [18].
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Remarkably, these heritable effects manifest more evidently in younger individuals [19]. An
interesting study performed in twins reported that the probability of dying from CAD given
that one’s twin has already died from CAD decreased with increasing age, particularly
amongst males [19].

Research studies have investigated the association between Y chromosome polymor-
phisms and the risk of CAD. However, the findings are not consistent and the relationship
between Y haplogroups and CAD risk remains unclear. Charchar et al. studied three co-
horts of British men with more than 3000 participants and found that carriers of haplogroup
I had about a 50% higher age-adjusted risk of CAD than men with other Y haplogroups
(p < 0.001; OR = 1.56, 1.24–1.97). The association between haplogroup I and increased risk
of CAD was independent of traditional cardiovascular and socioeconomic risk factors [10].
These authors showed that this haplogroup was associated with the differential expression
of genes related to inflammation and immunity, some of them relevant to atherosclero-
sis [10]. Haplogroup I has been also associated with a higher expression of chromosome
Y genes linked to the immune system [11]. However, other authors failed to confirm the
association between haplogroup I and CAD [20].

An analysis of men from the UK Biobank revealed that haplogroup I (Y1 subclade) was
associated with an 11% increase in risk of CAD when compared with all other haplogroups
combined (OR= 1.11, 95% CI = 1.04–1.189) [21]. The same authors showed that haplogroup-
I1-specific variants showed enrichment for promoter and enhancer chromatin states in
cells/tissues relevant to atherosclerosis, and haplogroup I1 was associated with changes
in pathways involved in atherosclerosis development such as defense against pathogens,
immunity, oxidative phosphorylation, mitochondrial respiration, lipids, coagulation, and
extracellular matrix remodeling [21]. Due to the pivotal role of immunity and inflammation
pathways in the development of atherosclerotic lesions, it is plausible that a differential
immune response between the Y haplogroups could explain the reported association with
CAD. These haplogroups might be associated with differences within pathways underlying
almost all stages of CAD, including the initiation, growth, and rupture of atherosclerotic
plaque [21–23]. A critical driver of atherosclerosis, the apolipoprotein B gene [24], was
upregulated in arteries from carriers of haplogroup I1 [21]. On the contrary, CAD patients
with haplogroup I1 showed the upregulation of pathways involved in platelet aggregation
and arterial thrombus formation [21,25].

However, the distribution of Y chromosome haplogroups may vary from Northern
to Southern European populations [8]. On the one hand, in our study, the frequency of Y
haplogroup I was only slightly higher in the patients and displayed no significant difference
from the controls (6% vs. 4%, p = 0.47, Table 2). However, it should be noted that in our
population, haplogroup I was less common than in other regions where the association with
CAD was reported. Moreover, the I1 subgroup is common among UK men but very rare
among Spanish men (<1%). It is thus possible that the different results between populations
reflect the presence of DNA variants beyond the ancestral SNP that defines the haplogroup.
Thus, the sequencing of the Y-specific region is necessary to uncover the nucleotide changes
that would explain the association with CAD.

On the other hand, in Southern European populations, haplogroup R1b is the most
frequent (40–70%), followed by E1b1b and J2 (5–20%, respectively). In the Iberian Peninsula,
the general reported prevalences are similar: 70–80% for R1B and 5–15% for E1b1b and J2,
respectively [26]. In this regard, our region (Asturias) geographically belongs to the Spanish
Cantabrian cornice, where haplogroup R1B is known to be the most common haplogroup.
Accordingly, the frequencies from our controls were in agreement with those reported by
others [26]. However, in addition, in the population of patients for whom we evaluated
premature STEMI, we found significantly more patients with this particular haplogroup
R1B that in the control population (Table 2).

The underlying mechanisms by which Y chromosome haplogroups influence the risk
of CAD are not fully understood. However, studies have suggested that genetic variations
within the Y chromosome could affect the expression of genes involved in lipid metabolism,
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inflammation, and thrombosis, which are key factors in the development of CAD. In this
regard, Eales et al. showed that haplogroup I1 increased cardiovascular risk through the
proatherosclerotic reprogramming of the transcriptome in several tissues of key relevance
to CAD [21]. They observed changes in gene expression within other pathways underlying
almost all stages of CAD, including the initiation, growth, and rupture of atherosclerotic
plaque [21–23]. A critical driver of atherosclerosis, the apolipoprotein B gene [24], was
upregulated in the arteries in carriers of haplogroup I1 [21]. On the contrary, CAD patients
with haplogroup I1 showed the upregulation of pathways involved in platelet aggregation
and arterial thrombus formation [21,25].

Moreover, while genetic factors play a significant role in the development of CAD,
lifestyle factors such as smoking, poor diet, and lack of exercise also contribute to the risk of
CAD. In this regard, some studies have shown that the association between Y chromosome
haplogroups and CAD risk may vary depending on lifestyle factors. In this sense, a study
by Pilbrow et al. found that men with the haplogroup I were at a higher risk of developing
CAD if they smoked. In this regard, in this study of patients with premature CAD, the “rare”
haplogroup was significantly more frequent among diabetic patients than non-diabetic
ones. On the other hand, we found that haplogroup G was significantly more frequent
in those patients with a family history of premature cardiovascular disease than in those
without it.

5. Limitations

Overall, the relationship between Y chromosome haplogroups and the risk of prema-
ture CAD is complex and requires further investigation. Further studies are needed to
elucidate the mechanisms underlying this association and to explore the potential clinical
implications of Y chromosome haplogroups in the prevention and management of CAD.
Studies with other epidemiological approaches, such as Mendelian randomization, are
of interest to uncover the effect of cardio-metabolic variables in the risk for early-onset
CAD. However, for this approach, a larger number of population controls and patients are
required [27].

6. Conclusions

In conclusion, in our cohort of Spanish men, chromosome Y haplogroup R was signifi-
cantly more frequent in premature STEMI. Y chromosome haplogroups may represent a
novel avenue for understanding the genetic determinants of CAD risk in men.
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Abstract: Arterial hypertension is a common condition worldwide and an important risk factor for
cardio- and cerebrovascular events, renal diseases, as well as microvascular eye diseases. Established
hypertension leads to the chronic vasoconstriction of small arteries as well as to a decreased lumen
diameter and the thickening of the arterial media or wall with a consequent increased media-to-lumen
ratio (MLR) or wall-to-lumen ratio (WLR). This process, defined as vascular remodeling, was firstly
demonstrated in small resistance arteries isolated from subcutaneous biopsies and measured by
micromyography, and this is still considered the gold-standard method for the assessment of struc-
tural alterations in small resistance arteries; however, microvascular remodeling seems to represent a
generalized phenomenon. An increased MLR may impair the organ flow reserve, playing a crucial
role in the maintenance and, probably, also in the progressive worsening of hypertensive disease,
as well as in the development of hypertension-mediated organ damage and related cardiovascular
events, thus possessing a relevant prognostic relevance. New non-invasive techniques, such as
scanning laser Doppler flowmetry or adaptive optics, are presently under development, focusing
mainly on the evaluation of WLR in retinal arterioles; recently, also retinal microvascular WLR
was demonstrated to have a prognostic impact in terms of cardio- and cerebrovascular events. A
rarefaction of the capillary network has also been reported in hypertension, which may contribute
to flow reduction in and impairment of oxygen delivery to different tissues. These microvascular
alterations seem to represent an early step in hypertension-mediated organ damage since they might
contribute to microvascular angina, stroke, and renal dysfunction. In addition, they can be markers
useful in monitoring the beneficial effects of antihypertensive treatment. Additionally, conductance
arteries may be affected by a remodeling process in hypertension, and an interrelationship is present
in the structural changes in small and large conductance arteries. The review addresses the possible
relations between structural microvascular alterations and hypertension-mediated organ damage,
and their potential improvement with antihypertensive treatment.

Keywords: microcirculation; peripheral circulation; remodeling; small resistance arteries; vascular
biology

1. Introduction

Cardiovascular diseases are the main cause of death worldwide, resulting in around
18 million deaths per year (WHO, 2020) [1], and hypertension is considered as the main
contributor to such a global burden [2]. Effective blood pressure (BP) control is a mandatory
factor in order to improve hypertensive target organ damage and subsequent cardiovascular
morbidity and mortality [2].

Functional, mechanical, and structural alterations of the microvasculature may be
observed in patients with essential hypertension, even at very early stages [3–5], and
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contribute to the development of hypertension complications and cardiovascular progno-
sis [3,5]. In particular, in this setting, microvascular remodeling is a key event in triggering
cardiovascular diseases [6,7].

The molecular mechanisms underlying the development of vascular remodeling are
only partly understood. However, among the factors that may contribute to microvascular
changes, an important role may be played by vascular inflammation with infiltration of
inflammatory circulating cells and the release of inflammatory cytokines and chemokines,
proliferative growth factors, as well as oxidative stress related to both a reduction in
nitric oxide bioavailability and increased reaction oxygen species production [5,8,9]. These
changes are promoted by mechanical, hemodynamic, or metabolic vascular insult and
result in an altered vascular smooth muscle cell phenotype and the accumulation of the
extracellular matrix [9]. The present review briefly summarizes the knowledge at present
about microvascular remodeling and its role in hypertension-mediated organ damage and
consequent cardiovascular events.

2. Microvascular Remodeling in Hypertension

Cardiovascular and metabolic diseases (in particular arterial hypertension) are very
commonly associated with alterations in microcirculation [4,6,7]; morphological
changes may involve small resistance arteries, arterioles, capillaries, and post-capillary
venules [3,6,10]. BP is mainly influenced by vessel resistance and microcirculation is the
key element of peripheral resistance regulation. As previously mentioned, microcirculation
may be subdivided in small arteries, arterioles, and capillaries. Small resistance arteries
are defined as arteries with a lumen diameter roughly between 350 and 100 μm. Their
structure consists of an outer connective tissue adventitia, smooth muscle cell tunica media,
and the endothelial layer [5,6]. Arterioles are vessels with internal diameters smaller than
100 μm, characterized by a single layer of smooth muscle cells. Small arteries and arterioles
account for 45–50% of peripheral resistance and are defined as resistance arteries. These
vessels have the capacity of contracting when transmural pressure increases, a feature called
myogenic tone. A total of 23–30% of peripheral resistance is to be ascribed to capillaries
(internal diameter less than 7 μm), whose walls are constituted only by a monolayer of
endothelial cells [5,6,11–13].

It was proposed several years ago that increases in systemic vascular resistance may
be a consequence of vascular smooth muscle increase and the concomitant narrowing of
the arteriolar lumen [3,4,6,7,14]. Microcirculation remodeling occurs in primary hyperten-
sion [6,10]. Remodeling may be classified according to lumen and wall cross-sectional area
changes [12,13]. Hence, remodeling might be inward when the internal diameter is reduced
and outward when the lumen is unchanged [15,16]. On the other hand, hypertrophic remod-
eling occurs when the vessel wall material, i.e., media/wall cross-sectional area, increases
along with media/wall thickness, whereas if the media/wall cross-sectional area does
not change or is reduced, then remodeling is defined as eutrophic or hypotrophic, respec-
tively [15,16]. Inward eutrophic remodeling is mainly observed in primary hypertension
with a media thickness increase and lumen diameter decrease resulting in an unchanged
media-cross sectional area [14–17]. On the contrary, hypertrophic remodeling, which may
be outward or inward, has been shown in the secondary form of hypertension [17] and in
cardiovascular diseases, such as diabetes mellitus [18,19], obesity [20,21], and metabolic
syndrome [22], as well as in other endocrine diseases [23,24], independently, in the presence
of an increase in BP increase. As result of the remodeling process, the wall-to-lumen ratio
(WLR) and media-to-lumen ratio (MLR), are defined as the ratio between wall and media
thickness, respectively, and lumen diameter increase.

Hypertensive patients [4,14], but also obese [25] or diabetic patients [4], present
reduced basal and total capillary densities compared to the normotensive controls showing
a structural anatomical rarefaction of capillaries rather than the presence of non-perfused
vessels [4]. This reduction in total capillary density may consequently lead to an increase in
peripheral resistances, thus negatively affecting tissue perfusion and nutrient delivery [26].
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The time course of the development of hypertension in respect to the onset of mi-
crovascular alterations is not clear. An increase in the MLR of mesenteric small resistance
arteries of spontaneously hypertensive rats may be present in a pre-hypertensive phase [4].
The data for humans are obviously difficult to obtain, since very few longitudinal data are
presently available [4].

As previously mentioned, the hallmark of a microvascular remodeling process is an
increased WLR and/or MLR. These parameters were initially measured in small resistance
arteries by using wire or pressure micromyography, an in vitro ex vivo technique where a
small artery is isolated from subcutaneous fat tissue and mounted on wire or glass cannulas
and studied in isometric or isobaric conditions [27–29]. At present, non-invasive techniques
are available [30], such as scanning laser Doppler flowmetry and adaptive optics, which
allow the accurate visualization and measurement of retinal vessel morphological parame-
ters at a high resolution providing similar information compared to the micromyographic
system [31]. In particular, scanning laser Doppler flowmetry allows us to measure the
external diameter of retinal arterioles in reflection images and to evaluate the internal
diameter in perfusion images, according to a laser Doppler technique. A software-guided
automatic comparison of the two images provides an estimation of the WLR [32,33]. With
adaptive optics, the internal and external diameters of retinal arterioles are derived though
an algorithm detecting the gradient of light’s reflection between the lumen of the vessel and
the wall; these data are then used to calculate the WLR and wall cross-sectional area [30,34]
(Figure 1). Compared to scanning laser Doppler flowmetry, adaptive optics detects reti-
nal arteriole remodeling with a lower intra-observer variability [31] and provides very
high-quality images [34] (Figure 1).

Figure 1. Evaluation of the morphology of retinal arteries by adaptive optics. Example of images
obtained with adaptive optics (AO camera, Rtx-1, Imagine Eyes, Orsay, France) (left and bottom) and
measurement of morphological parameters using a dedicated software (right). From reference [4].
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The cost, advantages, disadvantages, and indications/perspectives of the different
available techniques for a non-invasive investigation of microvascular structure are sum-
marized in Table 1 [30].

Table 1. Cost, advantages, disadvantages, and indications/perspectives of the available techniques
for a non-invasive investigation of microvascular structure. From reference [30].

Technique Cost ($) Advantages Disadvantages Indications/Perspectives

Forearm
plethysmography 1500–2000 Relatively inexpensive Locally invasive, needs

experience
Research purposes, not for

extensive clinical use

Intravital mi-
croscopy/Glycocalyx 3000–5000 Non-invasive No prognostic data

Research purposes, not for
extensive clinical use, though
adoption in specific settings

(i.e., critical care) is being
proposed

Nailfold
videocapillaroscopy 10,000–20,000 Non-invasive No prognostic data

Research purposes in the
cardiovascular setting,

commonly used in
rheumatology. Possible
future demonstration of

prognostic usefulness of such
an approach might extend its

clinical application to
patients at elevated
cardiovascular risk.

SLDF (Heidelberg
Retina Flowmeter) 30,000–40,000

Some prognostic data
available/possibility to

assess endothelial
function

No more in the market

Research purposes; potential
for an extensive future

clinical application in the
cardiovascular field if

technically developed by the
producer

Adaptive optics
cameras 130,000–160,000

Reliable/possibility to
assess endothelial

function

Cost, no prognostic
data

Commonly used in
ophthalmology for specific
clinical purposes. Potential

for an extensive future
clinical application in the

cardiovascular field

Dynamic Vessel
Analyzer (AV ratio) 5000–6000

Some prognostic data,
relatively easy to

perform

Cost, some limitations
in reliability

Commonly used in
ophthalmology for specific

purposes

OCTA 20,000–70,000

Useful vascular
information on

choroidal microvessels
in hypertensive

patients, plenty of data
provided.

Imaging artefacts, high
acquisition costs, role in
the cardiovascular field
still under evaluation

Commonly used in
ophthalmology for specific

purposes

Techniques for the
evaluation of

topological changes in
the retinal vascular

architecture or fractal
dimensions

30,000–50,000 Some prognostic data
(fractal dimensions) Not standardized Only research purposes

EndoPAT 2500–4000 Easy to perform, cost Limited reliability Only research purposes

Laser Doppler
Flowmetry (skin) 1500–20,000 Easy to perform, cost Limited reliability Only research purposes
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2.1. Pathophysiology of Microvascular Remodeling

Microvascular remodeling is the complex result of multiple factors [35]. Although the
“primum movens” for the microvascular remodeling in primary hypertension is still unclear,
underlying mechanisms include hemodynamic and mechanical changes, such as increased
wall stress and prolonged vasoconstriction, but also hormonal factors as well as immune cell
activation, inflammatory, and oxidative signaling [9]. The interaction among these factors
induces alterations in the extracellular matrix (ECM), which involve integrins [36], tissue
transglutaminase [37], as well as the activation of tissue metalloproteinases 2 and 9 activity
with an increase in collagen deposition in the vascular wall [38]. Moreover, oxidative stress,
which is, to date, defined as an imbalance between oxidants and antioxidants in favor of
oxidants [39], is able to modulate ECM composition, cell growth and differentiation, and
activate growth factors and pro-inflammatory genes [40].

In particular, a combination of inward vascular wall growth and apoptosis in the
peripheral area of small arteries has been suggested in the development of inward eutrophic
remodeling [41]. This process seems to represent a physiological protective mechanism
against an increase in wall tension caused by increased BP, as wall tension is directly
proportional to the lumen radius and inversely proportional to wall thickness according to
Laplace’s law.

On the other hand, an altered myogenic tone, which is the artery’s ability to contract
in response to an increased BP in order to protect distal vessels, has been hypothesized
to induce hypertrophic remodeling and contribute to target organ damage [19]. In this
context, reactive oxygen species (ROS), together with growth factors and mechanical injury,
may switch the vascular smooth muscle cell phenotype from contractile to synthetic, thus
inducing hypertrophy [42]. ROS are oxygen-derived molecules, such as superoxide (O2−),
nitric oxide, peroxynitrite (OONO−), and hydrogen peroxide (H2O2), which are extremely
important in the pathophysiology of hypertension and hypertension-associated target
organ damage [40]. Many pro-hypertensive factors, including angiotensin II, aldosterone,
endothelin 1, growth factors, immune factors, and salt, induce ROS production in endothe-
lial cells, vascular smooth muscle cells, adventitia, and perivascular adipose tissue (PVAT),
leading to vascular injury [40].

Indeed, the renin–angiotensin–aldosterone system (RAAS) and endothelin system, as
well as catecholamines with sympathetic nervous system activation may play a crucial role
in microvascular remodeling. Angiotensin II and endothelin exert vasoconstriction effects
with diminished vasodilatation and may contribute to microvascular remodeling by regu-
lating oxidative stress and the inflammatory mechanisms of vascular damage [7,43]. An-
giotensin II elicits its deleterious effect through the angiotensin type-I receptor (AT1R) [44],
a receptor that mediates pathways involved in trophic effects, hypertension, and inflamma-
tion, whereas the angiotensin 1–7/Mas receptor pathway seems to be protective [45].

Recently, PVAT dysfunction was demonstrated to be involved in microvascular alter-
ations. PVAT seems to exert a key role in vasculature homeostasis; its activity results from
the balance between the production of vasodilation and vasoconstriction substances [46].
In healthy conditions, PVAT regulates the contractile function of vessels releasing the PVAT-
derived relaxing factor (ADRF), a molecule whose nature is still unknown. Adiponectin
acts as a vasodilator through the activation of eNOS; it also reduces macrophage activation,
vascular smooth muscle cell proliferation, oxidative stress, and increase insulin activity [46].
As the PVAT anti-contractile effect disappears when adiponectin receptors are blocked,
adiponectin is considered a realistic candidate as ADRF. In particular, PVAT dysfunction
occurs in systemic inflammatory states, such as obesity, where adiponectin activity and
release are reduced [47]. On the other hand, under pathological conditions, such as obesity,
diabetes, and hypertension, PVAT is also able to produce pro-inflammatory cytokines (IL-6,
TNF-alpha, IL-8, MCP-1, TGF-Beta), prothrombotic factors (PAI-1), and vasoconstriction
molecules, such as endothelin-1 and angiotensin II [48].
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2.2. Role of the the Immune System in Microvascular Remodeling: Interaction with Hormonal
Signals, the Sympathetic Nervous System, and PVAT

Hypertension is associated with a chronic inflammatory response due to immune cell
accumulation in different hypertensive target organs, such as the kidneys, heart, brain, and
blood vessels (including in the PVAT), thus exacerbating hypertension. This observation
raised the hypothesis that hypertension might start as an overactivation of the central
nervous system by the RAAS leading to a rise in BP with peripheral mechanical and
oxidative damage [49,50]. Peripheral damage causing danger associated molecular patterns
(DAMPs production) might be a trigger for immune responses as, normally, DAMPs
activate the immune system and cause inflammation [50].

Animal models revealed the strong role of innate and adaptive immune cells in
angiotensin II-induced hypertension [8]. In particular, adaptive immunity and, in particular,
T-lymphocytes seem to play a major role [8]. Rats infused with angiotensin II elicited an
increased production of T-helper (Th)-1 cytokines and a decrease in anti-inflammatory Th-2
cytokines, which may be restored by angiotensin II-receptor-1 blockers, but not by the
vasodilator hydralazine, despite the similar effect on BP [51].

In order to clarify the role of the immune system in angiotensin II-mediated hyperten-
sion, many studies were conducted in immunodeficient mice. Ang II-dependent hyperten-
sion as well as vascular remodeling were demonstrated to be blunted in rats deficient in T-
and B-lymphocytes [52]. T-regulatory cells (Treg), a particular subtype of T cells with the
ability to suppress T-lymphocyte proliferation, seemed to also be involved in pressure reg-
ulation [53]. Indeed, rats with genetic hypertension (Dahl salt-sensitive strain) had reduced
levels of Treg cytokines, less Treg cells, and more inflammatory cells in the aorta, as well as
higher pressure compared with genetic normotensive rats [54]. Moreover, Treg-adoptive
transfer induced a BP-lowering effect in angiotensin II rats [53]. In addition, Madhur et al.
demonstrated that hypertension was associated with an increase in circulating Th17 cells
and that IL-17 played an important role in Ang II-dependent hypertension [55]. Recently,
it was reported that salt intake may stimulate RAAS and endothelin with consequent
Th17 lymphocyte activation and a change in gut microbiome leading to intestinal wall
inflammation, hence promoting microvascular damage and hypertension [56].

It has also been suggested that a splenic factor, the placental growth factor (PlGF),
mediates a sympathetic stimulation of the spleen leading to costimulation and deploy-
ment in target organs of T cells promoting the onset of hypertension [57]. The spleen is
innervated by sympathetic nervous system fibers that modulate immune cell responses
through their neurotransmitters, thus generating a neuro-immune communication [58].
Particularly, there is a strong link between the central nervous system, RAAS, and immune
system [49]. RAAS central stimulation causes an activation of peripheral T-lymphocytes
and consequently vascular inflammation, further exacerbating BP [59]. This effect on T cells
is centrally mediated, and it is associated with BP increase mediated by noradrenaline [60].
Noradrenaline further activates T-cell proliferation as the lymph nodes and spleen are
innervated by sympathetic fibers [61].

Inflammation and oxidative stress mediated by RAAS cause PVAT dysfunc-
tion [46,47,62] and the impairment of endothelial function, thus contributing to patho-
physiological hypertensive structural alterations Endothelial function is essential for mi-
crocirculation, as it regulates vascular tone, permeability, inflammation, and angiogenesis.
Resistance artery endothelial function and nitric oxide (NO) availability might represent
important factors involved in resistance artery remodeling, independently from cardiovas-
cular risk factor exposure. This issue is specifically addressed elsewhere [63–65].

2.3. Prognostic Role of Microvascular Structural Alterations

The MLR of subcutaneous small resistance arteries has been suggested to represent
the most prevalent and earliest form of arterial damage in essential hypertension [66]
and it may be present very early on, even in the prehypertensive phase, at least in the
experimental model [4].
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From a physiological point of view, the reductions in the small artery and arteriole
lumen are associated with an increase in flow resistance, even in condition of maximal
dilatation, hence impairing the organ flow reserve [67–69]. Indeed, a relationship between
the vasodilating capacity of coronary microcirculation and media-to-lumen ratio of subcu-
taneous small arteries was previously demonstrated [70] in patients with mild to moderate
hypertension, thus suggesting that structural alterations in the subcutaneous vascular dis-
trict (evaluated by wire micromyography in isolated vessels from fat biopsies obtained from
the gluteal region) may be representative of similar alterations in coronary microcirculation,
leading to a reduced coronary flow reserve [70,71].

Increased MLR of subcutaneous small resistance arteries has been positively related to
hypertensive target organ damage, such as left ventricular hypertrophy [72,73] or carotid
artery structure [73].

Importantly, the changes in small artery structure have a prognostic significance in
both primary and secondary hypertension and in type-2 diabetes; indeed, an increased
MLR is associated with a reduced event-free survival for cardiovascular events in high-
risk patients [3,74] as well as in medium-risk ones [3,75,76]. Moreover, the presence of
hypertrophic remodeling seems to be associated with an even worse prognosis compared
to eutrophic remodeling [77,78]. More details about the prognostic role of the structural
alterations in subcutaneous small resistance arteries evaluated by micromyography are
reported in reference [3].

On the other hand, WLR evaluated by scanning laser Doppler flowmetry was proved
to increase in patients with hypertension and cerebrovascular disease [32], and to directly
be associated with urinary albumin excretion [79]. Likewise, an increased WLR evaluated
with adaptive optics correlated with age [80,81], BP [34], and may be improved by a
reduction in BP values by hypertensive treatment [46]. Most recently, the prognostic role of
WLR evaluated with adaptive optics was demonstrated [80]. The event-free survival was
significantly worse in 230 normotensive subjects and hypertensive patients with a baseline
WLR higher than the median value of the population (0.28) according to Kaplan–Meier
survival curves and multivariate analysis (Cox’s proportional hazard model) [82]. The
evidence was confirmed after restricting the analysis to cardiovascular events, excluding
deaths and neoplastic diseases [82]. Therefore, the structural alterations of retinal arterioles
evaluated by adaptive optics may predict total and cardiovascular events [82].

Most recently, it was also demonstrated that patients with coronary microvascular
dysfunction, defined as the presence of a reduced myocardial flow reserve (≤2), evaluated
by dynamic single-photon-emission computed tomography (SPECT), had higher rates of
adverse outcomes that those without it [83]. However, it is not presently known whether
capillary rarefaction may be related to cardiovascular events [3,4].

2.4. Possible Prevention/Regression of Microvascular Remodeling

The subsequent question to be answered is whether we should aim at correcting the
structure of resistance vessels in the treatment of hypertension and whether this can affect
the prognosis. Indeed, several drugs have been demonstrated to improve microvascular
structure and therefore reduce the MLR, such as drugs inhibiting RAAS and dihydropyri-
dinic calcium channel blockers, whereas diuretics and beta-blockers did not seem to have
any relevant effects [5,7,84].

There is clear evidence that angiotensin-converting enzyme (ACE)-inhibitors and
angiotensin-receptor blockers (ARBs) appear to be more effective than atenolol in terms
of microvascular protection also in patients with diabetes mellitus [85–87]. Along this
line, the direct renin inhibitor aliskiren improved microvascular structural alterations to a
similar extent, compared with ramipril, in mild hypertensive patients with type-2 diabetes
mellitus [88].

An improvement of microvascular remodeling was also demonstrated in the retinal
vasculature. In patients with hypertension, aliskiren plus valsartan ameliorated ameliorate
the WLR of retinal arterioles measured non-invasively by scanning laser Doppler flowme-
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try [89]. The combination of lercanidipine and enalapril was more effective in reducing the
retinal arteriole WLR compared to the combination of lercanidipine and hydrochloroth-
iazide [90]. Using adaptive optics, the normalization of the retinal arteriole structure was
observed after chronic and effective antihypertensive treatments [80]. On the contrary,
a short-term reduction in BP only led to an increase in the internal diameter of retina
arterioles with no changes in the wall thickness or wall cross-sectional area [80].

A complete regression of the remodeling process is difficult to obtain for patients
with hypertension-mediated organ damage (i.e., left ventricular hypertrophy) or when
comorbidities, such as diabetes mellitus, are present [3,4,7,84]. Usually, in such clinical
situations, an improvement, but not a full normalization of the MLR of subcutaneous small
resistance arteries, has been observed, despite effective BP reduction.

Several specific mechanisms may contribute to the beneficial effects of some drugs on
small artery structure and outcomes compared with other pharmacological strategies. Buus
NH et al. observed that, in essential hypertension, after one year of treatment with the
ACE-inhibitor perindopril, the coronary flow reserve improved with the normalization of
small subcutaneous arteries’ structure [91]. In this study, in the parallel group treated with
the beta-blocker atenolol, coronary flow was reduced and the small subcutaneous artery
structure remained unchanged, despite a similar reduction in BP [91]. Therefore, it can be
speculated that the beneficial effect on the hypertensive target organ damage of these drugs
may be also occur to their ability to improve microvascular structure. Buus NH et al. [92]
also demonstrated that MLR represents an independent predictor of cardiovascular events,
beyond the extent of BP reduction, in a cohort of moderate-risk essential hypertensive
patients not only including untreated patients, but also hypertensive patients during long-
term effective treatment. This suggests that the assessment of the microvascular structure
may also be important in treated patients, since it can allow us to identify those who may
benefit from a more aggressive treatment and further risk reduction.

In addition, since vascular damage in hypertension is also caused by the inflamma-
tion, oxidative stress, and immune system activation, drugs selectively modulating these
pathways can represent a potential and interesting strategy of treatment in the near future.

In patients with Conn’s syndrome (primary aldosteronism due to an adenoma of
the adrenals), the presence of marked or persistent vascular remodeling, as indicated by
a higher MLR of subcutaneous small resistance arteries, was associated with reduced
chances of BP normalization in the long-term follow-up after adrenalectomy. Thus, the
severity of structural alterations in subcutaneous small resistance arteries can predict the
clinical outcomes for these patients with secondary hypertension [93]. Therefore, structural
alterations of small arteries can possibly be considered an important intermediate endpoint
for the evaluation of the efficacy of antihypertensive treatment [4].

Antihypertensive treatment with ACE inhibitors seems to improve capillary rarefac-
tion [90,94]; although, some methodological caveats were raised [95]. In any case, it has
not yet been established whether a reversal of capillary rarefaction is associated with an
improved prognosis [4].

3. Interrelationship between Microvascular and Macrovascular Remodeling

The large arteries are not only the target of high BP, but a determining factor in the
pathogenesis of hypertension, particularly of isolated systolic hypertension and the increase
in pulse pressure typical when aging [96,97]. The large elastic arteries allow the conduction
of blood from the heart to the resistance arteries, but also for the transformation of the
pulsatile flow, generated by cardiac activity, into the continuous flow observed in peripheral
circulation. Part of the energy produced by the left ventricular systole is used for the stretch-
ing of arteries and it is stored in their walls. During diastole, this energy recoils the aorta
and squeezes out blood into microcirculation, ensuring a continuous flow to tissues [98,99].
In essential hypertension, remodeling occurs not only in the small arteries, but also during
macrocirculation [100,101]. Large conduit arteries (such as the aorta and its branches)
develop arteriosclerosis of the media. This remodeling is characterized by an increase in
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intima-media thickness with a lumen enlargement of proximal elastic arteries, and it is a
compensation mechanism used to normalize circumferential wall stress [99]. Elastic fibers
in the media become thinner and frail, undergoing fragmentation with a parallel increase
in collagen deposition and a consequent reduction in distensibility [96,100]. Aging and BP
are the two main determinants of arterial stiffness, which is also influenced by diabetes
mellitus, obesity, and metabolic syndrome. In the Framingham Heart Study, increased
large-artery stiffness, measured as pulse wave velocity, and aortic root enlargement were
observed to be associated with a higher risk of cardiovascular disease [5,102]. Pulse wave
velocity correlates with hypertensive heart disease and microalbuminuria [103,104].

In fact, arterial stiffness has unfavorable consequences from a hemodynamic point of
view. The increase in the speed of the incident and the reflected wave causes them to merge
earlier, in the first part of the systole, increasing the systolic BP (with an increased afterload),
reducing the diastolic BP (with a reduction in myocardial blood flow), and increasing the
pulse pressure [100]. In addition, with the elastic arteries becoming more rigid than the
muscular ones, a reversion in the normal center–periphery stiffness gradient occurs, which
is mainly responsible for the reflection of the sphygmic wave [4,100]. Hence, the reflection
site moves more distally, and the reflected wave is decreased, increasing the peripheral
transmission of a large incident wave that exposes the peripheral arteries and arterioles to
harmful levels of pressure plasticity, contributing to alterations of microcirculation and, in
the end, of the nutrition and oxygenation of peripheral tissues (heart, brain, kidneys, and
limbs), as well as the elimination of waste products [96,100].

It is still difficult to establish a temporal or linear relationship between small- and
large-artery alterations in essential hypertension. The most likely relationship is actually a
cross-talk between micro- and macrocirculation that may trigger a vicious cycle [96,100].
Hypertension causes the degeneration of large arteries and stiffness, with consequent higher
central systolic and pulse pressures, and microvascular alterations, such as eutrophic re-
modeling, impaired vasodilatation, and microvascular rarefaction. Small-artery remodeling
and rarefaction increase total peripheral resistance and amplify mean BP [96,100]. Indeed,
in essential hypertension, the MLR of small resistance arteries and pulse wave velocity
are independent determinants of central systolic BP [105]. Moreover, many indices of
large-artery stiffness (e. g. pulse pressure, pulse wave velocity) are associated with indices
of microvascular damage (WLR and MLR, respectively) [106,107].

Drugs that improve microvascular structure are particularly effective, also in reducing
central BP, thus probably providing an additional benefit [4,62,69,74,75], most likely by
slowing down the reflection of BP waves from distal reflection sites, close to microcircula-
tion [4,96,100,103,108,109].

The pathophysiological consequences of the regression of small-artery remodeling
might be: better BP control, taking advantage of reduced vascular reactivity [4,69]; an
improvement of the organ flow reserve, in particular, in the heart [4,69,92]; and an effective
reduction in central BP [4,96,100,103,108,109].

4. Conclusions

In hypertensive microcirculation, internal media or total wall thickness were increased
in relation to the internal lumen, and this alteration contributed to the increase in peripheral
resistance we observed [4]. Microvascular structural alterations might also impact the
organ flow reserve [3,4,10,69,70], and this may play a role in the maintenance/progressive
worsening of hypertensive disease. Therefore, an increased MLR in small resistance arteries
may forecast the development of hypertension-mediated organ damage/cardiovascular
events, as well as complications of the disease [77,78].

In order to allow for a wider application of the evaluation of microvascular morphol-
ogy, we need non-invasive techniques to better stratify cardiovascular risk and to better
evaluate the effects of antihypertensive therapy [4,30]. Techniques that allow for an evalua-
tion of retinal artery morphology, such as scanning laser Doppler flowmetry or adaptive
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optics, seem to be a promising approach [30], as also stated in the 2023 ESH Guidelines for
the management of arterial hypertension [110].

In conclusion, the evaluation of microvascular structure is progressively moving from
bench to bedside [3,4,30,44], and can, in the near future, represent an evaluation to be
performed in the majority, if not in all, hypertensive patients [3,4,30]. The most recent
demonstration of the possible prognostic relevance of non-invasive measures of microvascu-
lar structure by adaptive optics represents a relevant contribution; although, this evidence
has to be confirmed by other studies. In addition, we need a similar demonstration of the
prognostic relevance of the changes in the indices of microvascular structure evaluated
non-invasively and observed during antihypertensive treatment.
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Abstract: Patients with chronic inflammatory arthritis have a higher cardiovascular (CV) risk than the
general population. Traditional CV risk factors are clearly implicated, while the impact of metabolic
syndrome (MetS) is less defined. The aim of this study was to compare MetS prevalence and impact
on the CV risk in psoriatic arthritis (PsA) versus rheumatoid arthritis (RA). A retrospective analysis
of real-world data of PsA and RA patients referred to a rheumatology clinic was conducted. The
following data were extracted and compared: demographic data; clinical data; presence of traditional
CV risk factors and MetS. Univariate and multivariate models were used to compare the impact
of MetS and its components in patients with PsA versus RA. Overall, 170 patients were included
(PsA: 78; RA; 92). The two groups differed significantly in mean age, disease duration, and presence
of MetS, while other variables were comparable. Univariate and multivariate analysis identified
distinct predictors of MetS in PsA (hypertension) and RA (dyslipidemia). The history of CV events
was similar in the two groups. Predictors of CV events were MetS and most of its components in
PsA, while dyslipidemia was the strongest predictor in RA. These associations were stronger in PsA
than in RA. In conclusion, the impact of MetS and its components is different in PsA and RA. The
association of these risk factors with CV events is stronger in PsA than in RA. This suggests the
implication of different mechanisms, which may require distinct strategies for the prevention of CV
events in PsA and RA.
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1. Introduction

Rheumatoid arthritis (RA) is associated with an increased risk of cardiovascular (CV)
morbidity [1–4]. RA is now widely recognized as an independent risk factor for CV disease,
similar to diabetes [5,6]. An elevated risk of CV and cerebrovascular events compared to the
general population has also been reported for psoriatic arthritis (PsA) [2,7]. The increased
CV risk associated with RA and other chronic inflammatory conditions is likely caused
by the complex interplay of traditional CV risk factors, chronic systemic inflammation,
and side effects related to the use of certain antirheumatic medications [8,9]. Although a
similar figure has been proposed for PsA, to what extent these arthropathies differ is yet to
be clarified.

Traditional CVD risk factors include older age, male gender, smoking, hypertension,
dyslipidemia, and diabetes [10]. A specific clustering of metabolic and CV factors, known
as metabolic syndrome (MetS), has also been found to substantially increase the risk of
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CV events [11]. The impact of MetS on the CV risk in inflammatory arthritis is yet to
be clarified.

Several studies have investigated the epidemiology of traditional CV risk factors and
MetS in patients with RA and PsA [9,10,12–15]. A study based on the data from a US
health insurance claim database estimated the prevalence of CV risk factors during the
12 months before diagnosis and their incidence rates during follow-up in patients with RA,
PsA or psoriasis [12]. The prevalence was elevated in all diseases and ranged from 17%
to 20% for hypertension, 6% to 8% for diabetes mellitus, 10% to 12% for hyperlipidemia,
and 4% to 6% for obesity; incidence rates of CV risk factors were also high [12]. The largest
study covering this topic, using a medical record database from United Kingdom, revealed
a higher prevalence of all CV risk factors in PsA patients, whereas only diabetes and
obesity were found to be increased in RA. The incidence of new diagnosis of hypertension,
hyperlipidemia and diabetes mellitus was elevated in both RA and PsA [13]. However,
MetS occurrence has received less attention. A recent meta-analysis compared MetS
prevalence in patients with PsA versus RA and found that PsA patients were 1.6 times more
likely to present with MetS than their RA counterparts [14]. Nevertheless, whether MetS
clinical presentation and their components were comparable across conditions is unclear.

Overall, the epidemiologic evidence confirms the association between chronic inflam-
matory joint diseases and traditional CV risk factors and suggests that this association may
differ among diseases [12,14,15]. These differences need to be further investigated as they
may have an impact on the prevention and management of CV disease in RA and PsA.
In fact, according to the 2015/2016 European Alliance of Associations for Rheumatology
(EULAR) recommendations for the management of CV risk in patients with RA and other
inflammatory joint disorders, current CV risk scores developed for the general population
should be multiplied by 1.5 in subjects with RA [16]. However, most of the evidence came
from RA studies, so CV risk management in other inflammatory joint disorders, includ-
ing PsA, remains poorly established and whether different approaches may be needed
is unknown.

The aim of this study was to compare the profile of traditional CV risk factors and
MetS in patients with PsA and RA. The primary objective of our analysis was to evaluate
the prevalence of MetS and its components in PsA versus RA real-world patients. Our
secondary aim was to analyze the impact of MetS and its components on the occurrence of
CV events in PsA versus RA real-world patients.

2. Materials and Methods

2.1. Study Design and Patients

This was a real-life observational study performed to primarily investigate the impact
of MetS and its components in patients with PsA and RA referring to a Tertiary level
rheumatology clinic in Italy between 2017 and 2022. The charts of all patients with PsA or
RA referred to the clinic were reviewed between January 2021 and August 2021. Following
data collection (baseline), patients were followed-up for an additional 12 months to gain
insight into the course of MetS and its components. All patients with PsA fulfilled the 2006
Classification for Psoriatic Arthritis (CASPAR) criteria [17] and all patients with RA fulfilled
the 2010 American College of Rheumatology (ACR)/EULAR criteria for RA [18]. MetS
was defined according to the American Heart Association (AHA)/National Heart, Lung,
and Blood Institute (NHLBI) by the presence of ≥3 of the following criteria: (1) fasting
glycemia ≥ 100 mg/dL or on antihyperglycemic treatment; (2) blood pressure ≥ 130/86 mm
Hg or on antihypertension treatment; (3) triglycerides ≥150 mg/dl or on treatment to lower
triglycerides; (4) high-density lipoprotein cholesterol (HDL-C) < 40 mg/dl in men and
<50 mg/dl in women; (5) waist circumference ≥102 cm in men and ≥88 cm in women [19].
All patients gave informed consent to participate in the study, which was conducted in
accordance with the Declaration of Helsinki and local regulations. The Institutional Review
Board granted an exemption of ethics committee approval due to local regulations, as the
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participants underwent clinical and clinimetric examinations according to routine protocols
used at the recruiting hospital and no further procedures were needed.

2.2. Parameters Analyzed

The following parameters were collected from patient charts: demographic and clini-
cal characteristics (presence of autoantibodies; C-reactive protein levels; disease duration);
presence of CV risk factors, including smoking, MetS, diabetes mellitus, arterial hyperten-
sion, and dyslipidemia; occurrence of CV events (ischemic heart disease, stroke, transient
ischemic attack, heart failure or peripheral arterial disease). During the 12-month observa-
tion period following data extraction, the CV risk profile of the patients and the occurrence
of CV events were recorded using the definitions and procedures described above. All data
were anonymized before further analysis. The research process and analysis pipeline are
summarized in Figure 1.

Figure 1. Research flowchart. Research flowchart showing the main steps (recruitment and analysis),
stages (baseline and follow-up), and analysis pipeline of the present study. Gray, vertical arrows
represent the main statistical analyses performed to compare RA and PsA groups according to the
objectives of the study.

2.3. Statistical Analysis

Data were analyzed by descriptive statistics and variables were summarized here as
absolute numbers and percentages or mean values ± standard deviation (SD), as appropri-
ate. Differences between groups were evaluated using chi-square tests and binomial logistic
regression analyses. Odds ratios (OR) and 95% confidence intervals (CI) were computed.
Confounding factors were entered as covariables in the multivariate models. Statistical
analysis was performed using the IBM SPSS Statistics software, version 27.0; IBM SPSS
Statistics; Irving, TX, USA.

3. Results

3.1. Characteristics of PsA and RA Patients

Patients with PsA were significantly younger and had a significantly shorter disease
duration than patients with RA (Table 1). As expected, the presence of autoantibodies
(anti-citrullinated protein antibodies, ACPA, and rheumatoid factor, RF) was significantly
higher in RA than in PsA patients (Table 1).
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Table 1. Demographic and clinical characteristics of patients.

PsA
(n = 78)

RA
(n = 92)

p-Value
p-Value

(Age-Adjusted)

Demographic features

Age, years, mean (±SD) 45.23 (16.99) 60.81 (13.19) <0.001
Sex, n (%)

Female 54 (69.2) 70 (76.1)
0.316

Male 24 (30.8) 22 (23.9)

Clinical features

RF, n (%) 6 (7.7) 54 (58.7) <0.001
ACPA, n (%) 4 (5.1) 53 (57.6) <0.001
CRP, mg/L, mean (±SD) 5.14 (7.91) 6.63 (9.21) 0.047
Disease duration, months, mean (±SD) 18.86 (48.43) 176.85 (169.77) <0.001

Treatments

Steroids, n (%) 12 (15.4) 37 (40.2)
NSAIDs, n (%) 39 (50.0) 0
Methotrexate, n (%) 13 (16.7) 44 (47.8)
Leflunomide, n (%) 3 (3.8) 7 (7.6)
Sulfasalazine, n (%) 5 (6.4) 4 (4.3)
Anti-TNF, n (%) 49 (62.8) 23 (29.5)
Anti-IL6-R, n (%) 0 8 (8.7)
Abatacept, n (%) 0 32 (34.8)
JAK inhibitors, n (%) 0 6 (6.5)
Anti-CD20, n (%) 0 2 (2.2)
Apremilast, n (%) 5 (6.4) 0
Anti-IL17, n (%) 10 (12.8) 0
Anti-IL12, n (%) 3 (3.8) 0
Anti-IL23, n (%) 1 (1.3) 0

Traditional CV risk factors

Smoking, n (%) 22 (28.2) 26 (28.3) 0.836 0.997
MetS, n (%) 40 (51.3) 25 (27.2) 0.003 0.002
Diabetes mellitus, n (%) 26 (38.3) 33 (35.9) 0.823 0.516
Hypertension, n (%) 44 (56.4) 51 (55.4) 0.749 0.013
Dyslipidemia, n (%) 56 (71.8) 26 (28.3) <0.001 <0.001

History of CV events

CV events a, n (%) 22 (28.2) 24 (26.1) 0.602 0.304
a Composite of ischemic heart disease, stroke, transient ischemic attack, heart failure, or peripheral arteriopathy
reported in the charts of PsA and RA patients. ACPA, anti-citrullinated protein anti bodies; CRP, C-reactive
protein; CV, cardiovascular; MetS, metabolic syndrome; PsA, psoriatic arthritis; RA, rheumatoid arthritis; RF,
rheumatoid factor.

MetS was reported in 51.3% of PsA patients versus 27.2% of RA patients (p = 0.002) and
dyslipidemia was reported in 71.8% of PsA patients versus 28.3% of RA patients (p < 0.001);
these differences remained statistically significant after adjusting for the age difference
(Table 1). Importantly, disease duration was not associated with MetS occurrence in RA
(p = 0.114) nor in PsA patients (p = 0.234). The prevalence of the other CV risk factors
considered (smoking, diabetes mellitus, hypertension) was similar in the two groups
(Table 1). Moreover, the prevalence of these risk factors failed to show any association
with disease duration in both conditions (Supplementary Table S1). Similar proportions
of patients reported a history of CV events (28.2% of PsA patients versus 26.1% of RA
patients, p = 0.304).
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3.2. Association between the Presence of Autoantibodies and CV Risk Factors

A slight association between ACPA and smoking habit was found in RA (OR 2.55,
95% CI 0.65 to 6.89; p = 0.060), whereas there were no associations between the presence of
ACPA and the other traditional risk factors. The autoantibody RF was associated in RA
patients with diabetes mellitus (OR 0.43, 95% CI 0.18 to 1.02; p = 0.054). Autoantibodies were
found to be unrelated to the occurrence of CV events in patients with RA (ACPA: p = 0.691,
RF: p = 0.600). The small number of PsA patients with autoantibodies prevented the
analysis of the association between autoantibody positivity and CV risk factors and events.

3.3. Predictors of Traditional CV Risk Factors and MetS

The occurrence of hypertension was strongly related to MetS occurrence in PsA (OR
17.88, 95% CI 5.51 to 58.00; p < 0.001), while it was associated with MetS (OR 11.16, 95% CI
2.99 to 41.61; p < 0.001), age (OR 1.09, 95% CI 1.04 to 1.14; p < 0.001) and dyslipidemia
(OR 2.88, 95% CI 1.07 to 7.78; p = 0.036) in RA patients in univariate analyses. Smoking
was unrelated to the other risk factors in both conditions. Dyslipidemia was slightly
associated with hypertension in RA but not in PsA (Supplementary Tables S2 and S3,
Supplementary Materials). Importantly, age was ruled out as a potential confounding
factor in our analyses. Finally, equivalent results were observed when these associations
were adjusted by treatment usage.

Univariate analyses also found a strong correlation between the occurrence of MetS
and both diabetes mellitus (OR 20.71, 95% CI 4.34 to 98.78; p < 0.001) and hypertension (OR
17.88, 95% CI 5.51 to 57.98; p < 0.001) in PsA. The main predictors of MetS in RA, according
to univariate analysis, were dyslipidemia (OR 18.73, 95% CI 5.77 to 60.81; p < 0.001) and
hypertension (OR 11.16, 95% CI 2.99 to 41.61; p < 0.001). Multivariate analysis confirmed
the differences between PsA and RA in terms of MetS predictors (Table 2): hypertension
and dyslipidemia were MetS predictors in PsA, while diabetes mellitus, hypertension, and
dyslipidemia were MetS predictors in RA. Notably, hypertension and dyslipidemia were
the strongest MetS predictors in PsA and RA, respectively, (Table 2). Of note, age was
found not to be a significant predictor in any condition, thus ruling out a major confound-
ing effect. Similarly, adjusting for disease duration did not attenuate these associations
(Table 2). Finally, adjusting for NSAIDs or anti-TNF agents did not change these results
(Tables S4 and S5, Supplementary Materials). Equivalent results were observed for the rest
of medications.

All these results suggest not only that not all MetS components were consistently
associated with MetS presence, but also that significant differences in predictors as well as
their strength of associations were observed across conditions.

3.4. Predictors of CV Events

Univariate analysis showed that MetS and some of its components (diabetes mellitus
and hypertension) accounted for the history of CV events in PsA [OR (95% CI); MetS:
34.83 (4.30 to 281.99); diabetes mellitus: 7.99 (2.61 to 24.41); and hypertension: 31.00 (3.87
to 284.43); p < 0.001 for all associations]. In RA, MetS was also a predictor of CV events
(OR 5.20, (1.84 to 14.70); p = 0.001), but the predictive components of MetS with statistical
significance were hypertension (OR 4.27, 95% CI 1.43 to 12.77; p = 0.007) and dyslipidemia
(OR 5.00, 95% CI 1.83 to 13.66; p < 0.001), while diabetes mellitus was not significantly
associated with CV events. The associations were markedly stronger in PsA than in RA.
Multivariate analysis confirmed these associations (Table 3): hypertension and MetS were
the only predictors of CV events in PsA, while dyslipidemia was the only factor to be
significantly associated with CV events in RA. Again, disease duration failed to show any
association in both conditions (Table 3). Finally, equivalent findings were observed after
adjusting for treatments (Table S6, Supplementary Material).

The fact that the association of traditional risk factors and MetS with CV events was
stronger in PsA than in RA was corroborated by the greater coefficient of determination in
PsA than in RA, indicating that in PsA approximately 70% of the variance in CV events
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could be explained by the variables entered in the model, compared with only 30% in RA.
Adjusting for treatments did not attenuate these coefficients, thus ruling out a major effect
of medications and pointing to a role of disease characteristics.

Table 2. Predictors of MetS occurrence in patients with PsA and RA. Multivariate analysis using an
age-adjusted logistic regression model; the coefficient of determination R2 of each model is indicated.

OR (95% CI) p-Value
OR (95% CI)
[Adjusted]

p-Value
[Adjusted]

PsA (R2 = 0.543)

Age 0.979 (0.929–1.033) 0.445 0.981 (0.933–1.033) 0.468
Sex 0.693 (0.153–3.142) 0.634 0.565 (0.121–2.634) 0.467
Smoking 2.041 (0.442–9.429) 0.361 2.626 (0.459–15.029) 0.278
Diabetes mellitus 6.465 (0.952–43.899) 0.056 6.638 (0.899–49.545) 0.065
Hypertension 11.818 (2.046–58.053) 0.002 10.457 (1.853–59.007) 0.002
Dyslipidemia 5.190 (1.118–24.092) 0.035 5.190 (1.383–49.273) 0.021

RA (R2 = 0.669)

Age 0.976 (0.914–1.043) 0.473 0.978 (0.915–1.046) 0.519

Sex 1.568 (0.272–9.041) 0.615 1.466 (0.250–8.583) 0.672

Smoking 0.404 (0.068–2.387) 0.317 0.395 (0.067–24487) 0.307

Diabetes mellitus 15.586 (2.418–100.453) 0.004 13.709 (2.057–91.389) 0.007

Hypertension 20.447 (2.589–161.057) 0.004 18.676 (2.359–147.859) 0.006

Dyslipidemia 43.296 (6.823–274.756) <0.001 39.039 (6.068–251.159) <0.001

CI, confidence interval; OR, odds ratio; RA, rheumatoid arthritis; PsA, psoriatic arthritis. OR (95% CI) [adjusted]
and p-value [adjusted]: OR and p-values obtained in a multivariate analysis adjusted by disease duration.

Table 3. Predictors of cardiovascular events at baseline. Multivariate analysis using an age-adjusted
logistic regression model; the coefficient of determination R2 of each model is indicated. Baseline is
defined as the time of data collection.

p-Value OR (95% CI)

PsA (R2 = 0.693)

Smoking 0.154 3.884 (0.602–25.058)
MetS 0.031 22.611 (1.323–58.655)
Diabetes mellitus 0.250 0.276 (0.031–2.468)
Hypertension 0.010 50.302 (2.583–97.661)
Sex 0.445 0.504 (0.087–2.921)
Dyslipidemia 0.241 3.225 (0.455–22.879)
CRP 0.560 0.950 (0.799–1.129)
Age 0.740 0.986 (0.910–1.069)
Disease duration 0.134 0.965 (0.921–1.011)

RA (R2 = 0.296)

Smoking 0.298 1.896 (0.568–6.239)
MetS 0.702 1.358 (0.282–6.531)
Diabetes mellitus 0.413 1.896 (0.568–6.329)
Hipertensión 0.129 3.004 (0.726–12.434)
Sex 0.586 0.586 (0.174–2.688)
Dyslipidemia 0.011 4.502 (1.118–16.125)
CRP 0.518 1.020 (0.961–1.081)
Age 0.669 1.012 (0.960–1.066)
Disease duration 0.329 0.997 (0.992–1.003)

CI, confidence interval; CRP, C-reactive protein; OR, odds ratio; RA, rheumatoid arthritis; PsA, psoriatic arthritis.
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3.5. Outcomes after 12 Months

To evaluate the potential progression of MetS and its components in PsA and RA in
the real-world setting, patients were followed up for 12 months, following recruitment
in the study. Changes in the occurrence of CV risk factors and MetS over the 12-month
follow-up of both PsA and RA patients were negligeable (Table 4).

Table 4. Changes in the occurrence of CV risk factors and CV events in patients with PsA and RA
observed for 12 months. Baseline is defined as the time of data collection.

Presence of CV Risk Factors, n(%)

Baseline 12-Month Follow-Up p-Value

Patients with PsA (N = 78)
MetS 40 (51.3) 41 (52.6) 0.207
Diabetes mellitus 26 (33.3) 26 (33.3)
Hypertension 44 (56.4) 43 (55.1) 0.159
Patients with RA (N = 92)
MetS 25 (27.2) 25 (27.2)
Diabetes mellitus 33 (35.9) 33 (35.9)
Hypertension 51 (55.4) 51 (55.4)

Occurrence of CV Events, n(%)

Baseline 12-Month Follow-Up p-Value

Patients with PsA (N = 78)
Ischemic heart disease 13 (16.7) 13 (16.7)
Arrhythmia/Atrial fibrillation 12 (15.4) 8 (10.3) 0.023
Stroke 4 (5.1) 4 (5.1)
Transient ischemic attack/Peripheral arterial disease 18 (23.1) 18 (23.1)
Patients with RA (N = 92)
Ischemic heart disease 8 (8.7) 8 (8.7)
Arrhythmia/Atrial fibrillation 4 (4.3) 4 (4.3)
Stroke 4 (4.3) 4 (4.3)
Transient ischemic attack/Peripheral arterial disease 8 (8.7) 8 (8.7)

CV, cardiovascular; MetS, metabolic syndrome; PsA, psoriatic arthritis; RA, rheumatoid arthritis.

4. Discussion

The present study confirms that several differences exist between PsA and RA in the
profile of traditional CV risk factors leading to MetS occurrence and the association of these
factors with the history of CV events. According to our findings, patients with PsA had a
significantly higher prevalence of MetS and dyslipidemia compared to patients with RA,
while the frequency of other traditional CV risk factors was comparable. Notably, the rates
of CV events reported before data collection were relatively high in both groups (>25%) as
expected, but similar. PsA and RA were also found to differ in terms of predictors of MetS:
hypertension was the strongest predictor in PsA, while in RA the strongest predictor was
dyslipidemia. Furthermore, MetS and hypertension were both shown to be significantly
associated with a history of CV events in patients with PsA; in RA, only dyslipidemia was
confirmed as a predictor of CV events in a multivariate model, despite exhibiting a lower
frequency compared to PsA patients. Importantly, these findings remained after adjusting
for age and disease duration, thereby excluding a major confounding role and pointing
towards a role for disease characteristics in determining these associations. Moreover,
adjusting for treatment usages did not change these associations, hence reinforcing this
notion. Furthermore, equivalent differences in the profiles of associations were observed in
a well characterized prospective cohort from Spain comparing RA, PsA and ankylosing
spondylitis patients [20]. Taken together, these findings suggest that, although proof-of-
concept, quantitative and qualitative differences regarding MetS presence could occur
between RA and PsA, with potential impact on CV records across different arthropathies
in real-world populations.
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Several authors have investigated the role of traditional CV risk factors in chronic
inflammatory conditions, with most of the efforts being devoted to RA. A study comparing
the incidence of CV events in patients with RA versus the general population confirmed
the higher incidence in RA [21]. After adjusting for traditional risk factors, the incidence
decreased only slightly suggesting that other mechanisms are responsible for the increased
rates of CV events in RA patients. Systemic inflammation, known from other studies to
be involved in the development of atherosclerosis, was suggested as a possible contribu-
tor [21]. In a subsequent study, three groups of variables were tested for their effects on
carotid atherosclerosis in RA, namely demographic, traditional CV risk factors, and RA
manifestations [22]. The study found that demographic characteristics (age and gender)
best explained the variability of atherosclerosis. The study also showed that, after adjusting
for the effects of age and gender, both traditional CV risk factors and RA manifestations
had a greater impact on atherosclerosis [22]. This, along with the evidence from other
studies, suggested that traditional CV factors and inflammation may interact and promote
atherogenesis [22,23]. An elegant study put this association into numbers, reporting that
traditional CV risk factors accounted for 49% of the total risk and non-traditional risk factors
(RA manifestations, inflammation, etc.) accounted for a smaller proportion (30.3%) [24].
Our results align with this evidence and may expand our knowledge about the complex
interplay of CV risk factors in chronic inflammatory diseases. Traditional CV risk factors,
according to the available evidence, account only for a limited fraction of the variance,
which suggests the participation of other risk factors. Our findings show that MetS was
independently associated with a history of CV events in multivariate models, at least in
PsA, suggesting that MetS occurrence may have an additional impact, beyond that of its
individual components, probably due to the existence of synergistic effects. Our findings
revealed that MetS is present in a significant proportion of established PsA patients, which
emphasizes the need of systematically screening and managing MetS in arthropathies. In
fact, a recent meta-analysis reported a prevalence of MetS in PsA populations of 29.1%,
ranging from 23.5% to 62.9% in the literature, which is in line with our cohort. Although
a slightly lower prevalence was observed in a recent cohort from Spain (30.6%) [20,25],
it must be noted that our cohort exhibited a higher frequency of dyslipidemia, which
may explain the higher prevalence herein reported. As a consequence, MetS should be
considered as a separate entity in clinical practice and routine screening of CV risk factors,
but this situation may be different in different joint diseases. In this regard, it is tempting to
speculate if different presentations of MetS can lead to different endotypes or pathotypes
that require distinct management strategies, including screening and treatment algorithms.
This may facilitate the take-decision process in the clinical setting and ensure a tailored
clinical process. In fact, personalized medicine approaches have been already suggested
for MetS [26–29], which may strengthen this notion.

In our analysis, the strongest predictor of CV events in patients with RA was dyslipi-
demia, which is known to be largely influenced by inflammation in RA [24,30]. Similar
results were obtained a large, prospective Spanish cohort [25]. Importantly, this association
was stronger in RA compared to PsA, despite the high prevalence in the latter, hence
pointing to a relevance that may not be captured by its conventional definition/approach.
It can therefore be speculated that the strong association observed may be caused, at least
in part, by the lipid-inflammation crosstalk. The interaction of systemic inflammation with
traditional CV risk factors is not fully understood. In RA, the evidence shows that systemic
inflammation can modify traditional risk factors, especially lipid levels [3]. For example, in
active RA, inflammation has been shown to modulate lipid and lipoprotein metabolism
and to be associated with lower levels of lipids [3,24,30–33]. However, the decreased
levels of lipids are unexpectedly associated with an increased CV risk, which is known
as the “lipid paradox” [34]. A possible explanation of this paradox is that inflammation
modifies low-density lipoprotein cholesterol (LDL-C) through oxidation; oxidized LDL-C
is atherogenic resulting in increased CVD risk despite low serum levels [3]. However,
other functions, such as enzymatic activities, pro-oxidant mechanisms, humoral response
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activation or pathways involving acute-phase mediators may be also implicated. In fact,
the preventive effect of HDL-C on LDL-C oxidation has been shown to be impaired in RA
patients compared with controls [32]. Taken together, these lines of evidence have led to a
paradigm shift from the “lipid paradox” to the concept of HDL dysfunction [35]. However,
HDL dysfunction phenomena in chronic inflammatory diseases still need to be thoroughly
characterized [34,35]. The findings presented herein underline the central role of lipids and
dyslipidemia in RA as a key factor to understand CV history, even in the presence of MetS
or other traditional risk factors.

With regards to CV risk factors associated with PsA, the available evidence shows
that metabolic comorbidities, obesity in particular, are involved [14,15,35]. The distinction
in terms of CV risk profile from RA, despite the fact that both diseases are characterized
by chronic inflammation, has been previously addressed [8,9,35,36]. It has been pointed
out that, contrary to RA where systemic inflammation appears to contribute directly to
the increased CV risk, in PsA traditional risk factors, including adiposity and MetS, are
major contributors to the CV risk [8,35,37]. These differences were also reported in a
recent study [38], although the impact of MetS was not explored. Our findings showing
a significantly higher prevalence of MetS and dyslipidemia in PsA versus RA patients
(despite the fact that the PsA population was significantly younger than the RA population)
and the stronger association of MetS with a history of CV events in patients with PsA
strongly reinforce these observations, also highlighting the differential contribution of
MetS. Again, these associations were independent of disease duration, which is thought
to have a different impact in RA and PsA, as evidence of a causal role is less robust in the
latter [20,38,39]. Further research is needed to evaluate the impact of disease progression
on MetS in the long term in inflammatory arthropathies.

During the 12-month follow-up, the prevalence of MetS and its components in both
patient groups was markedly stable. This suggests that in established RA and PsA, pro-
vided that no disease flares and major treatment changes occur, the screening of CV risk
factors and MetS can be performed on a yearly basis, as recommended by current EULAR
guidelines [16]. Whether more frequent screening may be required in early disease or in
specific patient populations (elderly, patients with comorbidities) needs to be investigated.

The fact that distinct factors are involved in the increased CV risk in different chronic
inflammatory diseases raises the question as to what extent the prevention and management
of CV risk should be disease specific. Compelling evidence confirms that early diagnosis
and treatment may reduce the frequency of CV events and improve survival in patients
with arthropathies [40]. Current practice is based on general recommendations for RA
and “other forms of inflammatory joint disorders”, with most of the evidence on which
the recommendations are based coming from studies in patients with RA [16]. In patients
with RA, it may be crucial to reduce disease activity and systemic inflammation, beside
reducing traditional CV risk factors with a special focus on lipids [1,38,41]. A better
understanding of this crosstalk will warrant optimal CV management. Patients with PsA,
on the other hand, may benefit more from broader CV-prevention strategies that target
MetS and hypertension [36]. Further research is needed to explore the feasibility and
implementation in clinical practice, as well as the cost-effectiveness of disease-specific
versus general recommendations for CV prevention.

Our study has several limitations including the retrospective design and the small
sample size of both populations. The two populations compared were not matched in terms
of mean age and disease duration; this was due to the fact that RA and PsA have a different
pathogenesis and age of onset, and probably attending/organizational variables. No strict
clinical features were used as inclusion/exclusion criteria in order to capture real-world
populations and avoid highly selected patient samples. Therefore, this potential limitation
is hard to avoid in unselected populations that are representative of patients encountered in
real-life, although extensive analytical steps were performed to correct for these differences.
Of note, none of these variables were observed to show a strong confounding effect. Our
findings can be considered as proof-of-concept and pave the ground for future larger and
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prospective trials assessing the impact of MetS on inflammatory arthropathies. Furthermore,
time-adjusted risk factor exposure analyses are needed to evaluate the real impact of MetS
and its components.

5. Conclusions

The study shows that MetS and its components differently impact the risk of CVD
in PsA and RA. The clinical presentation of MetS may differ between PsA and RA. These
findings are relevant for clinical practice as a disease-specific management of CV risk
may be required in distinct chronic inflammatory diseases of the joints. However, clinical
validation in larger studies is needed. Further efforts are required to develop disease-
specific strategies for the management of CV risk in PsA and RA.
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Abstract: Saroglitazar is a novel medication for dyslipidemia, but its specific effects remain unclear.
Therefore, we performed a systematic review and meta-analysis to assess the efficacy and safety of
saroglitazar for managing dyslipidemia. The PubMed, Scopus, and EMBASE databases were system-
atically searched for randomized controlled trials (RCTs) comparing 2 and 4 mg of saroglitazar with
placebos for treating dyslipidemia. A random-effects model calculated the pooled mean differences
for continuous outcomes with 95% confidence intervals. The study included seven RCTs involving
1975 patients. Overall, 340 (31.0%) and 513 (46.8%) participants received 2 and 4 mg of saroglitazar,
respectively; 242 (22.11%) received the placebo. The mean ages ranged from 40.2 to 62.6 years, and 436
(39.8%) were women. Compared to the control group, 4 mg of saroglitazar significantly decreased the
triglyceride and low-density lipoprotein (LDL) cholesterol levels but did not affect the high-density
lipoprotein cholesterol level. Furthermore, the alanine aminotransferase level significantly decreased,
the creatine level significantly increased, and body weight did not differ between the groups. Finally,
4 mg of saroglitazar, compared to 2 mg, significantly lowered the triglyceride level. Saroglitazar
(4 mg) may be an effective treatment, but safety concerns remain.

Keywords: dual PPRαϒ agonist; dyslipidemia; saroglitazar

1. Introduction

Diabetic dyslipidemia is characterized by increased triglyceride levels. Specifically,
atherogenic dyslipidemia is characterized by a high level of small, dense low-density
lipoprotein cholesterol (LDL-C) and a low level of high-density lipoprotein cholesterol
(HDL-C) [1]. Together, these are commonly called the “triad of increased triglycerides.”
Dyslipidemia is a frequent feature of obesity, metabolic syndrome, insulin resistance, and
type 2 diabetes mellitus [2]. It is also a substantial risk factor for myocardial infarction and
cardiovascular disease. In addition, small, dense LDL-C particles speed up atherosclerosis
progression, leading to an increased risk of cardiovascular disease-related mortality and
morbidity [3].

Effective and well-studied treatments for dyslipidemia exist, such as statins and
lifestyle modifications [4,5]. Statins, fibrates, and omega-3 fatty acids can manage dyslipi-
demia. However, although statins reduce cardiovascular events and decrease mortality, a
considerable residual cardiovascular risk persists [6]. Moreover, the recent PROMINENT
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study failed to show pemafibrate reducing cardiovascular outcomes, notwithstanding that
the lipid profile was significantly improved [7].

PPARα/ϒ is primarily expressed in the liver, lowering lipotoxicity and circulat-
ing atherogenic lipid levels [8]. Saroglitazar, (S)-a-ethoxy-4-(2-methyl-5-(4-methylthio)
phenyl)] [(S)-a-ethoxy-4-(2-methyl-5-(4-methylthio) phenyl]-1H-pyrrol-1-yl]-magnesium
salt of ethoxy)-benzenepropanoic acid] is a new PPAR/agonist that was produced in India
by Zydus Cadila and is marketed under the name Lipaglycn. It was given the green light
for use in the treatment of diabetic dyslipidemia and hypertriglyceridemia by the Drug
Controller General of India (DCGI) [8]. Saroglitazar also reduces hemoglobin A1c (HbA1c)
levels, in part, by lowering lipotoxicity and exerting a modest amount of PPAR-agonistic
action in the body. A previous study demonstrated that adding saroglitazar to metformin
treatment resulted in a greater decrease in total cholesterol and HbA1c levels compared to
that with fenofibrate [9]. However, saroglitazar is controversial because of conflicting find-
ings regarding its safety and efficacy [10]. Krishnappa et al. found no abnormal findings
in all treatment groups for serum creatinine, hematocrit, respiratory rate, or body temper-
ature [11]. However, Gawrieh et al. reported a significant increase in serum creatinine
levels [12].

Consequently, saroglitazar has only been approved for use in India; other institutions,
such as the United States Food and Drug Administration, have yet to approve the medica-
tion [10]. Therefore, we performed a systematic review and meta-analysis to investigate
the effectiveness and safety of saroglitazar in patients at risk of dyslipidemia and type
II diabetes.

2. Materials and Methods

The current systematic literature review was prospectively registered on 25 May 2023
with the International Prospective Register of Systematic Reviews (PROSPERO registration
number: CRD42023426614). Results are reported following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [13].

2.1. Study Eligibility Criteria

Our primary study question was: “What is the safety and effectiveness of saroglitazar
for treating dyslipidemia?” Our investigation was conducted based on the following pop-
ulation, intervention, comparison, outcome, and time (study design) (PICOT) categories:
Population (i.e., P): adult patients with diabetic hypercholesterolemia or dyslipidemia;
Intervention (i.e., I): saroglitazar at 2 and 4 mg doses; Comparison (i.e., C): placebo; Out-
comes (i.e., O): the effectiveness and safety of saroglitazar; and Time (i.e., T): randomized
clinical trials (RCTs) lasting more than four months. Efficacy assessments comprised the
effects of saroglitazar on total cholesterol, LDL-C, triglycerides, HDL-C, non-HDL-C, and
fasting plasma glucose (FPG) levels. Safety assessments included serum creatinine, ala-
nine transaminase (ALT), aspartate transaminase levels, and body weight measurements.
The systematic review includes all studies that met the above-mentioned PICOT criteria.
Reviews, observational and descriptive research, editorials, comments, and conference
proceedings were excluded.

2.2. Data Sources and Literature Searches

The PubMed, Scopus, and Embase databases were comprehensively searched from
their inception through May 2023; the first search was performed in April 2023. All
Medical Subject Heading phrases and keywords linked to “saroglitazar,” “hypercholes-
terolemia,” and “diabetes” were used in the search [(‘saroglitazar’/exp OR saroglitazar)
AND (‘diabetes’/exp OR ‘diabetes’ OR ‘hypertriglyceridemia’ OR‘metabolic syndrome’
OR ‘dyslipidemia’/exp OR ‘dyslipidemia’] to collect previously published studies. The
reference lists of the included studies were screened, and a snowball search was performed.
The Supplementary Files present a detailed search strategy for each database.
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2.3. Study Selection and Data Extraction

The titles and abstracts of the retrieved papers were evaluated, followed by the full
text, using the inclusion and exclusion criteria. Extremely irrelevant studies were removed
during the title and abstract search, completed by two independent reviewers (IC and VM),
followed by the full-text screening. A well-defined data extraction sheet that included
information regarding the study’s characteristics, participants, interventions, comparator,
and results was used. Two separate researchers (IC and VM) performed the study selection
and data extraction, and differences were handled by consensus or discussion with a third
reviewer (AM).

2.4. Risk of Bias and Quality Assessments

The Cochrane Risk of Bias Assessment Tool [14] was used to assess the methodological
quality of the included studies. The studies were divided into low, high, and unclear risk
of bias in each domain: randomization, allocation concealment, patient blinding, blinding
of outcome measurements, incomplete outcome data, and selective reporting.

The quality of the included double-arm trials was evaluated by the National Institutes
of Health Checklist [15], which consists of 12 items identifying the methodological features
based on the existing study design and study-reporting guidelines. Each item carries one
point, and scores of 0–4, 4–8, and 9–12 were considered poor, fair, and good-quality studies,
respectively. Two independent reviewers (IC and VM) evaluated the risk of bias and quality
of the included studies and resolved disagreements through consensus or a discussion with
a third reviewer.

2.5. Data Synthesis

The analyses were performed using RevMan software (Review Manager [computer
program], Version 5.4.1, The Cochrane Collaboration, 2004) using a meta-package. Changes
in continuous outcomes were calculated for every included study arm by subtracting the
value at baseline from the value after the intervention. All of the estimates of effectiveness
were presented in the form of mean differences (MDs) or absolute weighted mean changes.
A safety estimate, ALT, was presented in the form of standard mean differences (SMD)
and 95% confidence intervals (CIs) from the baseline. Based on the Cochrane Handbook,
standard deviations (SDs) were calculated from the standard error or 95% CI for a sys-
tematic review of interventions [16]. The Higgins I2 statistics and Cochran’s Q test were
used to assess the potential statistical heterogeneity among trials. The meta-analysis was
conducted using a fixed-effect model (using inverse variance) or a random-effect model
(DerSimonian-Laird method) based on low heterogeneity (50%). If the low (<50%) and
high (>50%) heterogeneity criteria resulted in a low number of studies (<10), publication
bias assessments were performed using funnel plots (Figures S1 and S2).

3. Results

3.1. Study Selection and Baseline Characteristics

The electronic database search yielded 267 citations; 196 citations were screened after
removing 71 duplicates. Next, 160 studies were excluded during first-pass screening after
reviewing the titles and abstracts. The full texts of 36 citations were downloaded for the
second-pass screening. Finally, eight articles met our inclusion criteria. Figure 1 presents
the PRISMA flowchart for the study selection.

Table 1 summarizes the characteristics of the included studies. Of the 8 included
studies, 7 were RCTs, and 1 was a pooled analysis of RCTs. They included 1975 patients, of
whom 546 and 731 received 2 and 4 mg of saroglitazar, respectively. Furthermore, 389 and
40 patients received 30 and 45 mg of pioglitazone, respectively. Finally, 18 patients received
160 mg of fenofibrate, and 251 received a placebo.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: Flow Diagram of
the Study Screening and Selection Process.

Furthermore, five studies [12,17–20] analyzed the efficacy and safety endpoints be-
tween patients receiving saroglitazar and placebo. In 3 studies [9,11,21], the control patients
received anti-lipid medications (i.e., 10 mg of atorvastatin, 160 mg of fenofibrate, 30 mg of
pioglitazone, and 45 mg of pioglitazone, respectively).

Table 1. Characteristics of the included studies.

Study Population
Country
and Date

Follow-Up
(Weeks)

No. of Patients

JANI et al. [17]

Patients with T2DM and
hypertriglyceridemia are
not on anti-dyslipidemia
drugs, except for 10 mg
of atorvastatin.

India, 2014 12
Saroglitazar 2 mg (n = 100)
Saroglitazar 4 mg (n = 99)
Placebo (n = 102)

PAI et al. [21]

Patients with T2DM with
hypertriglyceridemia receiving
sulphonylurea, metformin, or
both for at least three months.

India, 2014 26
Saroglitazar 2 mg (n = 37)
Saroglitazar 4 mg (n = 39)
Pioglitazone 45 mg (n = 33)

GHOSH et al. [9]
Patients with diabetic
dyslipidemia receiving
1000 mg of metformin daily.

India, 2015 12 Saroglitazar 4 mg (n = 18)
Fenofibrate 160 mg (n = 18)

JAIN et al. [18] Patients with T2DM with
hypertriglyceridemia. India, 2019 16 Saroglitazar 4 mg (n = 15)

Placebo (n = 15)

KRISHNAPPA et al. [11]
Patients with T2DM with on a
stable dose of metformin for at
least six weeks.

India, 2020 12
Saroglitazar 2 mg (n = 380)
Saroglitazar 4 mg (n = 386)
Pioglitazone 30 mg (n = 389)

67



J. Clin. Med. 2023, 12, 5674

Table 1. Cont.

Study Population
Country
and Date

Follow-Up
(Weeks)

No. of Patients

RASTOGI et al. [20]
Patients with T2DM and
dyslipidemia on a stable dose
of metformin.

India, 2020 12 Saroglitazar 4 mg (n = 15)
Placebo (n = 15)

GAWRIEH et al. [12]
Patients with NAFLD not
taking other lipid-
lowering agents.

USA, 2021 16
Saroglitazar 2 mg (n = 25)
Saroglitazar 4 mg (n = 27)
Placebo (n = 28)

SIDDIQUI et al. [19] Patients with NAFLD with and
without statin therapy. USA, 2023 52 Saroglitazar 4 mg (n = 130)

Placebo (n = 91)

NAFLD: Nonalchoholic Fatty Liver Disease; T2DM: Type 2 diabetes mellitus.

3.2. Risk of Bias

Random sequence generation, allocation concealment, performance, and detection
bias had minimal bias risks in 8/8 studies (100%). Decision bias (i.e., outcome assessment
blinding) had a low risk in 6/8 studies (75%), but prejudice in reporting was identified in
4/8 (50%) studies. The “other bias” area looked at the financial sources, particularly from
pharmaceutical industries, authors from pharmaceutical organizations, and conflicts of
interest. Consequently, 4/8 studies (50%) had a risk of “other bias.” Figure 2 summarizes
the risk of biased assessments.

Figure 2. Risk of bias assessments (A) Graphical representation of the risk of bias (percentages)
(B) Summary of the risk of bias. Risk of Bias (RoB) plot. Circles are colour coded with green indicating
low RoB, yellow indicating some concerns and red indicating a high RoB. The symbols “+”, “?”and
“-“ indicate the same RoB grades as the colours.

3.3. Pooled Analysis of All Studies

Based on a thorough endpoint analysis, our primary efficacy outcomes were the
triglyceride, LDL-C, and HDL-C levels. The secondary efficacy endpoints were total
cholesterol, FPG, and Hb1Ac levels. The primary safety outcomes were creatinine and ALT
levels and body weight (Table 2).
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3.4. Efficacy Endpoints
3.4.1. Triglycerides

A pooled analysis of six studies compared the triglyceride levels between the 4 mg
saroglitazar (n = 418) and placebo (n = 372) groups [9,11,18–21]. The MD was −47.38 mg/dL
(95% CI: −79.12 to −15.64 mg/dL; p = 0.03), demonstrating that 4 mg/day of saroglitazar
decreased the triglyceride level compared to that in the control group in patients with
dyslipidemia (Figure 3A).

Figure 3. Forest plots comparing the efficacy endpoints between the 4 mg saroglitazar and control
groups Saroglitazar (A) significantly reduces the triglyceride level [9,11,18–21]; (B) does not affect

70



J. Clin. Med. 2023, 12, 5674

the high-density lipoprotein cholesterol level [11,17,18,20,21]; (C) significantly reduces the low-
density lipoprotein and [11,17–21] (D) total cholesterol levels [11,17–21]; (E) does not affect the
apolipopotein B levels [11,17,18]; (F) does not affect the hemoglobin A1c level [9,11,12,18,20,21]; and
(G) significantly decreases the fasting plasma glucose level compared to the control [9,17,18,20].
CI: confidence interval; IV: inverse variance; SD: standard deviation; The green squares represent
the weighted mean difference (WMD) of each study, the horizontal line represents 95% confidence
intervals (95% CI), and the black diamond represents the summary of weight mean difference.

We also compared the triglyceride level between the 2 mg (n = 256) and 4 mg (n = 270)
saroglitazar groups. The MD was −32.38 mg/dL (95% CI: −53.62 to −11.14 mg/dL;
p = 0.003), demonstrating that 4 mg/day of saroglitazar significantly decreased the triglyc-
eride level compared to 2 mg/day in patients with diabetes-related dyslipidemia (Figure S3A).

3.4.2. HDL-C

A pooled analysis of five studies [11,17,18,20,21] compared the HDL-C level between
the 4 mg saroglitazar (n = 357) and control (n = 356) groups. The MD was −1.38 mg/dL
(95% Cl: −4.74 to 1.98 mg/dL; p = 0.42). The I2 value (93%) indicated a high level of
heterogeneity among the studies (Figure 3B), suggesting that 4 mg/day of saroglitazar
did not affect the HDL-C level compared to that in the control group in patients with
dyslipidemia. The analysis comparing the 2 mg (n = 340) and 4 mg (n = 358) saroglitazar
groups had similar results (MD: 0.03; 95% Cl: −2.29 to 2.35; p = 0.98; Figure S3B).

3.4.3. LDL-C

The pooled analysis of six studies [11,17–21] compared the LDL-C level between the
4 mg saroglitazar (n = 486) and control (n = 446) groups. The MD was −8.27 mg/dL (95%
CI: −10.19 to −6.34 mg/dL, p < 0.00001; I2 = 73%; Figure 3C), demonstrating that 4 mg/day
of saroglitazar significantly decreased the LDL-C level compared to that in the control
group in patients with dyslipidemia.

Furthermore, a pooled analysis of 4 studies [11,12,17,21] compared the LDL-C level
between the 2 mg (n = 340) and 4 mg (n = 358) saroglitazar groups; the LDL-C level did
not differ between them (MD: −6.81 mg/dL; 95% CI: −14.53 to 0.90 mg/dL; p = 0.08;
Figure S3C).

3.4.4. Total Cholesterol

A pooled analysis of six studies [11,17–21] compared the total cholesterol level between
the 4 mg saroglitazar (n = 357) and control (n = 356) groups. The MD was −13.68 (95% CI:
−16.69 to −10.66 mg/dL; p < 0.00001; I2 = 86%; Figure 3D), demonstrating that 4 mg/day
of saroglitazar significantly decreased the total cholesterol level compared to that in the
control group in patients with dyslipidemia.

In contrast, the total cholesterol level did not differ between the 2 mg (n = 315) and 4 mg
(n = 331) groups (MD: −3.54 mg/dL; 95% CI: −10.60 to 3.53 mg/dL; p = 0.33; Figure S4).

3.4.5. Apolipoprotein B

The pooled analysis of three studies [11,17,18] compared the apolipoprotein B level
between the 4 mg saroglitazar (n = 307) and control (n = 315) groups. The MD was −4.14
(95% CI: −11.32 to 3.05; p = 0.26; Figure 3E), demonstrating that a 4 mg dose of saroglitazar
did not affect the apolipoprotein B level compared to that in the control group in patients
with dyslipidemia.

3.4.6. Glucose Parameters

A pooled analysis of four studies [9,17,18,20] compared the FPG level between the
4 mg saroglitazar (n = 129) and control (n = 136) groups. The FPG level was significantly
lower in the 4 mg saroglitazar group than in the control group (MD: −23.07; 95% CI: −32.07
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to −14.08; p < 0.00001; Figure 3G). However, the HbA1c level did not differ between the
groups (MD: −0.61 mg/dL; 95% CI: −1.47 to 0.25; p = 0.16; Figure 3F).

3.5. Safety Endpoints
3.5.1. Serum Creatinine

A pooled analysis of three studies [12,17,21] compared the serum creatine levels
between the 4 mg saroglitazar (n = 150) and control (n = 152) groups. The serum creatinine
level significantly increased in the 4 mg saroglitazar group compared to that in the control
group (MD: 0.12 mg/dL; 95% CI: 0.04 to 0.21 mg/dL; p = 0.004; Figure 4A). The serum
creatinine level did not differ between the 2 mg (n = 123) and 4 mg (n = 125) saroglitazar
groups (MD: −0.06; 95% CI: −0.15 to 0.04 mg/dL; p = 0.26; Figure S5A).

Figure 4. Forest plots comparing the safety endpoints between the 4 mg saroglitazar and control
groups Saroglitazar (A) significantly increased the serum creatine level [12,17,21]; (B) significantly
decreased the alanine transaminase level [12,17,21]; and (C) did not affect body weight compared to
the control group [11,17,18,21]. CI: confidence interval; IV: inverse variance; SD: standard deviation.
The green squares represent the weighted mean difference (WMD) of each study, the horizontal line
represents 95% confidence intervals (95% CI), and the black diamond represents the summary of
weight mean difference.

3.5.2. ALT

A pooled analysis of three studies [12,17,21] compared the ALT level between the 4 mg
saroglitazar (n = 152) and control (n = 163) groups. The ALT level significantly decreased in
the 4 mg saroglitazar group compared to that in the control group (SMD: −2.55; 95% CI:
−4.62 to −0.48; p = 0.02; Figure 4B). However, the ALT level did not differ between the
2 mg (n = 150) and 4 mg (n = 150) saroglitazar groups (SMD: 0.91; 95% CI: −0.50 to 2.31;
p = 0.21; I2 = 96%; Figure S5B).

3.5.3. Body Weight

A pooled analysis of four studies [11,17,18,21] compared the body weight of partic-
ipants in the 4 mg saroglitazar (n = 330) and control (n = 354) groups; body weight did
not differ between the groups (MD: −0.13 kg; 95% CI: −1.05 to 0.78; p = 0.77; I2 = 75%;
Figure 4C). Body weight also did not differ between the 2 mg (n = 331) and 4 mg (n = 315)
groups (MD: 0.35; 95% CI: −0.46 to 1.17; p = 0.40; I2 = 65%; Figure S5C).
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4. Discussion

This meta-analysis provides a contemporary, comprehensive review of the efficacy and
safety of saroglitazar in individuals with dyslipidemia. We found that 4 mg of saroglitazar
significantly decreased the triglyceride and LDL-C levels compared to those in the controls
without increasing the HDL-C level. We also found that 4 mg of saroglitazar significantly
increased the serum creatinine level, significantly decreased the ALT level, and did not
affect body weight compared to that in the controls.

Fibrates do not affect the HbA1c level (i.e., glycemia), whereas statins mildly increase
it [19]. In this study, the FPG level was lower in the 4 mg saroglitazar group than in
the anti-lipid, anti-diabetes, and placebo groups, reflecting the mild antihyperglycemic
properties of saroglitazar.

Peroxisome proliferator-activated receptors are crucial in maintaining homeostasis,
controlling inflammation, directing cell growth and differentiation, and limiting cell pro-
liferation. [12] Despite its use as a lipid-lowering therapy, the PPAR-agonistic activity of
fibrates is not very selective [19]. Fibrates cause serious illnesses, including myopathy, im-
paired renal function, and increased transaminase levels. Regarding PPAR-agonist action,
thiazolidinediones reduce insulin resistance and blood glucose levels better than fibrates
but can cause swelling and weight gain. [9].

In vitro and in vivo studies have investigated the pharmacodynamic action of sarogli-
tazar in several disorders [22,23]. Our results suggest that 4 mg of saroglitazar may lower
fat and glucose levels in patients with dyslipidemia, as evidenced by statistically signifi-
cant reductions in total cholesterol and LDL-C levels without increasing the HDL-C level.
These modifications are mostly attributable to the agonistic actions of PPAR, which are
known to increase hepatic fatty acid oxidation and improve the lipid profile [19]. Increased
HDL-C levels also suggest that saroglitazar might also be involved in reverse cholesterol
metabolism, preventing the transfer of LDL-C. Our lipid profile results are consistent with
those from studies of other glitazar-class medicines [24,25]. For instance, Dutta et al. found
no change in the HbA1c or FBG levels after a comprehensive review and meta-analysis and
reported that the effect of saroglitazar on glucose reduction varied based on the HbA1c
level [10].

An observational study conducted by Shetty et al. [26] reported that adding sarogli-
tazar to oral antidiabetic drugs resulted in a statistically significant improvement in
glycemic (i.e., HbA1c) and lipid indices (i.e., triglycerides, total cholesterol, LDL-C, HDL-C,
non-HDL, and very low-density lipoprotein cholesterol). The PPARα-agonist in this drug
is responsible for the substantial triglyceride level decrease, while the PPARϒ-agonist is
responsible for the HbA1c level decrease [23]. Our efficacy endpoint results indicated that
saroglitazar significantly decreased fasting blood glucose, postprandial plasma glucose,
and HbA1c levels, which is highly expressive of its ability to reduce endothelial aggres-
sion, a key factor in the onset of the process that ultimately leads to coronary disease [1].
Goyal et al. also reported that saroglitazar significantly reduced fasting blood glucose, post-
prandial plasma glucose, and HbA1c levels [27]. Furthermore, they also found decreased
ALT, aspartate transaminase, alkaline phosphatase, and gamma-glutamyltransferase con-
centrations. However, only alkaline phosphatase and gamma-glutamyltransferase levels
significantly decreased among individuals with cardiometabolic illnesses treated with
saroglitazar [12]. Previous research has shown that the ALT level in patients treated with
saroglitazar consistently improved [20,28].

The recent PROMINENT trial demonstrated that the incidence of cardiovascular
events remained comparable between patients who received fibrates and those given a
placebo. Although levels of triglycerides, VLDL cholesterol, remnant cholesterol, and
apolipoprotein C were lower in the fibrate group, there was no reduction in apolipoprotein
B levels, and it was felt that this medication does not improve cardiovascular outcomes [7].
In light of this, we emphasize that in our analysis, saroglitazar did not significantly reduce
apolipoprotein B, highlighting that in spite of the fact that there were improvements in
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the saroglitazar group regarding the lipid profile, this may not translate to improved
cardiovascular outcomes.

Saroglitazar is not excreted via the kidneys, and thus, some adverse effects have
been observed in clinical studies, including hepatotoxicity and renal toxicity [12,26]. We
identified a significant association between 4 mg of saroglitazar and increased serum
creatinine levels (MD: 0.12 mg/dL, p = 0.004). However, we cannot find evidence to explain
this result. One RCT assessed the estimated glomerular filtration rate (GFR), which did not
decrease. Thus, consistent with the study by Dutta et al., our meta-analysis results raise
concerns regarding saroglitazar and renal safety [10]. Tesaglitazar and aleglitazar increase
serum creatinine, blood urea nitrogen levels, and the GFR [29]. Thus, long-term saroglitazar
users should be monitored for changes in the serum creatinine level, uremic indices, urine
microalbumin, and renal architecture for at least one year. Renal hemodynamics may cause
renal tubules to synthesize and secrete more creatinine [12]. However, cystatin-C, inulin
clearance, and GFR markers are unaffected by fenofibrate [9]. Saroglitazar, which has a
PPAR-alpha agonist action similar to fenofibrate, may have comparable effects on serum
creatinine levels.

Krishnappa et al. [11] examined blood creatinine levels over 56 weeks and found
no significant differences between saroglitazar and pioglitazone users. Our data suggest
that saroglitazar patients require a specialized and well-powered study that examines
renal parameters, including glomerular filtration rate and urine microalbumin/creatinine
ratio. Finally, long-term adverse effects such as cardiovascular disease (which requires a
dedicated cardiovascular outcome trial), bladder cancer (seen with some other peroxisome
proliferator-activated receptor (PPAR) agonists), and liposarcomas (seen with muragli-
tazar) must be fully evaluated to ensure the long-term safety of saroglitazar in clinical
practice [27,30–33].

With regard to future perspectives, the pleiotropic effects of saroglitazar, which affect
both glucose and lipid metabolism, play an important role in its potential as a therapeutic
option. Sasso et al. [34] examined type 2 diabetes subjects with albuminuria and a history
of cardiovascular disease and reported that the increase in the number of risk factors at
target correlates with better cardiovascular outcomes in patients with type 2 DM at high
CV risk. That being so, saroglitazar could represent a potential new therapeutic option.

This study has some limitations. First, all the included studies were clinical trials,
which often have a small sample size and a short follow-up time, making it difficult
to determine the long-term safety and effectiveness of saroglitazar. Second, since all
the included trials were performed in India, these results may not be generalizable to
all individuals with dyslipidemia. Third, heterogeneity is greater than 50% in many of
the outcome analyses, even though the number of studies is limited to fewer than ten
(Supplementary Materials). Finally, every experiment that was considered had a shorter
follow-up period with surrogate results.

5. Conclusions

This meta-analysis suggests that 4 mg of saroglitazar reduces triglyceride, LDL-C, and
total cholesterol levels in patients with dyslipidemia; however, there were no significant
changes in apolipoprotein B levels. Thus, it improves the lipid profile; nevertheless, it may
not reduce cardiovascular outcomes. Furthermore, it significantly increased the creatinine
level, which is a potential safety concern.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm12175674/s1, Figure S1: Forest plots comparing the efficacy endpoints
between the 2 mg and 4 mg saroglitazar groups; Figure S2: Forest plots comparing the safety
endpoints between the 2 mg and 4 mg saroglitazar groups; Figure S3: Funnel plots and Egger’s tests
comparing the (A) triglyceride, (B) low-density lipoprotein cholesterol, (C) high-density lipoprotein
cholesterol, and (D) fasting plasma glucose levels between the 2 mg and 4 mg saroglitazar groups;
Figure S4: Funnel plots and Egger’s tests comparing the (A) creatinine level, (B) alanine transaminase
level, and (C) body weight between the 2 mg and 4 mg saroglitazar groups.
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Abstract: Chronic coronary syndrome (CCS), which encompasses a broad spectrum of clinical
presentations of coronary artery disease (CAD), is the leading cause of morbidity and mortality
worldwide. Recent guidelines for the management of CCS emphasize the dynamic nature of the CAD
process, replacing the term “stable” with “chronic”, as this disease is never truly “stable”. Despite
significant advances in the treatment of CAD, patients with CCS remain at an elevated risk of major
cardiovascular events (MACE) due to the so-called residual cardiovascular risk. Several pathogenetic
pathways (thrombotic, inflammatory, metabolic, and procedural) may distinctly contribute to the
residual risk in individual patients and represent a potential target for newer preventive treatments.
Identifying the level and type of residual cardiovascular risk is essential for selecting the most
appropriate diagnostic tests and follow-up procedures. In addition, new management strategies
and healthcare models could further support available treatments and lead to important prognostic
benefits. This review aims to provide an overview of the diagnostic and therapeutic challenges in the
management of patients with CCS and to promote more effective multidisciplinary care.
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1. Introduction

Coronary artery disease (CAD) remains a leading cause of mortality and morbidity
worldwide. Recently, European [1] and American [2] guidelines have emphasized the
importance of the clinical features of individuals at a higher risk of developing CAD,
and the role of novel diagnostic tools in establishing a certain diagnosis. Importantly,
the expression “stable” CAD has been removed and replaced with “chronic coronary
syndromes (CCS)”. [3]. This change in nomenclature highlights the dynamic nature of CAD,
which is characterized by a “silent” progression until the onset of clinical presentations,
underlining that this clinical condition is only assumed to be stable. In fact, a chronic phase
may be interrupted at any time by acute events, which can further clinically destabilize
the course of the disease. International consensus statements suggest a stepwise approach
to the diagnostic pathway, including the assessment of a patient’s history, symptoms,
assessment of signs, risk factors, and comorbidities. Guidelines underscore the importance
of a healthy lifestyle to prevent the onset of CAD and improve outcomes in patients with
CCS. Optimal medical therapy (OMT), including antithrombotic and lipid-lowering therapy
(LLT), is the first objective of CCS management for its proven prognostic efficacy. Only after
intensification of pharmacological therapy should the assessment of myocardial ischemia,
through both non-invasive and invasive tests, be considered to identify those patients
who are likely to derive symptomatic benefit from myocardial revascularization. However,
despite therapeutic advances in recent years, patients with CCS remain a population at a
high risk for recurrent events [4]. Several mechanisms, including thrombotic, inflammatory,
metabolic, and procedural factors, contribute to this residual risk and represent new targets
for more effective and tailored secondary prevention strategies.

The aim of this review is to address the diagnostic pathways of CCS and to provide
an overview of the treatment challenges in managing residual cardiovascular risk in CCS
patients to promote more effective secondary prevention strategies.

2. Chronic Coronary Syndromes: Nosographic and Epidemiological Aspects

Chronic coronary syndromes (CCS) encompass a wide spectrum of different clinical
entities, mainly resulting from atherosclerotic plaque buildup in the wall of the coronary
arteries (obstructive CAD) but also stemming from other pathogenetic mechanisms, such as
epicardial vasospasm or microvascular coronary disfunction (non-obstructive CAD). From
a nosographic perspective, the ESC guidelines have further classified CCS into six separate
entities (Table 1) [1], facilitating the identification and categorization of these patients.

Table 1. CCS categories according to the ESC 2019 guidelines [1].

CCS
Categories

Description

1 Patients with supposed CAD and “stable” symptoms
2 Patients with new onset of heart failure or left ventricular dysfunction and suspected CAD
3 Asymptomatic and symptomatic patients <1 year after an ACS or revascularization
4 Patients >1 year after angina diagnosis or revascularization
5 Symptomatic patients with suspected vasospastic or microvascular disease
6 Asymptomatic patients in whom CAD is discovered at screening

ACS: acute coronary syndrome CAD: coronary artery disease; CCS: chronic coronary syndromes.

From an epidemiological perspective, CCS represents an important and challenging
public health issue. It has been reported that in the US, the incidence of CCS is approxi-
mately twice that of myocardial infarction (MI) and is expected to affect roughly 18% of
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adults by 2030 [5]. In contrast, the majority of the epidemiological and clinical evidence
regarding the European population with CCS comes from the ongoing ESC EURObserva-
tional Research Programme (EORP) Chronic Ischemic Cardiovascular Disease Long Term
(CICD LT) registry. This registry provides up-to-date information from 20 ESC countries
regarding the management and outcomes of European patients with CCS [6]. The preva-
lence and mortality rate of patients with CCS varies slightly between European countries
reflecting the existing differences in the treatment of acute coronary syndromes (ACS) and
the promotion of secondary cardiovascular (CV) preventive strategies [6]. These differences
are observed in the management of both women and elderly patients, as also previously re-
ported in larger registries of patients with stable CAD. These groups are less likely to receive
guideline-directed optimal medical therapy (OMT), resulting in poorer prognosis [7–9].
Conversely, the hospitalization rate of European patients with CCS remains high, with one
in five patients being hospitalized for CV reasons <1 year after CCS diagnosis [7]. Further-
more, the risk of CV events was higher among CCS patients with multiple non-cardiac
comorbidities, including chronic kidney disease (CKD), chronic obstructive pulmonary
disease (COPD), obesity, etc. Nevertheless, the rate of major adverse CV events (MACE) has
substantially decreased in European patients with CCS, reflecting developments in their
management [10]. Considering the recent introduction of a new CCS definition in clinical
practice, in addition to the recent concomitant COVID-19 pandemic, which significantly
limits the recruitment of patients in multicenter registries and trials, further analyses are
necessary to better define the contemporary epidemiological features of CCS in different
European member states, to improve the management and treatment of such patients.

3. Residual Risk in Chronic Coronary Syndromes

Both the increased application of evidence-based therapy and the newer generation of
drug-eluting stents (DES) have recently led to improvements in the treatment of patients
with CAD. The revolutionary advancements have been linked with a significant reduction
in the rates of recurrent MACE and stent thrombosis. However, despite the undoubtedly
better approach, the risk of subsequent events remains very high, especially in patients
with poly-vascular disease and comorbidities [11,12]. The high rate of recurrent CV events,
despite a strong secondary prevention strategy, leads to the notion of residual ischemic
risk. Clinical trials in patients with CCS have demonstrated a persistent risk of MACE
of 2–4% per year [13–15]. Even in the most recent studies that introduced the proprotein
convertase subtilisin/kexin type 9 inhibitors (PCSK9i) in the clinical arena, the occurrence
of subsequent events in the treated arms remained around 9%, despite the drastic LDL
cholesterol (LDL-C) reductions [16,17]. Moreover, real-world data from registries and obser-
vational studies demonstrated even more unfavorable outcomes: The REACH (Reduction
of Atherothrombosis for Continued Health) registry reported an approximate 5% risk of
1-year recurrent CV events in patients with CAD or with multiple risk factors associated
with atherothrombosis [18]. A comprehensive national Swedish registry, including over
108,000 post-MI patients, found that nearly 20% experienced a recurrent MACE in the year
following the index ACS event. This residual CV risk persists and increases over time: In
the Swedish registry, one in five patients who persisted stable in the first year after MI
had a new recurrent event in the following 3 years [19]. The GRACE (Global Registry of
Acute Coronary Events) registry, which recruited 3721 post-ACS patients from the United
Kingdom (UK) and Belgium for a five-year follow-up period, presented a 13% occurrence
of CV mortality and a 9.3% incidence of recurrent MI [20].

CCS patients with non-obstructive CAD (Category 5 according to the ESC Classifica-
tion) also exhibit an elevated risk of MACE and all-cause mortality and deserve special
attention [21]. Notably, women not only have a higher incidence of non-obstructive CAD
but also have a worse prognosis than men [22].

Specifically, we have gained a deeper understanding of the prognosis of patients with
microvascular angina. Several studies have shown that the detection of abnormal Coronary
Flow Reserve (CFR) in patients with CCS without significant obstructive CAD is strongly
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associated with an increased risk of MACE in the long term [23,24]. Furthermore, Murthy
VL et al. have shown that among diabetic patients, those without obstructive CAD but
with an abnormal CFR have a CV mortality rate similar to those with obstructive CAD
during 1.4 years of follow-up [25].

A large and growing body of research has demonstrated that around 6–8% of all
MI occur in the absence of coronary artery obstruction. Myocardial infarction with non-
obstructive CAD (MINOCA) is a heterogenous group of diseases with various potential
etiologies, including coronary artery spasm, coronary thromboembolism, plaque disrup-
tion, spontaneous coronary artery dissection, and supply–demand mismatch [26]. Patients
with a history of MINOCA exhibit a comparable, or only slightly lower, rate of recurrent
MACE during follow-up when compared to post-MI patients with obstructive CAD, de-
spite their younger age and fewer comorbidities [27]. The diagnosis of MINOCA is a
working diagnosis in which intracoronary imaging techniques performed during the acute
phase help to better evaluate coronary arteries that appear normal on angiography. In par-
ticular, optical coherence tomography (OCT), providing high-resolution, detailed images of
the coronary arteries, plays a crucial role in understanding underlying etiopathogenetic
mechanisms of MINOCA, such as plaque erosion, dissection, or thromboembolism. OCT’s
ability to elucidate the etiology of MINOCA in more than half of patients holds significant
therapeutic and prognostic implications. This allows for the customization of secondary
prevention management strategies aimed at enhancing the overall prognosis of this CCS
patient category [27,28]. In the future, the advancement of artificial intelligence-assisted
techniques for characterizing coronary atherosclerotic plaques has the potential to improve
the diagnostic power of both invasive and non-invasive approaches in suspected MINOCA
cases [29].

When CCS coexists with heart failure (HF), the risk of recurrent CV events becomes
even more pronounced. Previous studies have indicated that the development of HF over
time in patients with stable CAD has significant prognostic implications [30,31]. More
recently, findings from the CORONOR Registry have supported the notion that reduced
left ventricular ejection fraction (LVEF) and a history of HF are the main causes of CV death
in a modern population of patients with stable CAD who are extensively managed with
guideline-directed medical therapy (GDMT) [32]. The CORONOR Registry also reported a
5.7% risk of hospitalization for HF over a 5-year period in this patient cohort. The study
further highlighted that hospitalization for HF is a robust predictor of mortality with a 28%
risk after 1 year and a 43% risk after 2 years [33].

There are several elements contributing to the residual risk, including traditional CV
risk factors, HF, CKD, and psychological and socio-cultural factors. However, other pro-
moters of residual risk are beginning to emerge. These are related to thrombotic, metabolic,
and inflammatory pathways that can contribute to the development of recurrent events
and are often not adequately addressed in common clinical practice [34]. Furthermore, in
revascularized CCS patients, other factors, such as incomplete/suboptimal revasculariza-
tion or complex PCI, may contribute to a residual ischemic risk. Figure 1 shows pathways
of residual CV risk in CCS patients.

3.1. Prognostic Stratification

The residual CV risk has been associated with some clinical characteristics (diabetes,
prior ACS, stroke, HF, poly-vascular disease, extent of CAD, completeness of revascu-
larization) and biomarkers, such as troponins, N-terminal pro-B-type natriuretic peptide
(NT-proBNP), and C-Reactive protein (CRP) [35]. Identifying patients with high residual
CV risk is crucial for the secondary prevention strategies.

Risk scores are useful bedside tools for a rapid prognostic definition. The Dual
Antiplatelet Therapy (DAPT) score was developed from the DAPT Study to predict ischemic
and bleeding risk in patients who underwent percutaneous coronary intervention (PCI).
Patients with a DAPT score ≥ 2 have a high ischemic risk and a low bleeding risk and were
found to benefit from prolonged DAPT beyond 12 months. On the other hand, patients
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with a DAPT score < 2 present a high bleeding risk and a low ischemic risk and were found
to benefit from a shorter duration of DAPT [36]. Following the development of the DAPT
score, many studies have tried to define its validity in different study populations with
disappointing results. Chicharron et al. confirmed the ability of the DAPT score to identify
an ischemic risk, detecting an approximately twofold higher incidence of CV events in
patients with a DAPT score ≥ 2 [37]. In contrast, Ueda et al. showed that in an extensive
Swedish registry, this score did not effectively discriminate between bleeding and ischemic
risk [38]. In a recent analysis, including 100,211 post-PCI patients, a DAPT score ≥ 2 was
able to accurately recognize patients at high ischemic and low bleeding risk [39].

 

Figure 1. Pathways of residual CV risk, scientific evidence, and potential targeting interventions.

More recently, the Predicting Bleeding Complication in Patients Undergoing Stent
Implantation and Subsequent Dual Antiplatelet Therapy (PRECISE-DAPT) score, specifi-
cally designed for the prediction of bleeding, was introduced [40]. A recent meta-analysis
involving over 50,000 patients established that a PRECISE DAPT score > 25 was linked to
an increased likelihood of major bleeding and an elevated risk of MACE [41].

Although the overlap between ischemia and bleeding is clear, Lindholm et al. demon-
strated that as the number of CV risk factors increases, the risk of ischemic events increases
more than the risk of bleeding. Furthermore, when patients with a history of bleeding
are excluded, an increased number of CV risk factors is linked with a significant rise in
ischemic events, with no significant difference in the rate of bleeding [42].

A 4-year analysis of the REACH registry demonstrated that a correct prognostic
stratification cannot ignore the identification of some clinical predictors of future CV events.
Subjects with atherothrombosis are extremely heterogeneous and consequently have a
highly variable risk of events. This risk varies from 7% in patients with only CV risk factors,
excluding diabetes, to 25% in individuals with a history of ischemic events and/or poly-
vascular disease. Notably, patients with previous acute CV events have a higher residual
risk compared to those with stable CAD, especially during the first year; in turn, individuals
with stable CAD have a higher risk compared to those with CV risk factors but without
atherosclerosis. Among all risk factors, diabetes has been confirmed to raise the ischemic
risk, whereas, in the subjects with atherothrombosis, the presence of poly-vascular disease
has been identified as the strongest independent risk factor for recurrent MACE [43].

Subsequent ischemic events may be due to the coronary artery that was originally
treated or to other sites because of disease progression. In the previously mentioned
Swedish registry, the risk of recurrent ACS due to an untreated or a non-culprit lesion was
twice as high as the risk of recurrent ACS due to a previously stented lesion. Predictors of
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recurrent ACS from an untreated lesion were male sex, multivessel disease, and a longer
interval between the index and the recurrent event [35].

Intracoronary imaging techniques, identifying lesions with features suggestive of
plaque vulnerability, may be useful in the prognostic stratification of patients with CCS.
The Providing Regional Observations to Study Predictors of Events in the Coronary Tree
(PROSPECT) study enrolled 697 ACS patients who underwent three-vessel intravascular
ultrasound (IVUS) imaging after PCI. During three years of follow-up, the recurrent events
were equally attributable to culprit and non-culprit lesions. Common imaging-based
characteristics of non-culprit lesions associated with recurrences were angiographically
mild lesions with a large plaque burden, thin-cap fibroatheroma (<65 mm), and small
luminal area [44]. In the Relationship between OCT Coronary Plaque Morphology and
Clinical Outcome (CLIMA) Study, which involved 1003 patients who underwent OCT
imaging of the untreated proximal left anterior descending (LAD) coronary artery, the
simultaneous occurrence of four high-risk OCT plaque characteristics (lipid arc > 180◦,
minimal lumen area < 3.5 mm2, minimum thickness of the fibrous cap < 75 μm, presence of
macrophages) was linked to an increased MACE risk [45].

3.2. Therapeutic Targets
3.2.1. Lifestyle

Improving healthy behaviors and medical adherence are the cornerstone of secondary
CV prevention. In fact, a healthy diet, regular physical activity, stopping smoking, and main-
taining an optimal body mass index (BMI) significantly reduce the recurrence of MACE,
even after adjusting for guideline-recommended secondary prevention treatments [46–48].
Table 2 shows lifestyle recommendations.

Table 2. Lifestyle ESC Guidelines recommendations for CCS patients [1,49].

Intervention Relative Risk Reduction %

Stopping Smoking

Use the ‘Very brief advice’ for smoking cessation:
- ASK: establishing and recording smoking status
- ADVISE: advising on the best methods of stopping
- ACT: offering help

36 (mortality)

Healthy diet
High in vegetables, fruits, and grains. Saturated fats <10% of total
intake. Limit alcohol to <100 g/week or 15 g/day. 31 (MACE)

Physical activity
30–60 min of moderate-intensity aerobic activity ≥5 days per
week. 27 (mortality)

Weight loss BMI ≤ 25 kg/m2 33 (MACE)

Additionally, the ESC guidelines recommend cognitive-behavioral interventions to
support CCS patients to adopt healthy behaviors, which may require a multidisciplinary
team of experts (cardiologists, nurses, dieticians, general practitioners, physiotherapists,
and psychologists), exercise-based cardiac rehabilitation, and the annual flu vaccination,
particularly in patients older than 65 years and in those with HF [48–51].

3.2.2. Psychosocial Risk Factors

The onset and progression of CAD are closely linked to psychosocial factors, including
acute and chronic life stressors, low socioeconomic status, mental health disorders, depres-
sion, and inadequate sleep patterns. These factors are associated with the development
and prognosis of CAD [52].

They exert their influence through a range of underlying mechanisms. Individu-
als struggling with compromised psychosocial well-being are more prone to adopting
detrimental habits, such as smoking, alcohol/substance abuse, unhealthy diet, sedentary
lifestyle, and inadequate adherence to prescribed medical regimens. This is all com-
pounded by the fact that they often face limited access to health care resources. A large
body of evidence indicates that stress triggers the activation of the inflammatory and neu-
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rohormonal systems, an elevation in blood pressure (BP), and a dysregulation of glucose
metabolism. These effects can lead to clinical consequences, like myocardial ischemia,
cardiac arrhythmias, atherosclerosis development, and the formation of more vulnerable
coronary plaques [52,53]. Psychological factors have a significantly higher prevalence in
certain demographic subgroups, including women, lower socioeconomic groups, and black
individuals, contributing to disparities in CAD development and associated morbidity and
mortality [54]. To improve the outcomes for CCS patients, it is imperative to systematically
assess psychosocial risk factors and facilitate effective behavioral and pharmacological in-
terventions by mental health professionals. These interventions are also critical in reducing
social disparities in cardiovascular health [54–56].

3.2.3. Blood Pressure Targets

Hypertension is the most common CV risk factor in CCS patients. Several studies have
underscored the importance of anti-hypertensive treatment in CV secondary prevention,
demonstrating that each 10 mmHg reduction in systolic BP is associated with an approxi-
mately 17% reduction in the rate of MACE [57,58]. Current ESC guidelines recommend a
systolic BP target value of 120–130 mmHg in general CCS population and a target value of
130–140 mmHg in the elderly (Class I, LoE A) [59].

In symptomatic CCS patients, beta-blockers and calcium antagonists (CCBs) should
be the drugs of choice, whereas in post-MI patients, beta-blockers and renin-angiotensin
system (RAS) blockers should be used (Class I, LoE A). Treatment with both angiotensin-
converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) for hyper-
tension is not recommended because it is linked with a higher incidence of major kidney
adverse events (Class III, LoE A) [60].

3.2.4. Residual Thrombotic Risk

For several decades, aspirin has been considered the basic component of antithrom-
botic therapy in patients with CCS. However, based on recent evidence, the latest ESC
guidelines recommend a more potent antithrombotic approach in individuals exhibit-
ing clinical, anatomic, and/or procedural features of high thrombotic risk without high
bleeding risk (HBR) (Class II, LoE A) [1,61].

Two distinct and more intensive antithrombotic approaches have been demonstrated
to significantly reduce recurrent MACE in this population: prolonged DAPT, which com-
bines P2Y12 receptor antagonists, preferably ticagrelor 60 mg with aspirin [13], or a dual-
pathway inhibition (DPI) approach, which combines a low-dose of rivaroxaban (2.5 mg)
and aspirin [15]. Although the aforementioned guidelines do not indicate when one of the
two strategies should be preferred over the other, a careful analysis of the trials testing
these strategies allows us to identify the ideal candidates for the two pharmacological
approaches. The best candidates for prolonged DAPT (>12 months) are non-HBR post-MI
patients (within 2 years) with a moderate-high residual ischemic risk, who have not stopped
DAPT for more than one year and who have tolerated DAPT for 12 months. Instead, CCS
patients eligible for the DPI approach are non-HBR patients at any time after a MI with an
additional ischemic risk factor, including those who have stopped DAPT for over one year,
are high-risk patients without a prior MI, are patients with a prior stroke, or are patients
with peripheral arterial disease (PAD) [62].

The Effect of Ticagrelor on Health Outcomes in Diabetes Mellitus Patients Intervention
Study (THEMIS) evaluated DAPT with aspirin plus ticagrelor in stable diabetic patients
without previous ischemic event. This study did not show a greater net clinical benefit of
DAPT in these patients. Specifically, patients in the aspirin plus ticagrelor group exhibited
a lower rate of MACE but a higher incidence of major bleeding compared to patients in
the aspirin plus placebo group [63]. In THEMIS-PCI, which included only stable diabetic
patients with previous PCI, the investigators demonstrated a lower incidence of MACE in
the ticagrelor plus aspirin group. Major bleeding was significantly higher in the treatment
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arm, but fatal bleeding and intracranial hemorrhage were not significantly different between
the two groups [64].

More recently, a new antithrombotic strategy involving long-term monotherapy with
ticagrelor, after a short-term DAPT, has been tested in a population at high ischemic
risk [65]. Although this so-called aspirin-free strategy is currently not yet recommended by
the guidelines, it may become a valid pharmacological alternative in the future to achieve
greater anti-ischemic efficacy without the trade-off of increased bleeding complications,
particularly in HBR post-PCI patients who are not eligible for more intensive antithrombotic
approaches.

In patients with CCS and atrial fibrillation (AF) who underwent PCI, dual antithrom-
botic therapy with an oral anticoagulant (OAC), preferably Direct Oral Anticoagulants
(DOACs), and clopidogrel is the default strategy recommended, with aspirin limited to
the periprocedural phase, whereas only in the case of patients with additional clinical risk
factors (diabetes, CKD, PAD, recurrent MI, etc.) and/or who have undergone complex
PCI, triple antithrombotic therapy (TAT), which includes an OAC, clopidogrel, and ASA,
should be continued for up to one month. Six months after elective PCI and lifelong in CCS
patients, OAC alone is the recommended strategy [66]. For specific high-risk patients, dual
antithrombotic therapy with OAC in combination with either clopidogrel or aspirin should
be considered.

3.2.5. Residual Metabolic Risk

• LDL:

In accordance with the ESC/EAS guidelines for the management of dyslipidaemias,
the target of LDL-C levels should be lower than <1.4 mmol/L (<55 mg/dL) with a reduction
of at least 50% from baseline (Class I, LoE A).

Moreover, an LDL-C target of <1.0 mmol/L (<40 mg/dL) may be considered for
patients with CV disease who had a recurrent event within 2 years (Class IIb, LoE B) [67].
Management of dyslipidaemias includes lifestyle changes and LLT. Today, we have a broad
therapeutic armamentarium to achieve these ambitious therapeutic goals, including high-
intensity statins, ezetimibe, bempedoic acid, PSCK9i, and inclisiran. A high-intensity statin
at the maximum tolerated dose represents the first-line therapy in CCS patients [68,69].
If statins fail to achieve LDL-C targets, a stepwise approach with ezetimibe first and
then PSCK9i/inclisiran in combination with statins is recommended. For patients with
intolerance to statins, the ESC guidelines [67] also recommend ezetimibe, bempedoic acid,
and PSCK9i/inclisiran alone or in combination.

• Triglycerides (TG):

Hypertriglyceridemia is also linked with CV disease. Statin therapy is recommended in CCS
patients with hypertriglyceridemia [triglycerides—TG—levels >2.3 mmol/L (>200 mg/dL)]
(Class I, LoE B) [67]. Moreover, high-dose eicosapentaenoic acid (EPA) (2 g) taken b.i.d should
be considered in high-risk individuals with persistent high TG levels (135–499 mg/dL) on
statin treatment (Class IIa, LoE B). The Reduction of Cardiovascular Events with Icosapent
Ethyl–Intervention (REDUCE-IT) trial, in fact, showed that in statin-treated patients with
CAD or diabetes and mild–moderate hypertriglyceridemia (TG levels of 135 to 499 mg/dL)
a high-dose EPA significantly reduced the incidence of ischemic events over a follow-up
of 4.9 years. Indeed, the interventional group had a 25% relative risk reduction in the
primary endpoint, a composite of CV death, MI, stroke, unstable angina, and coronary
revascularization [70].

Despite this evidence, in contrast to LDL, current guidelines do not recommend a
target for triglycerides [67].

• Lipoprotein(a) (Lp(a)):

Lp(a) is a genetically determined LDL variant that contains cholesterol, triglycerides,
and an apolipoprotein(a) unit. Elevated Lp(a) levels are significantly linked to an increased
risk of atherosclerotic CV diseases [71]. To date, there are no approved therapies specifically
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targeting Lp(a). Nevertheless, several agents aimed at lowering Lp(a), such as pelacarsen,
olpasiran, and SLN360, are currently being evaluated in clinical outcome trials (Lp(a)-
HORIZON; NCT04270760; NCT04606602). If proven effective, Lp(a) will soon become a
new therapeutic target for reducing residual metabolic risk in CCS patients.

• Diabetes:

Individuals with CCS and diabetes represent a very high-risk population; therefore,
ESC guidelines recommend a close monitoring of risk factors. For diabetic patients, BP
should be 130/80 mmHg or below, whereas LDL-C < 1.4 mmol/L (<55 mg/dL) and reduced
by at least 50% from the baseline. Additionally, a target glycated HbA1c level of less than
7% (<53 mmol/L) is recommended (Class I, LoE A) [72].

Until recently, none of the antidiabetic drugs could be shown to reduce MACE in
diabetic patients, thus the results of randomized clinical trials (RCTs), which assessed the
efficacy of two novel classes of glucose-lowering drugs, the sodium–glucose co-transporter-
2 inhibitors (SGLT-2i) and the glucagon-like peptide-1 receptor agonists (GLP1-RA) marked
a “new era” in diabetes treatment [73–77]. Notably, in these RCTs, these drugs provided
additive benefits to GDMT (ACEi/ARB statins, statins, etc.). For these reasons, the ESC
guidelines include strong recommendations for the use of SGLT2i and GLP-1 RA in patients
with CCS and diabetes (Class I, LoE A) [72] and the new ADA guidelines recommend
SGLT-2i and/or GLP1-RA for initial therapy, with or without metformin based on glycemic
needs, in diabetic patients with high-risk features or established CV disease [78].

• Non-alcoholic fatty liver disease (NAFLD):

Nearly one-third of the adult population worldwide is affected by non-alcoholic fatty
liver disease (NAFLD), which encompasses a broad spectrum of liver conditions. These
range from simple steatosis to severe manifestations, such as non-alcoholic steatohepatitis
(NASH). In some cases, NAFLD can progress into fibrosis and cirrhosis [79]. NAFLD,
which is recognized as the hepatic component of the metabolic syndrome and closely
associated with both obesity and diabetes, represents an emerging contemporary CV risk
factor according to several studies [80–82]. There are a number of underlying mechanisms
by which NAFLD may contribute to CAD development. These include insulin resistance,
enhanced hepatic gluconeogenesis, atherogenic dyslipidemia, increased oxidative stress,
and a prothrombotic state.

To date, specific treatments for NAFLD are lacking, and lifestyle interventions involv-
ing dietary modification, weight loss, increased physical activity and smoking/alcohol ces-
sation are the primary recommended therapeutic strategies for patients with NAFLD [83].
A risk reduction in MACE as well as a modest improved NAFLD was shown in recent
studies through the use of GLP1-Ras, improving glycemic control and supporting weight
loss [84,85]. In addition, the ESSENTIAL study demonstrated the safety and efficacy of
combination treatment with ezetimibe and rosuvastatin in reducing liver fat in patients
with NAFLD [86]. Promising drug therapies targeting different stages of NAFLD are cur-
rently under investigation. However, many of these treatments have shown only moderate
efficacy and, in some cases, their utility has been hampered by potential side effects and
concerns about toxicity.

3.2.6. Residual Inflammatory Risk

Systemic inflammation has emerged as an important player in the progression and
destabilization of CV disease [87–89]. However, since the degree of inflammation as part of
the residual ischemic risk varies among patients, it is important to have specific biomarkers
and therapeutic targets to identify and treat patients at a high residual inflammatory
risk to provide more personalized CCS care. As previously described, hs-CRP is the
most extensively researched inflammatory marker linked to an elevated ischemic risk,
independently of LDL levels. [87]. Statins can decrease hs-CRP (a pleiotropic effect), with
the greater reduction in CV events observed in those who reached both the lowest LDL-C
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and hs-CRP levels (<2 mg/L) [90]. This effect has also been demonstrated when non-statin
treatments, such as ezetimibe [91] or PCSK9i, were combined with statins [92].

The hypothesis that inflammation plays a key role in the pathogenesis of atherosclero-
sis was first demonstrated by the Canakinumab Anti-Inflammatory Thrombosis Outcome
Study (CANTOS). In the CANTOS trial, 10,061 subjects with a history of MI, optimal LDL-C
levels, and hs-CRP ≥ 2 mg/L were randomly assigned to receive OMT plus placebo or
OMT plus canakinumab, an interleukin-1 beta blocker (IL-1β) without effect on LDL-C,
BP, or platelets. Canakinumab (150 mg every 3 months) led to a significantly lower rate of
CV events than placebo, but with a higher incidence of thrombocytopenia, neutropenia,
and life-threatening infection [93]. However, the Food and Drug Administration (FDA),
has not approved the use of canakinumab in patients with CAD. In contrast to CAN-
TOS, the Cardiovascular Inflammation Reduction Trial (CIRT) demonstrated that low-dose
methotrexate failed to reduce CV events in secondary prevention [94]. Recently, the Low-
dose Colchicine 2 (LoDoCo2) trial showed that the anti-inflammatory drug colchicine in
low doses (0.5 mg once daily) safely reduced CV events, including MI and the need for
coronary revascularization in CCS patients on top of LDL-C lowering and antithrombotic
treatments [95].

At present, despite the evidence supporting the role of inflammation in the develop-
ment of atherosclerotic CV disease, effectively targeting inflammatory pathways in patients
with CCS has proven challenging. Consequently, current guidelines do not recommend
anti-inflammatory drugs for secondary CV prevention.

Novel anti-inflammatory interventions, including neutralization of IL-6 and the in-
flammasome, are still under investigation in several clinical trials.

4. Diagnostic Tests: What, When, and to Whom, with a View to Appropriateness and
Rationalization of Resources

In CCS patients, the annual CV mortality rate describes the risk of an event. Thus,
a CV mortality rate >3% per year identifies high-risk patients whereas a CV mortality
rate <1% per year identifies low-risk patients [96]. In addition, an annual risk assessment
is warranted, even if the patient is asymptomatic. Several diagnostic tests may be useful
for the diagnosis of CCS patients [1]. The main challenge in daily clinical practice is to
ensure the right test for the right patient at the right time for an individualized diagnostic-
therapeutic pathway in the context of healthcare resources rationalization.

4.1. Pre-Test Probability (PTP)

The effectiveness of available diagnostic tests in diagnosing obstructive CAD depends
on the prevalence of CAD in the population being studied. A simple predictive model,
which includes only age, sex, and symptoms, can be routinely used to evaluate the pre-test
probability (PTP) of obstructive CAD [97]. Based on more contemporary data [98,99], the
new ESC guidelines on CCS have updated the method for estimating the PTP of obstructive
CAD by significantly reducing the absolute values of the PTP [1]. The new PTP method
increases the proportion of patients for whom diagnostic testing is not recommended. In
fact, more patients fall into the PTP <15% category, where the estimated CV mortality or
MI rate per year is <1%, substantially reducing unnecessary diagnostic tests and costs. In
addition, several PTP modifiers, such as CV risk factors, resting or exercise ECG abnor-
malities, LV dysfunction, and the presence of coronary calcium, have been introduced
to better identify the clinical probability of CAD, particularly in patients with low PTP
(5–15%) [1]. It should be kept in mind that each test has its own peculiarities to rule in or
rule out CAD; therefore, clinicians should tailor the appropriate test according to patient’s
PTP categories. Notably, stress ECG has limited diagnostic value across all levels of PTP;
non-invasive stress imaging tests, in particular positron emission tomography (PET) and
stress nuclear cardiac magnetic resonance (CMR), have better performance and may be
preferred in patients with high PTP, whereas coronary computed tomography angiography
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(CTA) is the ideal technique to accurately exclude anatomic CAD in patients with a lower
range of clinical likelihood of CAD [96,100].

4.2. Invasive Coronary Angiography (ICA)

The current gold standard test for the diagnosis of CAD is invasive coronary angiog-
raphy (ICA). However, due to its invasive nature, ICA is associated with risks; therefore,
it should be performed in patients who are likely to require coronary revascularization
(patients with a high clinical probability or with severe symptoms despite OMT) [1]. In-
vasive functional test imaging, including fractional flow reserve (FFR) and instantaneous
wave-free ratio (iFR), should be available to improve the diagnostic power of ICA and
should be used to confirm or exclude uncertain diagnoses on non-invasive tests or to better
assess stenosis severity before revascularization [101,102]. Therefore, current guidelines
recommend non-invasive ischemia testing as a gatekeeper to ICA in individuals at low and
intermediate risk for significant coronary stenosis [1].

4.3. Stress ECG

Stress ECG detects myocardial ischemia according to the electrocardiographic changes
induced by exercise. However, its diagnostic power in detecting obstructive CAD is lower
than that of other diagnostic imaging tests [96,103]. The prevalence of inconclusive stress
ECG results is notably high, underscoring its limited efficacy in detecting myocardial
ischemia. A stress ECG test should be avoided in patients with preexcitation, paced
rhythm, and a left bundle branch block in whom ST-segment variations cannot be evaluated.
Therefore, the dependence of the test on the patient’s physical fitness poses a significant
limitation, potentially excluding individuals who are unable to undergo the procedure [104].
Stress ECG alone may be used as an alternative to detect ischemia if other imaging exams are
unavailable, but caution is needed due to the risk of false-negative and false-positive results.
Current guidelines recommend performing a non-invasive imaging or an anatomical
test as the exam of choice for the diagnosis and for the follow-up of CCS patients after
revascularization (IIa, LoE B) [1,2,103].

4.4. Non-Invasive Stress Imaging Tests

Stress echocardiography, in which the stressor may be represented by physical exercise
or by pharmacological agents, is a useful non-invasive test for CAD diagnosis by detecting
new or worsening ischemia-induced wall-motion abnormalities. Developments in contrast
agents, image acquisition, and strain imaging have improved the diagnostic accuracy of
this test. However, as stress echocardiography is an operator-dependent exam, its accuracy
is highly dependent on the training and expertise of professionals performing the test to
correctly interpret the results obtained.

The limitations of echocardiography in detecting exercise-induced kinetic abnormali-
ties can be largely overcome, where available, using CMR. Conversely, both single-photon
emission computed tomography (SPECT) and PET can identify myocardial ischemia by
imaging regional myocardial tracer uptake, allowing the assessment of relative myocar-
dial blood flow at rest and during stress. Overall, non-invasive functional tests exhibit a
high sensibility and specificity for detecting flow-limiting obstructive CAD and are more
accurate than ECG testing in defining the site of ischemia and in providing prognostic in-
formation [1,96,100]. The choice of non-invasive diagnostic exams is strictly dependent on
patient characteristics (e.g., any contraindication to the administration of contrast medium),
professional skills, and availability of such tests.

4.5. Coronary Computed Tomography Angiography (CCTA)

Coronary computed tomography angiography (CCTA) is a non-invasive imaging
technique that uses an intravenous contrast agent to the visualize coronary artery wall
with a high accuracy for the assessment of obstructive CAD. This diagnostic exam is not
recommended (Class III, LoE C) for patients with high or irregular heart rates, extensive
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coronary calcification, severe obesity, or difficulty complying with breath-hold instructions
that may interfere with the acquisition of high-quality images [1].

In cases of uncertain CCTA results or when CCTA is inconclusive, integrating func-
tional data is advised. It is important to note that CCTA should not be used as a stand-alone
follow-up test for patients with known CAD unless accompanied by functional information
regarding myocardial ischemia. Recent technological developments have allowed the inte-
gration of three-dimensional CT-derived anatomical reconstructions with techniques able
to predict FFR through computational fluid dynamics or machine learning. Although some
studies have demonstrated a high diagnostic value of CCTA-based FFR [105], there are
contrast data regarding its predictive value to detect CAD. A recent study of 2298 patients
who underwent a CCTA-based FFR, reported a low positive predictive value (49%) [106].
Furthermore, Mittal et al. also highlighted the increased costs associated with CCTA-based
FFR strategy compared with that of other stress imaging tests. The diagnostic landscape
for CCS is characterized by the availability of multiple imaging modalities. However, the
optimal selection of the most appropriate approach remains a challenge for most clinicians.
Careful, case-by-case evaluation is essential to achieve optimal results and to rationalize
the use of available resources. Several cost-effectiveness studies have been conducted to
address this issue. In low-risk patients, anatomical analysis using CCTA has been shown to
be cost-effective; functional strategy based on an echo stress test has shown comparable
cost-effectiveness, whereas SPECT showed lower cost-effectiveness [107–109]. In contrast,
in patients with an intermediate risk of CAD, functional tests, such as SPECT and stress
echocardiography, seem to be the most cost-effective [109,110].

5. Pharmacological Management of Symptoms

Ideally, optimal treatment of CCS patients will not only improve prognosis but also
symptoms and quality of life (QoL). Therefore, OMT must include effective antianginal
drugs in combination with event prevention drugs. Current guidelines advocate for a
tailored, stepwise approach in which antianginal therapy should be personalized, taking
into account patient characteristics (such as BP, heart rate, LVEF, etc.), comorbidities,
potential drug interactions, and specific underlying pathogenic mechanisms of angina [1].

Beta-adrenergic blockers (BBs) and/or calcium channel blockers (CCBs) represent the
first-line treatment. The anti-ischemic effect of these classes of drugs is due to a reduction
in heart rate, BP, and contractility, resulting in a reduced myocardial oxygen requirement.
To optimize their efficacy, long-acting formulations should be preferred, and drugs should
be carefully titrated. Beta-blockers and non-dihydropyridine CCBs are contraindicated in
patients with sick sinus syndrome, severe bradycardia, advanced heart block, hypotension,
and acute HF. If BBs and/or CCBs fail to successfully control angina symptoms, or if
contraindications occur for these agents, several second-line drugs are available. These
include long-acting nitrates and nicorandil, ivabradine, ranolazine, and trimetazidine.
The addition of long-acting nitrates is a reasonable therapeutic option for patients who
continue to experience symptoms despite taking BBs and CCBs, while short-acting nitrates
can be used for the management of acute symptoms. Nitrates are contraindicated in
patients taking phosphodiesterase inhibitors and in patients with hypertrophic obstructive
cardiomyopathy (Class III, LoE B) [1]. Ivabradine and ranolazine are suitable therapeutic
options for patients who develop low BP with usual anti-anginal drugs, as they do not exert
vasoactive actions. Regardless of the type of initial treatment used, the patient’s response
to therapy should be evaluated promptly.

6. Revascularization Strategy

In contrast to the clear data supporting the advantage of timely revascularization in
reducing MACE and mortality in ACS patients [111,112], it is still controversial whether
the revascularization strategy offers a prognostic benefit over OMT in the management of
CCS patients.
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The Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation
(COURAGE) trial involved 2287 patients with CCS and was the first trial to demonstrate
that PCI plus OMT did not improve CV outcomes compared to OMT alone in patients
with stable CAD. However, patients who underwent PCI were symptom-free and had
an improved QoL after the intervention, though this difference was not maintained at
36 months [113].

Subsequently, in the 2nd Bypass Angioplasty Revascularization Investigation in Dia-
betes (BARI 2D) trial, which included 2368 diabetic patients with stable CAD, a revascular-
ization strategy (PCI or Coronary Artery Bypass Graft-CABG) plus OMT was not superior
to intensive OMT alone in reducing all-cause mortality at 5 years. However, in the CABG
stratum, the incidence of MACE was significantly lower than in the OMT group, driven
predominantly by a reduction in non-fatal MI [114].

The fractional flow reserve versus Angiography for Multivessel Evaluation 2 (FAME 2)
trial showed that in CCS patients with angiographically documented coronary atherosclero-
sis, and at least one functionally significant stenosis (fractional flow reserve (FFR) ≤ 0.80),
FFR-guided PCI with DES resulted in a significantly lower rate of death, non-fatal MI, or
urgent revascularization compared to OMT alone. The benefit of FFR-guided PCI over
OMT was driven by a significantly lower need for urgent revascularization in the PCI
group and was sustained at 5 years of follow-up. This strategy has also shown a significant
improvement in symptoms and QoL [115]. The FAME 2 trial established that the detection
of significant ischemia, identified by a positive FFR test, allows a better risk stratification
of patients with CCS before performing a PCI. Of note, in the subsequent FAME 3 trial,
FFR-guided PCI with currently used DES failed to meet noninferiority compared with
CABG among patients with three-vessel CAD.

The Objective Randomized Blinded Investigation with Optimal Medical Therapy
of Angioplasty in Stable Angina (ORBITA) trial showed no significant improvement in
exercise time at 6 weeks in patients with stable CAD undergoing PCI compared to the
placebo procedure [116]. Although the scientific debate generated by this study underlines
the importance of the indication for PCI in CCS patients, its impact on clinical practice
and guidelines does not appear to be significant considering the important limitations of
this study. These limitations include inadequate statistical power to demonstrate clinical
endpoints, a small sample size, and a short follow-up period.

Finally, the International Study of Comparative Health Effectiveness with Medical
and Invasive Approaches (ISCHEMIA) trial was designed to overcome the limitations of
previous trials. None of the previous trials were blinded; they enrolled patients with only
mild ischemia whose coronary anatomy was known prior to randomization, raising the
possibility of selection and referral bias. Moreover, patients in most of these trials were not
treated with the current standard of care, which includes aggressive OMT, FFR-guided PCI,
and the use of the latest generation of DES. The ISCHEMIA trial enrolled 5179 patients with
moderate to severe ischemia at baseline prior to ICA. Coronary CTA was performed in all
patients without renal dysfunction to exclude left main disease and non-obstructive CAD.
Patients were randomized to receive OMT or invasive strategy plus OMT (revascularization
by PCI or CABG, as clinically determined). This trial failed to demonstrate significant
differences between the conservative and invasive strategy in the primary endpoint (a
combination of CV death, MI, hospitalization for UA, hospitalization for HF, or resuscitated
cardiac arrest). However, the invasive treatment strategy is associated with improved
symptom control and QoL at the end of the trial [117].

More recently, an interim analysis of the ISCHEMIA EXTENDED, an observational
study, including 4825 of the original ISCHEMIA trial participants, showed no difference in
all-cause mortality between the two approaches. However, the invasive strategy demon-
strated a lower CV mortality rate but a higher non-CV mortality rate during the 5.7 years
of follow-up [118]. Table 3 shows the key characteristics and results of studies assessing
OMT versus revascularization strategy in patients with CCS.
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Table 3. Principal contemporary studies assessing OMT versus the revascularization strategy in
patients with CCS.

COURAGE [113] BARI 2D [114] FAME 2 [115] ISCHEMIA [117]

Publication year 2007 2009 2014 2020
N◦ pts 2287 2368 1220 5279

Follow-up (yrs) 4.6 5 2 3.2
Documentation of
ischemia required? No No No Yes, >10%

CTA performed before
enrollment? No No No Yes

Enrollment before ICA? No No No Yes
Contemporary

conservative strategy? No No Yes Yes

Contemporary invasive
strategy? No, only PCI, no DES No, only 35% DES, 10%

no stent Yes, DES, FFR Yes, DES, FFR

Main Results Neutral
QoL improvement

Neutral
Less CV events in

CABG arm

Neutral
Less need for urgent

revascularization

Neutral
QoL improvement

◦ in patients with previous abnormal rest echo; OMT: optimal medical therapy; CTA: computed tomography
angiography; ICA: invasive coronary angiography; DES: drug-eluting stent; FFR: fractional flow reserve.

The decision to perform complete coronary revascularization in patients with ACS
and evidence of multivessel CAD remains a matter of debate. Complete revascularization
appears to be associated with a better outcome, with a reduction in both new revasculariza-
tions and hard clinical events [119].

Current ACC/SCAI/AHA guidelines for coronary artery revascularization suggest the
use of FFR or iFR to assess angiographic, intermediate coronary lesions only in the presence
of stable CAD (Class I, level of evidence A), but their role in ACS patients has not been
clearly addressed [120]. The FLOWER-MI (FLOW Evaluation to Guide Revascularization
in Multi-vessel ST-elevation Myocardial Infarction) trial compared angiography-guided
and FFR-guided complete revascularization in STEMI patients with multivessel disease.
The authors demonstrated that an FFR-guided strategy had no significant advantage over
an angiography-guided strategy with respect to the primary endpoint (composite of death,
MI, and urgent revascularization at 1 year) [121]. More recently, a comprehensive network
meta-analysis of 11 RCTs comparing FFR and angiography in this setting concluded that
complete revascularization of non-culprit stenosis was associated with a lower incidence of
adverse events compared with culprit-only revascularization, but FFR guidance was not
superior to angiography guidance in reducing MACE [122].

Some studies have investigated the best strategy in CCS patients with reduced LVEF.
In the Surgical Treatment for Ischemic Heart Failure (STICH) trial, patients with extensive
CAD and LV systolic dysfunction were randomly assigned to initial OMT or CABG. At
the 10-year follow-up, CABG plus OMT demonstrated a prognostic benefit versus OMT
alone [123]. The REVascularization for Ischemic VEntricular Dysfunction (REVIVED)-BCIS2
trial, the first powered trial to assess the efficacy and safety of PCI in patients with severe
ischemic cardiomyopathy and evidence of myocardial viability, did not show a significant
benefit of multivessel PCI versus OMT over 3.4 years of follow-up [124]. However, the
failure of an invasive strategy in this setting may have been due to less extensive CAD,
small sample size, and shorter follow-up.

Based on this evidence, the management of patients with CCS should always start with
an aggressive contemporary OMT, and only after functional assessment of CAD should an
individualized revascularization strategy be considered if the conservative strategy fails or
is in subgroups of patients in whom a prognostic benefit has been demonstrated. Current
guidelines suggest a tailored approach in which the decision to revascularize each individ-
ual patient by PCI or CABG should be established based on symptoms and QoL despite
OMT, prognostic indicators (ischemic area >10% LV or ischemic cardiomyopathy with
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LVEF ≤ 35%), evidence of ischemia, and invasive assessment of CAD severity (FFR ≤ 0.80
or iwFR ≤ 0.89 in a major coronary vessel) [1].

While the prognostic significance of invasive methods for functionally assessing coro-
nary lesions in ACS patients remains uncertain, recent years have seen growing evidence
supporting the prognostic value of the use of intracoronary imaging techniques in complex
PCI, regardless of clinical CAD presentation (ACS or CCS). In particular, various stud-
ies and meta-analyses have shown that IVUS-guided complex PCI, when compared to
conventional angiography-guided PCI, leads to a significantly reduced rate of long-term
MACE [125–128].

Regarding antiplatelet therapy in CCS patients undergoing elective PCI, the DAPT
with clopidogrel plus aspirin remains the standard of care. In fact, trials testing the more
potent P2Y12 inhibitors, such as prasugrel or ticagrelor, have not demonstrated their
superiority over clopidogrel in this specific patient population [129,130].

7. Follow-Up Strategies and Care Pathways: From the Hospital to the Community Care

In clinical practice, even asymptomatic CCS patients require a regular clinical follow-
up by a CV professional to evaluate any change in the patient’s residual CV risk, adherence
to lifestyle recommendations and pharmacological therapy, or the occurrence of comor-
bidities that may affect therapy and CV outcomes. Identifying the patient’s clinical risk is
also important to ensure that the right patient receives the right instrumental follow-up
modality. Resting echocardiography should be performed annually if previously abnormal
or every 3/5 years if previously normal. In patients who have undergone revascularization,
an early echocardiographic assessment may be useful 1-3 months after the procedure [1]. In
general, the routine use of inductive ischemia tests is not advised, regardless of the presence
or absence of symptoms, even in cases of previous revascularization. Non-invasive stress
exams may be considered 1 year after PCI and 5 years after CABG or every 3/5 years to
assess silent ischemia, preferably using non-invasive stress-imaging techniques (Class IIb,
LoE C) [1]. Among high-risk post-PCI patients with incomplete or suboptimal revascular-
ization, early evaluation (3 months after the procedure), preferably with an imaging stress
test, could be useful. In addition, an early evaluation (1-3 months after the procedure) has
been suggested, in particular, in clinical settings of CCS to establish a reference for subse-
quent follow-up. A model for the management of CCS patients, tailoring examinations and
follow-up visits according to CCS categories and their level of risk is shown in Figure 2.

Coronary CTA should not be used as a routine follow-up test for CCS patients, whereas
ICA, with FFR/iFR when necessary, is the test of choice for high-risk patients according to
non-invasive test results and for patients with severe symptoms despite OMT.

It is critical that after hospitalization for ACS or elective PCI, the follow-up modality
is established at the time of discharge based on the patient’s risk level.

To reduce the recurrence of CV events, the ESC guidelines recommend that patients
with CAD be discharged according to a structured modality for the optimal management of
the post-discharge pathway (Class IIa, LoE B) [49]. In addition, a recent Cochrane analysis
demonstrated that discharge planning can reduce unplanned readmissions and improve
the coordination of post-discharge services [131]. To this end, the discharge letter is a key
component of the transition between hospital and community care.
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Figure 2. Model for the management of CCS patients. Modified from Knuuti J et al., EHJ 2020 [1].
* Time for decision-making on DAPT/SAPT in post-PCI patients; ** time for decision-making on long
term antithrombotic therapy according clinical and procedural residual ischemic risk; † at any time
to investigate changes in symptoms and/or functional status; invasive coronary angiography only
for patients with symptoms despite OMT or with moderate/severe ischemia on non-invasive stress
tests. ◦ In pts with previous abnormal rest echo. CV: cardiovascular; ECG: electrocardiogram; Echo:
echocardiography.
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8. Multidisciplinary and Multi-Professional Management Aspects

Modern secondary prevention of CV is evolving into a partnership between CCS pa-
tients and healthcare professionals to improve prognosis through appropriate medications,
interventions, and lifelong healthy lifestyle behaviors. This collaborative approach requires
an integrated, multidisciplinary team approach, including (in both hospital and community
settings) cardiologists, nurses, dieticians, physiotherapists, psychologists, general physi-
cians, diabetologists, nephrologists, geriatricians, and others, who can provide holistic and
personalized care to patients. To achieve this, professionals should have sufficient knowl-
edge, expertise, and tools to manage the complex, specialized cardiac needs of a patient
who often has multiple comorbidities. Today, digital medicine through new telemedicine
and telemonitoring technologies can help improve an integrated, patient-centered approach
among the different professionals involved in managing CCS patients, optimizing the use
of healthcare resources, and improving the prognosis of this patient population.

It is also essential that national core components of cardiac support and secondary
prevention are structured to ensure that CCS patients have equal access to the best evidence-
based care. This requires an integrated network between hospitals and the community on
a regional basis to guarantee continuity of care and patient empowerment.

9. Conclusions

The management of patients with CCS remains a diagnostic and therapeutic challenge.
Despite significant therapeutic advances in recent years, patients with CCS continue to
experience a high rate of recurrent CV events [132]. As a result, the concept of stable CAD
has been reevaluated and the notion of residual CV risk has been introduced. This risk
persists despite the use of the best available evidence-based secondary prevention strate-
gies [133]. To significantly reduce this risk, comprehensive strategies should be employed,
including: (a) a selection of the most appropriate diagnostic tools; (b) a personalized assess-
ment of residual risk, taking into account contemporary, non-traditional risk factors and
their evolution over time; (c) tailoring of therapeutic approaches, both pharmacological
and non-pharmacological, to individual risk profiles; (d) an establishment of optimal and
individualized follow-up protocols according to the CCS categories and their risk level;
(e) implementing a multidisciplinary patient-centered approach to care that can incorporate
innovative telemedicine and telemonitoring technologies; (f) promoting integrated man-
agement between hospital and community care; (g) incorporating non-pharmacological
interventions to improve CV health education.
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Abstract: Blood pressure oscillations during different time scales, known as blood pressure variability
(BPV), have become a focus of growing scientific interest. BPV can be measured at long-term
(seasonal variability or visit-to-visit), at mid-term (differences in consecutive days or weeks) or at
short-term (day-night differences or changes induced by other daily activities and conditions). An
increased BPV, either at long, mid or short-term is associated with a poor cardiovascular prognosis
independently of the amount of blood pressure elevation. There is scarce evidence on the effect of
different antihypertensive treatments on BPV, but some observational and interventional studies
suggest that calcium channel blockers in general, and particularly amlodipine, either in monotherapy
or combined with renin-angiotensin system blockers, can reduce BPV more efficiently than other
antihypertensive drugs or combinations. Nevertheless, there are several aspects of the relationship
between BPV, antihypertensive treatment, and clinical outcomes that are still unknown, and more
work should be performed before considering BPV as a therapeutical target in clinical practice.

Keywords: blood pressure variability; antihypertensive treatment; cardiovascular disease; cardiovas-
cular risk; ambulatory blood pressure monitoring

1. Introduction

High blood pressure (BP) is one of the most powerful determinants of cardiovascular
risk [1]. BP estimates, obtained punctually in the clinic or through measurements in
different hours, days or weeks, are associated with the risk of cardiovascular events and
mortality [2]. However, BP is not a static component, and fluctuates due to a large number
of internal and external influences. Blood pressure variability (BPV) is defined as the BP
variation over different time scales, ranging from beat-to-beat to years [3].

The importance of BPV is that such fluctuations are related with the development of
organ damage, cardiovascular events and mortality, independently of the absolute degree
of BP elevation. Such circumstances have created a great interest in the understanding
of mechanisms responsible for BPV, the different types of variability and the methods of
assessment, as well as possible therapeutical interventions modifying several aspects of BPV.

2. Types of Blood Pressure Variability, Physiological Regulation, and Methods
of Assessment

The types of BPV, their physiological regulation, and methods of assessment depend on
the time scale contemplated. It ranges from very short periods of time, such as beat-to-beat or
even intra-beat variability, short-term variability, usually defined as variations occurring in a
24 h period of time, day-to-day, week-to-week, or long-term variability, including variations
occurring among visits, in different seasons of the year, or even through several years [3,4].

The physiological regulation of BP variations, as well as its derangements, are complex
and poorly understood. They constitute a mixture of cardiovascular regulatory mechanisms,
as well as behavioral and environmental factors [4]. In addition, several treatments, and
both cardiovascular drugs and non-cardiovascular drugs, influence BPV. Among the intrinsic
mechanisms regulating BPV, baroreflex activity and arterial stiffness are possibly the most
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important. Short-term variability is highly dependent on the circadian rhythm of activity
and sleep and, during sleep, is particularly affected by sleep disturbances. The adherence
to antihypertensive treatment and the duration of action of different antihypertensive drugs
clearly influence day-to-day, week-to-week, as well as visit-to-visit variability. Changes in
weather and outdoor temperature are the main influencers of seasonal variability.

The assessment of very-short-term BPV requires continuous monitoring. This can be
achieved by intra-arterial recording, or with the use of some non-invasive devices. Its use
is usually restricted to monitor patients in intensive care units, emergencies or operation
rooms. Continuous ambulatory non-invasive devices using finger plethysmography were
developed several years ago, but were impractical for its use in ambulatory patients [5,6].
Short-term BPV is usually assessed by Ambulatory Blood Pressure Monitoring (ABPM) with
oscillometric validated cuff devices, measuring BP at repeated intervals, usually from 15 to
30 min [7]. Home Blood Pressure Monitoring (HBPM) is the method of choice for assessing
mid-term BPV, such as day-to-day or week-to-week changes. It is usually recommended to
proceed to a 7-day period of measurement, twice per day, three repeated measurements
each [8]. The results of this schedule are very close to daytime BP obtained through ABPM.
Finally, office BP is usually the method of assessment of visit-to-visit variability or seasonal
variability. It is necessary to strictly adhere to a protocol of measurement, which should be
always the same. Minor deviations can cause important differences in BP, which are not
necessarily patient-dependent [3].

3. Blood Pressure Variability Indices

The standard deviation (SD) and the coefficient of variation (the ratio between standard
deviation and absolute BP value) are the most commonly used indices for all types of BPV.
Variability independent of the mean has been also proposed for the assessment of visit-
to-visit variability, and it is calculated by dividing SD by the mean powered to a value
obtained by non-linear regression analysis of population values [9].

Several other indices are also commonly used for short-term BPV. Among them, the
most important are weighted SD and average real variability (AVR). The first is obtained by
the average of daytime and nighttime SD weighted for the duration of each period [10]. Its
main advantage over the classic 24 h SD is that is not affected by the amount of nocturnal
BP decline. ARV is obtained by calculating the average of the differences (in absolute value)
between consecutive measures [11]. It better reflects within subject variability, although is
more affected by poor quality of the data.

4. Prognostic Value of Blood Pressure Variability

The first and most consistent data regarding the prognostic influence of BPV refers
to long-term or visit-to-visit variability. A post hoc analysis of four large clinical trials,
including a large cohort of patients with a history of transient ischemic attacks (UK-TIA
Aspirin Trial) and a large population of patients with hypertension and added risk factors
(ASCOT-BPLA) demonstrated that intervisit BP variability and peak BP values were strong
predictors of stroke independently of mean SBP and, albeit to a lesser extent, equally
associated with coronary risk [12]. Since then, these findings have been reproduced in
both cohort studies [13] and post hoc analyses of other clinical trials, especially in subjects
at high risk for the development of cardiovascular diseases [14–16]. In contrast, other
studies in hypertensive patients without added risk or in the general population have
not been able to determine a significant contribution of long-term variability between
visits to cardiovascular morbidity and mortality, which would suggest that the association
between BP variability between visits and cardiovascular outcomes could be significantly
influenced by the individual’s baseline cardiovascular risk level. These discrepancies were
also revealed in a meta-analysis of 23 studies in which, although the variability between
visits was associated with the development of coronary and cerebrovascular events, as well
as with the number of total and cardiovascular deaths, the degree of association in all cases
was modest and did not exceed a 20% increase in risk [17].
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Regarding mid-term BPV and cardiovascular prognosis, two population studies have
confirmed the prognostic value of BP variability in the medium term. In the Ohasama
study [18], increased variability values in home SBP, measured over a total of 26 days,
was associated with a higher composite risk of cardiac death and stroke. Moreover, in the
HOME-BP study in Finland, carried out in a cohort of adults from the general population,
increased variability in systolic and diastolic BP measurements for seven consecutive days
was associated with an increased risk of cardiovascular events after almost 8 years of
follow-up, which remained significant even after adjusting for age and mean HT levels,
thus supporting the additional value of home BP variability in predicting cardiovascu-
lar prognosis [19]. This has been recently confirmed using the multinational IDHOCO
database [20]. In contrast to these results, a study with 12-year follow-up in a Belgian
population did not show any predictive value for BP variability when adjusting for mean
BP values [21]. However, in this latter study, BPV was estimated from only two home visits.

With regard to short-term BPV, as measured through ABPM, the relationship has been
established both with the standard deviation estimators, night pressure fall and with the
morning surge. An increase in the standard deviation both during the day [22] and at
night [23] has been related to a worse cardiovascular prognosis in prospective studies.
This relationship is even more evident when the aforementioned estimators of weighted
standard deviation [24] or average real variability [25] are calculated.

The nocturnal fall in BP also has an important impact on cardiovascular prognosis. The
first studies already suggested that a lack of nocturnal decrease in BP was associated with a
worse cardiovascular prognosis [26]. The data from the Spanish ABPM Registry [27] have
revealed that the prevalence of these “deleterious” patterns is very high, and that they are
close to 50% in untreated patients and exceed this figure in those who are under treatment.
Advanced age, female sex, obesity, diabetes, and a history of previous cardiovascular
disease are associated with inadequate decline in both treated and untreated patients. In
the former, the number of drugs also intervenes in a greater probability of presenting a
“nondipper” or “riser” pattern.

The main problem in assessing the prognostic value of circadian pattern alterations is
the association of both nocturnal BP fall with nocturnal BP levels, a very well known factor
for a higher risk of mortality and cardiovascular events [28].

Not only the nocturnal decrease in BP, but also the increase that occurs upon awakening
may be important from the prognostic point of view. Thus, in the Japanese population or
those of other Asian countries, an excessive increase in the morning has been associated with
a greater risk of events, especially cerebral vascular accidents of hemorrhagic etiology [29].
However, the actual prognostic significance of this morning rise remains a matter of
debate, given the significant positive correlation between the degree of morning BP rise
(a potentially deleterious phenomenon) and the degree of nighttime BP fall (a potentially
protective phenomenon). In addition, the morning increase that occurs in Caucasian
populations appears to be clearly less than that in Asian populations. In the former, when
both elements are analyzed in the same group, the importance of the lack of nocturnal
decrease seems to be greater than the excess of morning increase [30].

5. Blood Pressure Variability and Antihypertensive Treatment

Meta-analyses of clinical trials in hypertension with different classes of antihyper-
tensive drugs have strongly supported that mean BP reduction is essential to achieve
cardiovascular protection [31]. Moreover, it has been suggested that the reduction in
long-term variability provided by some drug classes may confer additional benefits in
addition to lowering mean BP levels. In support of this concept, a meta-analysis comparing
the calcium antagonist amlodipine against other antihypertensives suggested a favorable
impact of the former on blood pressure variability between visits [32]. In the ASCOT
study, there was also a parallelism between the greater impact of amlodipine compared to
atenolol on long-term variability and protection against stroke [9], although it should be
recognized that other advantages of amlodipine with respect to atenolol, such as a greater
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impact on central BP reduction, were also present in this study [33]. This favorable effect of
amlodipine on visit-to-visit variability was also observed in the SPRINT study [34], and
it could possibly be related to the long half-life of this drug, of about 30 h. It has also
been hypothesized that certain drug combinations might be more effective than others in
reducing long-term variability. In this sense, the combination of an angiotensin receptor
antagonist with a calcium antagonist was capable to promote a greater reduction in blood
pressure variability between visits compared to the same receptor antagonist combined
with a diuretic, regardless of the reductions in mean BP levels [35].

With respect to mid-term BPV, studies on the effect of antihypertensive treatment are
few and quite inconsistent. Only one comparative study evaluating the effects of two types
of antihypertensive combinations found that a combination of an angiotensin receptor
antagonist with a calcium antagonist was more effective in reducing home SBP variability
than the combination of the same receptor antagonist with a thiazide diuretic [36]. Finally,
a non-randomized analysis of a population of diabetic subjects who received different
classes of antihypertensive drugs found lower morning BP variability values in the subjects
who received calcium antagonists, compared to those treated with angiotensin converting
enzyme (ACE) inhibitors or angiotensin-receptor blockers (ARB) [37].

With respect to short-term BPV, again studies have shown a beneficial effect of calcium
channel blockers, particularly amlodipine. The X-CELLENT study [38] showed a greater
reduction in short-term variability in patients treated with amlodipine, or the diuretic inda-
pamide in comparison to the angiotensin receptor antagonist candesartan. Another study
in treated hypertensive patients showed that subjects who received calcium antagonists
or diuretics, alone or associated with other groups, had significantly lower SBP standard
deviations compared with those who received angiotensin-converting enzyme inhibitors,
receptor antagonists or beta-blockers [39].

In the Spanish ABPM Registry, we looked at short-term BPV in a very large number
of patients under different types of antihypertensive therapies, including monotherapies
and different combinations [40]. A total of 38,188 patients were included. BPV indices,
including daytime and nighttime SD, weighted SD and average real variability increased
as the number of antihypertensive drugs increased, being statistically significant when
compared the group receiving three or more drugs with those on monotherapy.

In this latter group of patients treated with monotherapy, the comparison among
the major drug classes revealed lower BPV indices in those treated with calcium channel
blockers or diuretics, in comparison with beta blockers, ACE inhibitors or ARB. When
looking at the different compounds inside each therapeutic class, there were no differences
in BPV among diuretics (hydrochlorothiazide, chlorthalidone or indapamide), while in the
calcium channel blocker group, amlodipine was associated with lower values of BPV, in
comparison to other dihydropyridines, diltiazem or verapamil. Finally, this favorable effect
of calcium channel blockers, particularly amlodipine, was also observed in patients treated
with a two-drug or a three-drug combination, with those including a calcium channel
blocker being associated with lower values of BPV indices.

It has recently been suggested that new non-pharmacological treatments for resistant
AHT, such as renal denervation, could have a beneficial effect on short-term variability. In
this regard, in a clinical trial comparing treatment with spironolactone versus renal sympa-
thetic denervation, the latter procedure had a greater effect on the short-term variability of
diastolic pressure, measured by the 24 h weighted standard deviation or by the average real
variability [41]. A recent meta-analysis has also concluded that renal denervation favorably
affects short-term BPV in patients with resistant hypertension [42].

6. Clinical Significance, Practical Recommendations and Future Directions

There is considerable theoretical evidence that abnormalities in BPV are associated
with the cardiovascular prognosis. However, BPV is a general term including several
possible abnormalities, which in fact may have different pathogenetic mechanisms. It is
difficult to admit that differences in BP among long-term visits or seasonal variations have
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any relation with day–night changes or other changes in shorter periods of time. They are
all considered BPV, but mechanisms responsible are obviously different. Moreover, it is
still a matter of debate if increased BPV is a true risk factor influencing the prognosis or
merely a marker of other alterations. In addition, all the evidence regarding the impact of
therapeutical maneuvers on BPV are based on post hoc analyses of clinical trials, in which
the primary objective was the cardiovascular prevention through the achievement of an
absolute BP reduction.

Considering these limitations, it can be hypothesized that the impact of different
antihypertensive treatments, in reducing BPV in addition to their effect on absolute BP,
might be an advantage in terms of protection. Results from clinical observations suggest
that long-acting calcium channel blockers have an advantage over other types of drugs.
However, if this advantage is related to the mechanism of action or to their pharmacokinetic
properties is still unknown. New drugs under development include some possible changes
in the way antihypertensive treatment is currently administered. The possibility of using
drugs administered once per month or even once or twice per year will open different
perspective in the assessment and the role of BPV.

Not only possible changes in antihypertensive treatment, but future changes in BP
measurement and monitoring will also impact in the study of BPV. The growing use of
wearable BP devices represents a unique opportunity, and may change the way BP is
measured in the future. They have obvious advantages, as the possibility of monitoring
BP very frequently, almost continuously, without interfering individual activities and
without tolerability issues is clearly promising. These aspects are of particular relevance in
the evaluation of BPV, and can serve for future studies. However, as it has been recently
stated [43], the accuracy of such wearable devices has not been unequivocally demonstrated,
and this is an obvious previous requirement before they can be ready for clinical use.

7. Conclusions

It is possible that the different classes of antihypertensives may have a different impact
on blood pressure variability, at short, mid or long terms. If this could be translated to
a greater cardiovascular protection, independently or added to the decrease in mean BP
values will need specific clinical trials to be assessed. It is also possible that not only the
antihypertensive drug class, through its mechanism of action, but also the pharmacokinetics
of each compound would impact BPV, with drugs with longer duration of action reducing
more efficiently BPV.
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Abstract: Although various guidelines for cardiovascular disease prevention have been established,
the optimal drug therapy is often not implemented due to poor medication adherence and the clinical
inertia of healthcare practitioners. Polypill strategies are one solution to this problem. Previous
studies have established the usefulness of polypills, i.e., combination tablets including three or more
medications, for the prevention of cardiovascular disease. For this purpose, the polypills generally
contain an antiplatelet medication, an antihypertensive medication, and a statin. For the specific
management of hypertension, combination therapy including more than two classes of antihyperten-
sive medications is recommended by most international guidelines. Combination tablets including
two classes of antihypertensive medications, such as renin-angiotensin system (RAS) inhibitors
(angiotensin-converting enzyme inhibitors [ACEIs] and angiotensin receptor blockers [ARBs]) and
Ca-channel blockers or thiazide diuretics, have been reported to be useful for cardiovascular disease
prevention and lowering blood pressure (BP) levels. The use of RAS inhibitors is recommended for a
wide range of complications, including diabetes, chronic heart failure, and chronic kidney disease.
The combination of an RAS inhibitor and diuretic or Ca-channel blocker is thus recommended for the
management of hypertension. Finally, we expect that novel medications such as angiotensin receptor
neprilysin inhibitors (ARNIs) and sodium glucose cotransporter 2 inhibitors (SGLT2i), which have a
more diverse range of effects in hypertension, heart failure, or diabetes, may be a solution to the prob-
lem of polypharmacy. Evidence is accumulating on the benefits of polypill strategies in cardiovascular
disease prevention. Combination tablets are also effective for the treatment of hypertension.

Keywords: polypill strategy; combination medication therapy; cardiovascular prevention; blood
pressure; hypertension

1. Introduction

Cardiovascular disease (CVD) is one of the most common causes of disability and
death worldwide. Many guidelines for the prevention of CVD have been established in
Asia, Europe, and the United States. However, the optimal drug therapy recommended in
the guidelines is not being implemented in all patients due to poor adherence to treatment
medications and a lack of prescribing due to clinical inertia in healthcare practitioners [1–4].

One major obstacle to the implementation of optimal therapy is poor medication
compliance, and one major reason for poor medication compliance is the number of pills in
the therapeutic regimen. In the case of CVD, complications that place patients at high risk
include hypertension, diabetes, and dyslipidemia, and these diseases often co-occur and
require multidrug therapy. Combination pills, which combine two or more drugs into a
single pill, are a possible solution to this problem [3,5,6].

In the field of hypertension management, a substantial population of untreated hyper-
tensive patients exists not only in Japan but also in other developed countries, including
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the United States and Europe. Moreover, the persistently low success rate in reaching treat-
ment objectives poses a significant challenge in hypertension management. The Japanese
Hypertension Guidelines refer to this issue as the “hypertension paradox” and view it as
a concern, despite the relatively straightforward diagnostic methods available for hyper-
tension, such as blood pressure measurement, and the availability of numerous highly
effective antihypertensive medications [2]. Poor medication adherence and healthcare
provider inertia are frequently cited as reasons for the suboptimal achievement of target
BP levels in the treatment of hypertension. Utilizing combination tablets for hypertension
therapy could potentially offer a viable solution to address these challenges.

In this review, the usefulness of polypills in CVD prevention and medication adherence
is presented. We also present the evidence and our opinion on the usefulness of the
combination therapy of antihypertensive medications in the management of hypertension.

2. Polypill Strategies for the Cardiovascular Disease Prevention

Several previous studies have established the usefulness of polypill treatment for the
prevention of CVD [5–11]. With regard to the benefit of combination therapy with aspirin,
statins and antihypertensives, polypills have been shown to be more effective than usual
care. [12,13]. Table 1 shows a summary of the major clinical trials designed to assess the
effect of polypill strategies for medication adherence and the prevention of CVD events. In
terms of the effects of polypills on the primary and secondary prevention of CVD, Huffman
et al. summarized 13 polypill trials and concluded that polypill therapy could be one of
the most scalable strategies to reduce the risk of premature cardiac death, resulting in a
25% reduction in premature cardiac death by 2025 through an improvement in medication
adherence and access [8]. The recent PolyIran study, a pragmatic, cluster-randomized
trial conducted as part of the Golestan Cohort Study, found that polypills that included
aspirin, atorvastatin, hydrochlorothiazide, and either enalapril or valsartan were useful for
achieving the high adherence of medications and noted a reduction in the risk of major CVD
events compared to those of patients receiving minimal care (HR 0.66, 95% CI 0.55–0.80) [9].
Merat et al. conducted a randomized controlled trial as a sub-study of the PolyIran-Liver
trial in order to assess the effects of polypills including an angiotensin receptor blocker
(ARB), a thiazide diuretic, a statin, and aspirin in patients with non-alcoholic steatohepatitis,
and they demonstrated that the polypill is more useful for the prevention of CVD events
compared to multiple tablets administered separately [14].
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Table 1. Major clinical trials designed to compare between polypill and usual care (multiple tablets
administered separately) for medication adherence and cardiovascular outcome.

Trial Year
Confirmation of

Polypill

Primary or
Secondary
Prevention

Number of
Patients

Findings

CRUCIAL 2011 amlodipine,
atorvastatin - 1461

Lower BP and cholesterol with polypill than
usual care (UC).

Framingham 10-year CHD risk 13% with
polypill vs. 16% in usual care.

UMPIRE 2013
aspirin, simvastatin,
lisinopril, atenolol or
hydrochlorothiazide

Primary and
secondary 2004

Lower BP and cholesterol with polypill
than UC.

There is no difference in major CVD events at
median 15 mo. follow-up: 50 (5%) with

polypill vs. 35 (3.5%) in UC, RR 1.45, 95%CI
0.94–2.29, p = 0.09 (NS)

IMPACT 2014
aspirin, simvastatin,
lisinopril, atenolol or
hydrochlorothiazide

Primary and
secondary 513

Improved adherence with polypill.
No difference in BP and LDL-cholesterol

between polypill and UC.
There is no difference major CVD events at
12 mo. follow-up: 16 with polypill vs. 18 in

UC, p = 0.73 (NS)

Kanyini GAP 2014
aspirin, simvastatin,
lisinopril, atenolol or
hydrochlorothiazide

Primary and
secondary 623

Improved adherence with polypill.
No difference in BP and LDL-cholesterol

between polypill and UC.

Table 1. Cont.

Trial Year
Confirmation of

Polypill

Primary or
Secondary
Prevention

Number of
Patients

Findings

FOCUS 2014 aspirin, simvastatin.
ramipril Secondary 2118

Improved adherence with polypill.
No difference in BP and LDL-cholesterol

between polypill and UC

SPACE 2016
aspirin, simvastatin,
lisinopril, atenolol or
hydrochlorothiazide

Primary and
secondary 3140

Combination of three trials (UMPIRE, Kyayini
GAP, and IMPACT) for polypill.

Improved adherence with polypill.
Lower BP and cholesterol with polypill

than UC.

PolyIran 2022
aspirin, atorvastatin,
hydrochlorothiazide,
enalapril or valsartan

Primary and
secondary 6838

Polypill is associated with reduced major CVD
events at 60 mo. follow-up: 202 (5.9%) with

polypill vs. 301 (8.8%) in UC, HR 0.66, 95%CI
0.55–0.80.

Improved adherence with polypill.

SECURE 2022 aspirin, ramipril,
atorvastatin Secondary 2499

Polypill is associated with reduced major CVD
events at 36 mo. follow-up: 118 (9.5%) with

polypill vs. 156 (12.7%) in UC, HR 0.76, 95%CI
0.60–0.96, p = 0.02.

CRUCIAL, Cluster Randomized Usual Care vs. Caduet Investigation Assessing Long-Term-Risk; FOCUS, Fixed-
Dose Combination Drug for Secondary Cardiovascular Prevention; IMPACT, IMProving Adherence using Com-
bination Therapy; Kanyini GAP, Kanyini Guidelines Adherence to Polypill; SECURE, Secondary Prevention
of Cardiovascular Disease in Elderly; SPACE, Single Pill to Avert Cardiovascular Events; UMPIRE, Use of a
Multidrug Pill in Reducing Cardiovascular Events.

Previous studies have suggested the benefit of including aspirin in polypill therapy.
Yusuf et al. examined the effect of adding aspirin to polypill therapy on the prevention of
cardiovascular events in patients without cardiovascular disease by using a two-by-two-
by-two factorial design that included a double placebo, aspirin, a polypill (simvastatin,
atenolol, hydrochlorothiazide, and ramipril), and a polypill-plus-aspirin. In participants
without cardiovascular disease and at intermediate risk for cardiovascular disease, the
polypill-plus-aspirin therapy reduced the incidence of cardiovascular events compared
with the double placebo group [15]. Moreover, Joseph et al. conducted an individual
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patient-level meta-analysis of three large, controlled trials (TIPS-3, HOPE-3, and PolyIran:
n = 18,162). With a median follow-up of 5 years, a primary outcome benefit, including car-
diovascular death, myocardial infarction, and stroke, of the polypill strategy was observed
(HR: 0.62). Sub-analysis with and without aspirin showed a greater risk reduction with the
aspirin-containing strategy [16]. From these findings, the polypill strategy is useful for the
prevention of CVD incidence [17–19]. Secondarily, these combination drugs used for the
secondary prevention of CVD also include beta-blockers such as atenolol, metoprolol, and
others [15,20]. Although beta-blockers are useful in the secondary prevention of coronary
artery disease and the treatment of heart failure and have cardiovascular protective effects,
adverse effects such as bradycardia and syncope should be considered [21].

2.1. Polypill Therapy for Secondary Prevention of Cardiovascular Disease

To assess the usefulness of polypills for the secondary prevention of CVD, the ran-
domized controlled Secondary Prevention of Cardiovascular Disease in Elderly (SECURE)
trial was conducted in 2499 patients in Europe. This study demonstrated that a polypill
including an angiotensin-converting enzyme inhibitor (ACEI), a statin, and aspirin signifi-
cantly improved CVD outcomes compared to the usual care (HR 0.76, 95% CI 0.60–0.96 for
composite CVD events including CVD death) [10]. In terms of the secondary prevention
of CVD, polypill treatment is acceptable for use in clinical practice. In addition, studies
of polypill treatment strategies for acute coronary syndromes have recently been under-
way. These studies have employed polypill therapy, i.e., combination tablets, containing
antiplatelet agents and statins. It is anticipated that evidence will continue to accumulate
regarding the utility of polypills in the treatment of acute coronary syndromes.

2.2. Polypill Therapy and Medication Adherence

Many previous studies have established evidence regarding the usefulness of the
polypill strategy for the improvement of medication adherence [9,22–25]. In the Use
of a Multidrug Pill in Reducing Cardiovascular Events (UMPIRE) trial, a randomized
control trial designed to assess the effectiveness of fixed-dose combinations (polypills),
combination drug treatment was shown to achieve greater reductions in BP, cholesterol,
and platelet control compared to multiple tablets administered separately [22]. In addition,
many healthcare providers consider the polypill beneficial in terms of improving patient
adherence and reducing drug costs [26–29]. A polypill strategy is also important for
preventing CVD events in low-to-medium-income countries and communities [30]. Polypill
treatments were reported to realize greater reductions in systolic blood pressure (BP) and
LDL cholesterol levels than the usual care in a socioeconomically vulnerable minority
population in the United States. Muñoz, et al. conducted an interventional trial to assess
the efficacy of a polypill (atorvastatin, amlodipine, losartan, and hydrochlorothiazide)
treatment group compared to a usual treatment group in 303 patients in low-income
regions [31]. From these results of previous studies, polypill therapy is useful in reducing
the costs of treatment and preventing primary and secondary CVD events in lower- or
middle-income regions.

3. Combination Therapy of Antihypertensive Medications in the Management
of Hypertension

Compared to monotherapy, combination tablets have gained rapid popularity in re-
cent years due to their superior antihypertensive effects, improved patient adherence, and
health economic benefits. Furthermore, not only are combination tablets of antihyperten-
sive drugs utilized but combination formulations with diabetes drugs and other types of
medications are also employed in clinical practice. Hypertensive patients often present
with additional cardiovascular risk factors, including a history of cardiovascular disease,
lipid abnormalities, diabetes, and obesity. In these cases, the number and variety of oral
medications can be substantial, resulting in challenges related to reduced patient adherence
and increased healthcare costs. Combination tablets of antihypertensive drugs are expected
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to offer a solution to these issues. Most international guidelines for the management of hy-
pertension recommend a combination therapy of renin-angiotensin system (RAS) inhibitors
(ACEIs and ARBs), Ca-channel blockers, and diuretics [2,32,33]. The World Health Organi-
zation (WHO) guideline for the pharmacological treatment of hypertension recommends
combination therapy chosen from the above-mentioned three classes of antihypertensive
medications, such as thiazide diuretics, ACEIs/ARBs, and Ca-channel blockers [34]. In this
WHO guideline, it is mentioned that combination medication therapy may be especially
valuable when the baseline BP is more than SBP 20 mmHg higher than the target BP level,
and single-pill combination therapy improves medication-taking adherence and persistence
and BP control [34].

Many interventional trials have provided evidence of the usefulness of combination
therapy with antihypertensive medications for lowering BP levels and preventing CVD
events. The combination of RAS inhibitors (ACEIs or ARBs) and diuretics has been shown
to be useful for preventing CVD events in randomized control trials [35]. In the ADVANCE
trial, Patel, et al. demonstrated that a fixed combination of ACEI (perindopril) and thiazide
diuretic (indapamide) treatment reduced major cardiovascular events by 9% compared
to placebo (HR 0.91, 95% CI 0.83–1.00, p = 0.04) [36]. In addition, the combination of
RAS inhibitors and Ca-channel blockers was also reported to be useful for the prevention
of CVD [37–39]. Based on the findings from these studies, RAS inhibitors (ACEIs or
ARBs) and diuretics or Ca-channel blockers are a reasonable choice for a combination of
antihypertensive medications. European guidelines also recommend this combination [33].
RAS inhibitors are recommended for use in a wide range of diseases, such as diabetes,
left ventricular hypertrophy, chronic heart failure, and chronic kidney disease. There
are some advantages to using RAS inhibitors with diuretics, such as a decreased risk
of diuretic-induced hypokalemia. However, side effects and patient tolerability should
be noted.

Recently, a polypill strategy using a quad-pill including an RAS inhibitor, a Ca-channel
blocker, a diuretic, and a beta-blocker has been reported. Chow et al. conducted an
interventional trial to assess the effect of a quad-pill containing irbesartan, amlodipine,
indapamide, and bisoprolol for lowering BP and observed significantly better BP control
in the quad-pill group compared to the monotherapy group (relative risk 1.30, 95% CI
1.15–1.47), with no difference in adverse events between the two groups [20].

The WHO guidelines emphasize the significance of treating hypertension in develop-
ing countries and non-urban areas characterized by remote and impoverished economic
conditions [40]. The polypill treatment strategy has proven to be effective in cardiovascular
prevention within regions marked by economic hardship, particularly in terms of improv-
ing drug adherence. Similarly, a two-drug combination for hypertension treatment may
offer benefits in regions with limited economic resources and low health literacy.

4. Combination Therapy of Renin-Angiotensin System (RAS) Inhibitors and
Ca-Channel Blockers or Thiazide Diuretics

RAS inhibitors (ACEIs or ARBs), along with diuretics or calcium channel blockers,
constitute a rational choice for a combination of antihypertensive medications. European
guidelines also advocate for this particular combination [33]. RAS inhibitors are recom-
mended for application in a broad spectrum of conditions including diabetes, left ventric-
ular hypertrophy, chronic heart failure, and chronic kidney disease, further emphasizing
their versatility in the management of hypertension. Figure 1 shows recommendation of
antihypertensive medications for each comorbidity. Subsequently, many studies assessing
the effectiveness of combination therapy of antihypertensive medications have not incor-
porated out-of-office blood pressure measurements, such as ambulatory BP monitoring
(ABPM) and home BP monitoring, in their evaluation of BP control. These out-of-office BP
measurements including ABPM and home BP monitoring have been recognized as more
valuable than office BP measurements for stratifying cardiovascular risk and are recom-
mended in clinical guidelines [2,32,33]. Therefore, the evaluation of combination therapy
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with antihypertensive drugs should also include an assessment of their antihypertensive
efficacy using out-of-office BP measurements.

The usefulness of combination tablets including RAS inhibitors and diuretics or Ca-
channel blockers has been reported (Figure 2) [33,41,42]. It has been reported that the
standard-dose combination of ARB and Ca-channel blockers is superior to high-dose Ca-
channel blocker monotherapy for lowering BP and reducing adverse events in hypertensive
patients [43]. Moreover, Filipova et al. have reported that the combination tablet of ARB
and hydrochlorothiazide showed a greater reduction in BP compared with ARB in a meta-
analysis [44]. In the J-CORE study, it has been reported that a combination tablet containing
the ARB olmesartan and the Ca-channel blocker azelnidipine has achieved a greater reduc-
tion in central BP and measured pulse wave velocity (PWV) compared to olmesartan and
hydrochlorothiazide tablets. In addition, the same study has reported that the olmesartan
and azelnidipine combination tablet has also achieved a greater reduction in home BP
variability compared to the olmesartan and hydrochlorothiazide combination tablet [45].
On the other hand, olmesartan and hydrochlorothiazide tablets reduced nighttime BP and
albuminuria more strongly than the olmesartan and azelnidipine combination tablet [46].
Nighttime BP is related to hypertensive target organ damage such as renal dysfunction
and is an important treatment target in the management of hypertension since it is a better
predictor of CVD compared to daytime BP [47]. In addition, it has been reported that for
patients with poorly controlled BP on ARBs, the addition of mineralocorticoid receptor
antagonist (MRA) (eplerenone) significantly reduced nighttime BP levels [48]. Previous
studies have suggested that the combination therapy of RAS inhibitors (ACEIs or ARBs)
and Ca-channel blockers or diuretics may be useful for lowering BP levels and conferring
protection against hypertensive organ damage. A recent meta-analysis has reported that
combination tablets of ARBs and Ca-channel blockers show superior cardiovascular disease
prevention compared with combination tablets of ARBs and diuretics [49]. However, more
evidence needs to be accumulated through new intervention studies. Internists should
use a combination tablet of an ARB and Ca-channel blockers or a combination tablet of
an ARB and diuretics, depending on the individual pathological condition of the hyper-
tensive patient. Combination therapy with RAS inhibitors as the main axis and CCB or
diuretics added as recommended in the guidelines is a reasonable choice for hypertension
management [42].
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Figure 1. Strategy for combination therapy of antihypertensive medications. The international
guidelines recommend the combination: renin angiotensin system (RAS) inhibitors and Ca-channel
blockers or diuretics. RAS inhibitors are recommended for use in a wide range of conditions, such as
diabetes, left ventricular hypertrophy, chronic heart failure, and chronic kidney disease. Red colour,
highly recommended; Beige colour, recommended.

Figure 2. Strategy for combination therapy of antihypertensive medications. The international
guidelines recommend the combination: renin angiotensin system (RAS) inhibitors and Ca-channel
blockers or diuretics. RAS inhibitors are recommended for use in a wide range of conditions, such as
diabetes, left ventricular hypertrophy, chronic heart failure, and chronic kidney disease.

5. Novel Medications with Diverse Effects

The goal of polypill therapy is to improve medication adherence and quality of
treatment by reducing the number of tablets. In recent years, novel medications have
become available that exert more effects via a single tablet compared to conventional
medications for the treatment of hypertension, heart failure, or diabetes. Angiotensin
receptor neprilysin inhibitor (ARNI) and sodium glucose cotransporter 2 inhibitor (SGLT2i)
are two promising examples [50–53]. These drugs have the potential to combine the effects
of two drugs into a single drug and may be a solution to the problem of polypharmacy in
recent clinical practice.
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5.1. Angiotensin Receptor Neprilysin Inhibitors (ARNI)

ARNI was developed primarily for the treatment of heart failure and is applied for the
treatment of heart failure in Europe and the U.S. and the treatment of hypertension in Japan.
ARNI has (1) an inhibitory effect on angiotensin and (2) an inhibitory effect on neprilysin,
which is the enzyme that degrades b-type natriuretic peptide (BNP). Thus, ARNI has been
reported to have a variety of effects, such as suppressing excessive sympathetic nerve
activity and vasoconstriction and decreasing fluid retention. These multiple effects of
ARNI are useful in the pathogenesis of nocturnal hypertension, structural hypertension,
and treatment-resistant hypertension (Figure 3). ARNI is useful in hypertensive organ
disorders, including hypertensive heart disease [50]. Previous studies have documented
the antihypertensive effects of ARNI. In an evaluation using ABPM, ARNI has also been
reported to lower BP consistently over a 24 h period, during the daytime as well as the
nighttime [51]. Moreover, ARNI (sacubitril/valsartan) has demonstrated superiority over
ARB (valsartan) in reducing BP among patients with treatment-resistant hypertension. The
reduction in systolic BP at week 16 was greater with sacubitril-valsartan vs. valsartan in
patients with treatment-resistant hypertension (3.9 [−6.6 to −1.3] mmHg) and apparent
MRA-resistant hypertension (−6.3 [−12.5 to −0.1] mmHg) [52].

5.2. Sodium Glucose Cotransporter 2 Inhibitor (SGLT2i)

SGLT2i has been shown to contribute to the prevention of CVD in patients with
diabetes and heart failure [54–58]. SGLT2i can be used for two types of disease, such as
diabetes and heart failure, via a single pill, which is considered a treatment consistent
with the concept of polypill strategy. Furthermore, there is evidence to suggest that SGLT2
inhibitors may have a positive impact on the cardio-renal prognosis of patients with
chronic renal failure in the context of hypertension research [59]. It has been reported
that empagliflozin had the effect of lowering 24 h BP levels in patients with diabetes and
uncontrolled nocturnal hypertension in a randomized controlled trial (after 12 weeks,
24 h ambulatory BP level was −7.7 mmHg in the interventional group versus the placebo
group) [53]. In addition, canagliflozin has been reported to have the effect of lowering BP in
patients with diabetes and chronic kidney disease [60]. From these study findings, SGLT2i
is suggested to be appropriate for use in the treatment of diabetes and heart failure, and
for the control of elevated BP [53,60,61]. The therapeutic effect of SGLT2i on many of these
diseases may be considered as one possible polypill treatment strategy.
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Figure 3. Mechanisms of the efficacy of ARNI for elevated BP and congestive heart failure. An-
giotensin receptor neprilysin inhibitor (ARNI) has (1) an inhibitory effect on angiotensin and (2) an
inhibitory effect on neprilysin. ARNI has been reported to have a variety of effects such as sup-
pressing excessive sympathetic nerve activity and vasoconstriction and decreasing fluid retention.
These multiple effects of ARNI are useful in the pathogenesis of nocturnal hypertension, structural
hypertension, and treatment-resistant hypertension.

6. Problems and Limitations of Polypill Therapy

The advantages of a “one-size-fits-all” treatment strategy such as polypill therapy
include (1) improved medication adherence, (2) a certain quality of treatment even in
patients with low health literacy, and (3) effectiveness in preventing cardiovascular dis-
ease in low-income areas [3,62–64]. However, the recommendation of a “one-size-fits-all”
treatment strategy for cardiovascular disease prevention, such as the polypill strategy, is
inconsistent with the modern direction of precision medicine, which develops individual-
ized treatment strategies based on a combination of clinical characteristics and genomic
and lifestyle factors [65]. In the field of hypertension, the usefulness of artificial intelligence
and machine learning for the early diagnosis of hypertension and the risk stratification
of individual patients has been reported in recent years [66–68]. In addition, risk factors
for nocturnal hypertension have been reported as a patient-specific pathophysiologic as-
sessment [69]. Treatment management that takes into account the individual patient’s
pathophysiology is recommended [66,70]. In addition to traditional drug treatments, new
therapies such as renal denervation and digital therapeutic applications for behavioral
modification are being developed [68,71–73]. It is important to individualize treatment
by combining these different treatment modalities, taking into account the response to
each treatment. These treatment modalities are the opposite of one-size-fits-all polypill
therapy. Clinical practitioners need to be aware of the advantages and disadvantages of
polypill therapy.
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7. Conclusions

Evidence is accumulating on the benefits of polypills in cardiovascular disease pre-
vention. Novel therapeutic agents such as ARNI and SGLT2i with multimodal therapeutic
effects may also be an avenue for polypill treatment strategies. Combination tablets are
of particular importance in the field of hypertension treatment. Hypertension guidelines
emphasize the use of combinations of multiple antihypertensive medications, and thus
the use of combination forms is expected to improve medication compliance and provide
stronger antihypertensive effects.
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Abstract: Regular exercise is one of the main non-pharmacological measures suggested by several
guidelines to prevent and treat the development of hypertension and cardiovascular disease through
its impact on the vascular system. Routine aerobic training exerts its beneficial effects by means of
several mechanisms: decreasing the heart rate and arterial pressure as well as reducing the activation
of the sympathetic system and inflammation process without ignoring the important role that it
plays in the metabolic profile. Through all these actions, physical training counteracts the arterial
stiffening and aging that underlie the development of future cardiovascular events. While the role
of aerobic training is undoubted, the effects of resistance training or combined-training exercise on
arterial distensibility are still questioned. Moreover, whether different levels of physical activity have
a different impact on normotensive and hypertensive subjects is still debated.

Keywords: exercise; aerobic physical activity; arterial stiffness; arterial distensibility; hypertension

1. Introduction

Physical activity is universally recognized as one of the major non-pharmacological
measures to reduce the risk of future cardiovascular events [1,2] and cardiovascular mor-
tality [3]. The importance of physical activity was also confirmed in the latest guidelines
released for the management and treatment of arterial hypertension [4], which recom-
mended performing the equivalent of 10 metabolic task-hours per week of recreational
physical activity, which corresponds to the suggested 150 min. per week of previous guide-
lines [5,6], in order to reduce the risk of future hypertension by 6%. The positive effects of
exercise are not limited to a mere reduction in blood pressure (BP) values, but it also acts
on the metabolic profile and weight reduction [7,8] and also at the microcirculation level,
with an improvement in vascular function and structure [9]. However, it is still debated if
the favorable effects of exercise are both for aerobic and resistance or combined training,
if there are differences in acute and long-term effects and if the entity of the benefit is the
same for hypertensive and normotensive patients.

2. Effects of Different Types of Exercise on Arterial Distensibility

Several published papers have highlighted the beneficial role of aerobic training on
arterial hypertension [8,10,11] and endothelial function [12,13]. Palatini et al. [8] exam-
ined 796 young-to-middle-age untreated hypertensive subjects from the HARVEST study,
divided into 153 exercisers and 493 sedentary subjects. As expected, the active subjects
presented a lower 24 h BP (78.8 vs. 81.2 mmHg, p < 0.001 adjusted for body mass index
(BMI), alcohol consumption and smoking habits), diurnal diastolic BP (80.4 vs. 83.3 mmHg,
p < 0.0001 adjusted for BMI, alcohol consumption and smoking habits) and heart rate
(24 h 68.2 ± 0.7 vs. 72.0 ± 0.4 bpm, p < 0.0001; diurnal 70.1 ± 0.7 vs. 74.5 ± 0.4 bpm,
p < 0.0001; nocturnal 59.7 ± 0.7 vs. 62.0 ± 0.4 bpm, p = 0.004 adjusted for age, BMI, alcohol
intake and smoking habits) in comparison to the sedentary ones. As mentioned above, the
efficacy of aerobic exercise for these young patients was due to several components, such as
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weight loss (BMI among exercisers was 25.2 ± 0.3 vs. 26.2 ± 0.2 kg/m2, p = 0.002) and also
the reduction in the activity of the sympathetic nerve system, as documented by the de-
crease in urinary norepinephrine at the 24 h urinary collection (norepinephrine/creatinine:
44.2 ± 2.6 μg/24 h vs. 8.9 ± 2.9 μg/24 h, respectively, p = 0.04, as also documented in
the subsequent analysis) [14]. As mentioned above, aerobic training has a crucial role
in the improvement in arterial function. Again, evidence from the HARVEST study [12]
showed the positive impact of regular aerobic exercise during 6 years of follow-up among
366 young-to-middle-age subjects (n = 264 sedentary and n = 102 physically active), as
examined through the use of radial applanation tonometry to detect large- and small-artery
distensibility, peripheral resistances and the augmentation index. The authors observed
that both at the enrolment (Figure 1) and at the final evaluation (Table 1), arterial distensibil-
ity parameters were higher for small- and large-artery compliance and lower for peripheral
resistances and augmentation indexes among the physically active subjects compared to
those who were not active in sports. However, these results only remained statistically
significant at the final assessment for small-artery compliance after the inclusion of age and
sex in the model [12], for the augmentation index when calculated with one-way repeated-
measures ANOVA analysis (p for the interaction of active vs. sedentary × basal versus
follow-up was 0.020) and for total peripheral resistance (p for interaction = 0.045) [12]. As
documented for the positive effect of aerobic exercise on BP reduction, the mechanisms
suggested to be underlying the positive effect of aerobic training on arterial distensibility
were again the decreased heart rate of the active subjects (71.2 ± 8.9 bpm) compared to
sedentary ones (76.6 ± 9.7 bpm; p < 0.001), which is a well-known, strong component of
endothelial function according to previous published data [15–17], and the decrease in
activity of the sympathetic nerve system [18], which may counteract the vasoconstriction
phenomenon at peripheral sites and inhibit the chronic effect of sympathetic activation
on the vascular tree. Also, Vriz et al. [13], in a recently published paper, confirmed the
efficacy of aerobic exercise on endothelial function. The authors examined 120 leisure-time
exercisers, 120 competitive athletes and 120 sedentary subjects who served as controls,
who underwent an echo-tracking ultrasound system to assess carotid artery stiffness by
means of the pressure–strain elastic modulus and one-point pulse wave velocity. The
pressure–strain elastic modulus was reduced among those who were physically active
(both groups) in comparison to those who were not active in sports (p < 0.03), as was the
pulse wave velocity (p < 0.02). Moreover, in a multivariate regression analysis, physical
activity was discovered to be a significant predictor of both the pressure–strain elastic
modulus (p = 0.001) and pulse wave velocity (p < 0.001), even if both the associations were
attenuated after the inclusion of heart rate in the model (p = 0.042 and 0.007, respectively).
Again, this paper highlighted the important role of physical activity for heart rate as a
mediator of the effects on vascular function [13], combined with receding microvascular
remodeling, normalization of the capillary density, ameliorating the function of the vascular
tree and, finally, counteracting the oxidative stress phenomenon [19–22]. All the evidence
mentioned above refers to the efficacy of aerobic training, but what evidence do we have
for different kinds of exercise? In the 2018 guidelines for arterial hypertension [5], isometric
and resistance training were also recognized to be effective for the reduction in BP levels
according to data reported in several randomized clinical trials [23–25], and it was also
confirmed in the new guidelines [4]. For example, in the meta-analysis conducted by
Cornelissen et al., a significant BP reduction of −3.9 (−6.4; −1.2)/−3.9 (−5.6; −2.2) mm Hg
(p < 0.001) was clearly demonstrated, with a larger decrease among those who performed
isometric handgrip training: −13.5 (−16.5; −10.5)/−6.1 (−8.3; −3.9) mmHg [23]. With
regard to the effects of different exercise programs on vascular function, some evidence
came from Ashor et al. [26]. In this meta-analysis involving 42 studies with an overall
number of 1627 participants, the authors investigated the role that different types of phys-
ical training (aerobic, resistance or combined) had on vascular function, as detected by
means of pulse wave velocity and the augmentation index. The authors observed that
both parameters were significantly improved by aerobic training (−0.63 m/s, 95% CI:
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−0.90, −0.35, p < 0.01 for pulse wave velocity; −2.63%, 95% CI: −5.25 to −0.02, p = 0.05 for
augmentation index), while they were unaffected by resistance training (−0.04 m/s, 95%
CI: −0.42, to 0.34, p = 0.82 for pulse wave velocity; −1.69%, 95% CI: −4.11 to 0.72, p = 0.17
for augmentation index) or combined aerobic/resistance exercise programs (−0.35 m/s,
95% CI: −0.82, 0.12, p = 0.15, respectively). These results seem to be in contrast to what
was previously observed by Miyachi et al. [27], who found an increase of 14.3% (95% CI
8.5% to 20.1%; 71%; heterogeneity, p < 0.001) in stiffness indexes (carotid arterial β stiffness
and pulse wave velocity) in comparison with a group of controls, even if this increase
seemed to be peculiar to young but not to middle-aged individuals, and of high-intensity
resistance training, while resistance training did not affect changes in vascular function. On
the opposite side, resistance training performed at a high-intensity level was significantly
associated with an increase in stiffness of 11.6% [27]. Moreover, as shown in the meta-
analysis conducted by Ashor et al. [26], some studies that investigated some peculiar types
of resistance training were included, showing a favorable impact or at least no increase in
arterial stiffness such as with lower intensity rather than high intensity training [28], as was
also observed by Miyachi et al. [27] with lower-limb rather than upper-limb training [29],
eccentric rather than concentric resistance training [30] and the combination of resistance
with aerobic training [31]. However, despite the conflicting data regarding the role of
combined aerobic and resistance training on vascular function, its proven beneficial effect
on the cardio-metabolic system makes resistance training a fundamental adjunct to aerobic
physical activity, especially for those individuals with metabolic syndrome [32,33].

Figure 1. Baseline small-artery compliance in sedentary (n = 264) and active (n = 102) stage I
hypertensive subjects from the HARVEST study. Adapted from Saladini F et al. [12]. BMI, body
mass index; lifestyle factors: smoking habits, alcohol and coffee consumption and physical activity;
parental HT, parental hypertension; SBP, systolic blood pressure; DBP, diastolic blood pressure; CT,
total cholesterol; Tg serum triglycerides; HR, heart rate. p * value adjusted for age and sex.
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Table 1. Follow-up evaluation of vascular function and hemodynamic indexes in the active verus
stage 1 hypertensive participants from the HARVEST study. Adapted from Saladini F et al. [12].

Variables Sedentary Subjects (n = 110) Active Subjects (n = 42) p *

C1, mL/mmHg × 10 16.4 ± 4.5 17.0 ± 4.8 n.s.

C2, mL/mmHg × 100 6.2 ± 2.8 7.9 ± 2.5 0.009

AIx, % 25.8 ± 22.6 14.5 ± 0.24 n.s.

Carotid-radial PWV, m/s 8.8 ± 2.1 9.1 ± 2.2 n.s.

Peripheral resistance,
dyne × s × cm−5 1466.0 ± 236 1357.0 ± 228 n.s.

Central SBP, mmHg 120.4 ± 15.0 118.2 ± 10.9 n.s.
Data are presented as mean ± standard deviation. C1, large-artery compliance; C2, small-artery compliance, AIx,
augmentation index, PWV, pulse wave velocity; SBP, systolic blood pressure. p * value adjusted for age and sex;
n.s., not statistically significant (p > 0.05).

3. Effect of Short-Term versus Long-Term Physical Activity on Arterial Distensibility

The positive long-term effect of physical activity on BP reduction and the prevention
of target organ damage in hypertensive patients is not questionable. Vriz et al. [34] clearly
demonstrated the efficacy of maintaining the same level of aerobic exercise for 3 months on
BP levels. They compared 331 male non exercisers, 192 male mild exercisers and 49 male
heavy exercisers and found an important reduction in diurnal systolic BP among the
subjects who performed physical activity at a high-intensity level in comparison to inactive
subjects (135.4 ± 0.6 mmHg among heavy exercisers, 134 ± 0.8 among mild exercisers,
132.2 ± 1.6 mmHg among sedentary subjects; p < 0.05 sedentary patients compared to
heavy exercisers), demonstrating the beneficial effect of exercise training in reducing
BP levels, which persisted through the three months of follow-up, during which the
patients went on to perform the same level of exercise [34]. Similarly, in a review article,
Cardoso et al. [35] concluded that both single episodes of aerobic training and chronic
aerobic training were beneficial in terms of ambulatory BP reduction. In contrast, the
beneficial effect of resistance training was demonstrated in the short term but not in the
long term [35]. Moreover, long-term physical activity also showed a beneficial effect on
hypertension mediated target organ damage [36–40]. Again, data from the HARVEST
study [36] demonstrated among 454 untreated stage I hypertensives that regular aerobic
physical activity over 8.3 years was associated with a lower left-ventricle mass among
exercisers (39.0 ± 7.2 g/m2.7) in comparison to sedentary subjects (41.4 ± 9.0 g/m2.7;
p = 0.02). Moreover, an increase in left-ventricular mass among sedentary subjects was
detected during the follow-up (1.4 ± 6.5 g/m2.7), while no significant progression was
observed among the active ones (0.6 ± 7.1 g/m2.7; p = 0.03). In a multivariate regression
analysis, adjusted for several clinical confounders including age, sex, BMI, systolic and
diastolic BP, hypertension duration, parental hypertension, follow-up length, smoking
habits, coffee and alcohol intake, baseline left-ventricle mass, BP and weight changes
during follow-up, aerobic physical training was a negative predictor of the increment
in left-ventricular mass (O.R 0.26, 95% CI 0.07–0.09, p = 0.033) [36]. According to the
literature, several mechanisms have been proposed for the favorable effect of exercise on
hypertensive-mediated organ damage. As mentioned above, one of the main determinants
is the BP reduction induced by regular physical activity [41,42] followed by the reduction
in body weight [43,44], improvement in vascular function and cardiac structure [37] as
well as favorable modifications to metabolic parameters such as the increment of insulin
sensitivity, a reduction in the activity of the renin–angiotensin–aldosterone system [40,45]
and the sympathetic nerve system [7,14]. The efficacy of regular aerobic exercises in the
long term was also described at the carotid artery level. Palatini et al. [39] demonstrated
that patients who performed regular physical training at the end of a follow-up that lasted
6.5 years showed a reduction in the mean intima-media thickness (p = 0.01) at every single
site, including the common carotid artery (p = 0.01), bulb (however, not significant p = 0.13)
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and internal carotid artery (p = 0.05), as well as in the maximum intima media thickness
(p = 0.006), again at every single site, including the common carotid artery (however, not
significant p = 0.09), bulb (again, not reaching the level of statistical significance p = 0.21),
internal carotid artery (p = 0.01), in comparison to sedentary ones. In addition, the authors
investigated the role that each single parameter has in the beneficial correlation between
exercise and slowing the process of thickening of the intima-media at the carotid artery
(Figure 2) and found that the main contributor was the reduction in total cholesterol,
arterial pressure, heart rate and BMI [39]. This evidence confirmed the important role of
regular physical training in counteracting the arterial stiffening of large vessels, such as
the carotid artery, in young-to-middle-aged subjects with stage I hypertension through the
important and beneficial modifications that act on the main components of the enhanced
risk for cardiovascular disease [39]. The efficacy of long-term of physical activity was also
demonstrated at the level of small vessels, confirming the fundamental role of exercise in
contrasting the arterial aging phenomenon. This was shown by Saladini F et al. [12], not
only at enrolment (Figure 1) but also after 6 years of follow-up (Table 1). Physically active
(n = 102) subjects presented better distensibility parameters compared to subjects that did
not regularly perform physical training (n = 264). However, the differences at the end of
follow-up only reached statistical significance for small-vessel compliance after adjusting
for age and gender [12]. The authors also investigated the longitudinal changes in the
augmentation index and total peripheral resistances and found a significant time x group
interaction (p for active vs. sedentary x baseline versus follow-up was 0.020 and 0.045,
respectively [12]). One of the main determinants of the favorable effect of physical training
on vascular function is the lower heart rate in trained individuals. According to the
literature, the role of heart rate has been controversial for a long time, as previous findings
seemed to advocate a cross sectional relationship between heart rate and arterial stiffness.
In fact, according to a previous analysis, it was observed that the gradual increment in
the heartbeat obtained through the stimulus of a cardiac pacemaker led to a consensual
and gradual increment in the velocity of the pressure arterial wave [15,46]. A positive
association between heart rate and pulse wave velocity was also found in a longitudinal
study, as document by Tomiyama et al. [47] and by Benetos et al. [48], both in patients
with normal or increased BP levels. Some clarifications on this issue came from Palatini
et al. [49], who investigated the role of heart rate in determining changes in vascular
function in the brief term and after several years of follow-up. The authors confirmed the
negative cross-sectional correlation (r = −0.407, p = 0.001) between office heart rate and
augmentation index. However, in the long term, a positive association was found between
the ambulatory heart rate and the augmentation index (p = 0.0006), central BP (p = 0.014) and
the amplification of BP from central to peripheral sites (p = 0.004) [49], indicating that the
decrease in heart rate in the long term had a favorable impact on arterial stiffening, giving an
important demonstration as to how regular exercise, through the reduction in the heartbeat
in the long term, plays an important role in the decrease in the risk of cardiovascular
morbidity and mortality among hypertensive subjects [50–52]. Important mechanisms in
microcirculation may also account for the beneficial long-term effects of physical activity on
endothelial function. As shown by De Ciuceis et al. [9] in a recent review, physical activity
had a crucial role in counteracting vascular remodeling at the level of microcirculation sites
among patients with elevated BP levels through the reduction in inflammation and fibrosis
and neo angiogenesis, thereby promoting vasodilation and the restoration of the normal
activity of the adipose tissue. Due to all these favorable mechanisms, aerobic exercise
decreases vascular resistances at peripheral sites and enhances hematic flow in the vessels,
preventing the impairment of arterial function.
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Figure 2. Contributing role that each single parameter exerts in mediating the relationship be-
tween thickening of the intima-media at the carotid level and aerobic training. Adapted from
Palatini P et al. [39].

4. Effect of Regular Exercise on Vascular Function in Hypertensive and
Normotensive Patients

Another debated issue is the potential different effects of regular physical activity in
normotensive and hypertensive subjects and the role played by exercise intensity. This topic
was explored by Vriz and coworkers [13] in a multifactorial analysis by comparing sedentary
subjects with subjects performing leisure physical activity and vigorous exercise who were
hypertensive and normotensive. The authors observed a different effect of physical activity
according to BP status. A progressive decrease in the pressure–strain elastic modulus
(p = 0.009) and pulse wave velocity (p = 0.003) was found across the different levels of
physical activity (sedentariness, leisure activity, competitive sport activity). In contrast,
within subjects with high BP levels, reduced values of both the pressure–strain elastic
modulus and pulse wave velocity were observed among those who performed leisure-
time physical activity, while no beneficial effect was found among those who performed
vigorous activity. Moreover, in a two-way ANOVA, a statistically significant association was
observed between physical activity level and BP status for the elastic modulus (p = 0.03),
while the association with the pulse wave velocity did not reach the level of statistical
significance (p = 0.06). The apparent lack of any effect of strenuous physical activity
was explained by an increase in oxidative stress induced by vigorous physical activity
in hypertensive subjects, which was in agreement with previous findings [53–56]. This
study was in line with previous ones that showed a non-beneficial effect of higher aerobic
fitness on the carotid-to-femoral pulse wave velocity among middle-age and older treated
hypertensives [57] and no differences for the aortic wave velocity among fit or unfit
hypertensive subjects [58].

5. Role of Physical Activity in the Elderly

Another interesting and debated issue is the role of physical activity among elderly
subjects. In particular, it is unclear whether regular training at this age may have beneficial
effects on vascular function. In older subjects, physiological vascular stiffening due to
aging is associated with several comorbidities, including cardiovascular disease, atrial
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fibrillation, aortic stenosis, ischemic stroke, chronic kidney disease, cognitive impairment,
frailty [59,60] and sarcopenia [61]. Whether regular physical activity exerts a positive effect
of counteracting the aging process of the vessel wall is poorly known. Some evidence was
provided by Vizzi et al. [62], who examined 26 subjects aged from 66 to 92 years performing
regular physical activity three times/week. After 8 months, the authors observed no
changes in most participants. A mild improvement in their neurodegenerative diseases was
found in only two subjects. Similarly, Park et al. [63] observed that a regular program of
aquatic exercises, performed in elderly patients with peripheral artery diseases, was useful
in reducing the pulse wave velocity and ameliorating exercise capacity, as documented
by the improvement in the six-minutes walking test. A beneficial effect of exercise for
contrasting vascular stiffening due to aging was also found on top of using pharmacological
drugs [64]. Fung et al. [64] examined 478 subjects with a mean age 68.6 years who were
non-demented and with a high vascular risk who underwent to two different strategies
to preserve cognitive function: drug treatment and/or physical exercise that included
mind–body training or strenuous training. Interestingly, both types of exercise, combined
with medication (H.R. 2.9 (1.1–7.7) p = 0.029 for mind–body training, H.R. 2.4 (1.1–5.3) 0.036
for strenuous exercise), were superior to using medication alone (p = n.s.) in counteracting
cognitive decline.

The above findings have important clinical implications suggesting that regular exer-
cise also has a beneficial effect in elderly subjects, as stated in the Guidelines for interna-
tional exercise recommendations in older adults [65]. These guidelines detail the intensity,
frequency and types of exercises suitable for older people, including aerobic exercise as
well as balance activities, in order to prevent cardiovascular disease, improve frailty and
counteracting cognitive decline [65].

6. Conclusions

Regular exercise training, as suggested by several studies [1,2,4–6], is one of the main
non-pharmacological measures to prevent the development of major adverse cardiovas-
cular events due to its favorable impact on heart rate, BP and several components of
metabolic syndrome.

Several mechanisms account for these beneficial effects, including the reduction in the
activities of the sympathetic nerve system and the renin–angiotensin–aldosterone system
and the inflammation process, leading to an improvement in endothelial function and
vascular elasticity. The favorable effect of resistance training on endothelial function and
large arteries remains somewhat controversial. However, there is evidence showing that
this kind of exercise has a positive effect on the metabolic profile (for example, on insulin
sensitivity and glucose control [33]), as well as on some measures of endothelial function,
such as flow-mediated dilation [66]. These effects make the combination of both aerobic and
resistance training the best method for achieving optimal cardiovascular fitness [32]. A clear
example of how the different modalities of exercise should be combined in order to obtain
the best beneficial effect in terms of cardiovascular protection comes from the meta-analysis
conducted by Zhang and co-workers [67]. The authors examined 38 articles involving
an overall number of 2089 subjects with cardiovascular disease who underwent aerobic,
resistance or combined physical exercise. Each type of exercise led to an improvement
in arterial and cardiac functions; aerobic function significantly reduced the aortic systolic
pressure and augmentation index, improved pulse wave velocity, cardiac output and the
ejection fraction, while resistance training had a beneficial effect on the aortic systolic and
diastolic pressure, and combined exercise had a favorable effect on the pulse wave velocity
and cardiac output. The authors concluded that a tailored program of different kinds
of exercise should be prescribed in order to obtain the maximum beneficial effect on the
cardiovascular system.

The favorable effect of intense physical activity seems to be greater among normoten-
sives, while the effect among hypertensives is beneficial only at a lower intensity level. An
exercise program should be implemented in all healthy subjects, in particular in those at
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higher risk of developing hypertension and cardiovascular disease, in order to counteract
all micro- and macrovascular complications that may progress to manifesting disease. But
exercise, in particular combined exercise [32], should not be denied even to people with
overt cardiovascular disease [68], provided it is performed to a light-to-moderate intensity
level. However, the major challenge for health care personnel is still to persuade patients
to continue with their program of regular training, as the compliance to exercise is very
poor [69,70]. Yet, even small repetitions of exercise may counteract the detrimental effects
of sedentary behavior [71,72]. In an interesting randomized cross-sectional trial, Fryer and
coworkers demonstrated that the simple repetition of a small movement of the leg, such
as flexing and extending the feet, after a meal rich in fat, may have an important positive
impact on vascular stiffness. Among those subjects who continued to be sedentary for three
hours, there was a significant increase in the pulse wave velocity and other indexes of local
arterial stiffness, while among those who interrupted the sedentary behavior with 5 min of
interval exercises, there was a significant decrease in the augmentation index [71]. Similarly,
Horiuchi et al. demonstrated that the interruption of the sitting position by means of leg
exercises such as squats [72,73] and or calf raises [73] at twenty-minute intervals had a
beneficial impact on arterial stiffness, as mediated by a decrease in blood glucose levels [72].

In conclusion, regular physical exercise, independently of the kind of exercise, has a
fundament role in counteracting vascular aging and arterial dysfunction and must be en-
couraged in every subject in order to prevent future hypertension and cardiovascular events.
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Abstract: The dietary restriction of salt intake and the adhesion to Mediterranean dietary patterns are
among the most recommended lifestyle modifications for the prevention of cardiovascular diseases. A
large amount of evidence supports these recommendations; indeed, several studies show that a higher
adherence to Mediterranean dietary patterns is associated with a reduced risk of cardiovascular
disease. Likewise, findings from observational and clinical studies suggest a causal role of excess salt
intake in blood pressure increase, cardiovascular organ damage, and the incidence of cardiovascular
diseases. In this context, it is also conceivable that the beneficial effects of these two dietary patterns
overlap because Mediterranean dietary patterns are typically characterized by a large consumption
of plant-based foods with low sodium content. However, there is little data on this issue, and
heterogeneous results are available on the relationship between adherence to salt restriction and to
Mediterranean dietary patterns. Thus, this short review focuses on the epidemiological and clinical
evidence of the relationship between the adherence to Mediterranean dietary patterns and dietary
salt restriction in the context of cardiovascular risk.

Keywords: salt; sodium; Mediterranean dietary pattern; cardiovascular risk; blood pressure

1. Introduction

Non-communicable diseases (NCDs) and, in particular, cardiovascular diseases (CVD)
are the leading causes of death globally [1], and their reduction is a health priority [2]. In
turn, high blood pressure (BP) and unhealthy diets are major causes of CVD [1,2].

In this context, the role of dietary salt (i.e., sodium chloride) has been extensively
studied in relation to its effects on CVD. In particular, a large body of evidence supports
a causal role of excess salt intake in the increase in BP with age, in the development of
hypertension [3], and, eventually, in the incidence of CVD [3,4]. Epidemiological evi-
dence regarding the strong relationship between salt intake, BP, and hypertension was
provided over 30 years ago [5], and was confirmed thereafter by numerous studies [6,7].
In particular, recent results of the CARDIA study indicated that in a sample of initially
normotensive young participants (mean age: 30 years), an average salt consumption of 14 g
per day was associated with a 53% higher risk of hypertension than with a consumption of
approximately 3 g per day over a 25-year follow-up period [8].

Excess salt intake has detrimental effects on endothelial function, contributes to the
salt sensitivity of BP, activates the sympathetic nervous system, and is involved in the
inflammatory response, modulating innate and adaptive immunity [9,10]. There is experi-
mental evidence of structural and functional alterations induced by high-salt regimens in
the arterial wall above and beyond the effect of high BP [10].

The results of intervention studies are in agreement with observational and experi-
mental data. For instance, robust evidence regarding the effect of changes of dietary salt
intake on BP was provided by a seminal study, which showed a significant increment of BP
after switching a group of chimpanzees from their habitual low-salt diet to a high-salt diet
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for six months, and then a switch of BP back to normal when they returned to their usual
low-salt regimen [11]. Thereafter, several controlled clinical trials examining the effect of
dietary salt intake on BP have been conducted in humans, and their results have been the
object of meta-analyses showing a favorable effect of salt intake reduction on BP in different
settings (e.g., participants with and without hypertension, diabetic patients, and patients
with renal disorders) [12–17].

In addition to the effects on BP, many studies have indicated that elevated salt intake
may promote target organ damage and, conversely, several clinical trials have shown
that salt restriction leads to an improvement in arterial stiffness [18], urinary albumin
excretion [19], central blood pressure [18], and left ventricular mass [20–22].

Given the well-proven relationship between high BP and coronary, cerebrovascular,
and renal outcomes, it is expected that salt intake in turn affects the incidence of cardio-
vascular disorders. Indeed, many longitudinal studies have detected a direct association
between salt intake and CVD, and in particular with stroke risk [3,23,24].

Recently, the Mediterranean diet has been recognized as one of the dietary models
more in keeping with the model of planetary diet conceived by the EAT–Lancet Commission
as a diet for the Anthropocene [25]. The potential beneficial effects of a high level of
adhesion to the Mediterranean dietary pattern (MDP) on CVD were hypothesized as early
as in the 1950s [26]. That observation has inspired countless studies in which a higher
degree of adhesion to the MDP was associated with a reduced risk of all-cause mortality
and CVD [27,28]. In this regard, a recent meta-analysis of the effects of seven popular
structured dietary patterns has shown that only the MDP substantially reduces all-cause
mortality, non-fatal myocardial infarction, and stroke rates [28]. The benefit toward the risk
of stroke was also reported by a previous meta-analysis showing that a higher adhesion
to the MDP was associated with a lower risk of stroke in both Mediterranean and non-
Mediterranean populations, and for both the ischemic and hemorrhagic types of stroke [29].
Likewise, yet another meta-analysis of 16 prospective cohort studies including only women
detected a significant association between a higher adherence to the MDP and a lower
incidence of total cardiovascular and coronary events, as well as total mortality, and a
weaker association between MDP adhesion and the risk of stroke [30]. A very recent
observational study, including approximately 2000 middle-aged male and female Greek
participants, showed that those who sustained a high degree of adhesion to the MDP over
the years had the lowest 20-year CVD risk [31]. In agreement with these results, other
prospective cohort studies provided evidence that high adherence to the MDP improves
survival in people with a history of CVD [32]. In keeping with the evidence on the
relationship between MDP and the risk of cardiovascular events, several studies have also
provided evidence of the association between the MDP and numerous cardiovascular risk
factors. Thus, adhesion to the MDP was associated with beneficial changes in body weight,
waist circumference, BP, insulin resistance, lipid profile, and flow-mediated arteriolar
dilation [33]. The favorable effect of the MDP on BP was also found by two meta-analyses
that detected a lower average systolic BP in participants with a higher degree of adhesion to
the MDP compared to the lower-adhesion group [34,35]. In line with these results are those
of another meta-analysis including 58 studies with finding of significantly lower values of
waist circumference and serum triglyceride, and higher values of HDL-cholesterol in the
high-adhesion MDP individuals [36]. Finally, based on 16 prospective studies, a systematic
review found that the greatest adhesion to the MDP was significantly associated with a
reduced risk of type 2 diabetes through a non-linear relationship [37].

Given that MDP is characterized by a large consumption of fruits, vegetables, whole
grains, legumes, fish, monounsaturated fats (in particular olive oil), and nuts [38], there are
many possible biological pathways whereby a variety of substances in the MDP could exert
a beneficial role on CVD; for instance, dietary fiber, vitamins, minerals, and polyphenols
content may benefit an altered metabolism of glucose and lipids as well as abdominal
adiposity, high BP, and cardiovascular organ damage [39]. Based on these considerations, it
is conceivable that a lower sodium intake might play a contributory role in the beneficial
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effects of the MDP, since the sodium content of natural plant-based foods is typically low.
Nevertheless, few data are available on this issue and heterogeneous results on the rela-
tionship between adherence to salt intake and adherence to the MDP are available [40–45].
Therefore, we carried out a short narrative review focusing on the epidemiological and
clinical evidence of the relationship between adhesion to the MDP and dietary salt intake
in relation to CVD risk.

2. Epidemiological Evidence

The first strong epidemiological evidence of the direct association between salt intake
and BP was provided by the results of the INTERSALT study, showing that the higher
the habitual salt intake, the higher the average BP increase with age and the prevalence
of hypertension in different populations around the world [5]. The detrimental effect of
salt intake on cardiovascular risk was documented by several meta-analyses, in which an
unequivocal association was detected with CVD, and in particular with stroke risk. The first
of such meta-analyses, including prospective studies of samples of general populations,
indicated a direct and significant association between higher salt intake and incidence
of CVD [4]. The analysis, including 170,000 participants and more than 11,000 vascular
events, showed a 23% greater risk of stroke and a 17% greater risk of total cardiovascular
events for an average difference in salt intake of 5 g of salt per day. Further meta-analyses
substantially confirmed these trends, despite some differences in the number of studies
included in the analyses [3,23].

By the same token, looking at the epidemiological evidence on MDP, a number of
prospective studies were carried out on the association between adhesion to the MDP
and health outcomes. A recent systematic review has suggested that a high degree of
adhesion to the MDP was associated with lower mortality rates in samples of general
populations and in patients with previous CVD [27]. In addition, a separate evaluation of
six prospective studies indicated that, following MDP, the risk of CVD (i.e., coronary artery
disease, stroke, and cardiovascular mortality) decreased; in particular, the reduction in risk
ranged from a hazard ratio of 0.44 to 0.71. The association was found when the adhesion to
the MDP was expressed both as a continuous and as a dichotomous variable.

Despite this consolidated individual role of low salt intake and MDP adherence in
CVD, and the potential synergistic effect of the combination of the two dietary measures,
no epidemiological investigation explored this issue. Nevertheless, a few studies tried to
assess the relationship between adhesion to the MDP and of the salt content of the diet in
this context [40–45] (Table 1).

In a large Spanish population (n = 17,197), a comparison of the mineral content
of the MDP and Western dietary patterns was made by a validated semi-quantitative
questionnaire with 136 food items [40]. After stratification by quintiles of adhesion to the
MDP or to Western dietary patterns, the highest quintile of MDP adhesion was associated
with the lowest salt intake after adjustment for total energy intake, with a progressive
inverse trend from the first to the last quintile. By contrast, the highest quintile of adhesion
to a Western dietary pattern was associated with the highest salt intake, with a progressive
direct trend from the first to the last quintile.

As a confirmation that adhesion to the MDP is compatible with a relatively low
salt intake, there are the findings of a validated online self-administered questionnaire
on an opportunistic large Italian population (n = 11,618), which explored the salt and
health-related knowledge and behavior as well as the degree of adhesion to the MDP [42].
The survey indicated that both the degree of knowledge and the behavior regarding salt
intake were significantly and positively correlated with the level of MDP adhesion, which
suggests that nutritional information and good eating habits tend to go hand in hand. Of
note, although the sample showed a decent level of knowledge and behavior regarding
salt, remarkable differences in the degree of knowledge were detected in relation to socio-
demographic markers, with a low level among adolescents, less educated people, and
people with a low level of employment or that were unemployed.
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Table 1. Characteristics of the studies reporting the relationship between Mediterranean dietary
patterns and salt intake in adult general populations.

First Author
(Year) [Ref]

Country Participants (n)
MDP Adhesion

Assessment Method
Salt Intake
Assessment

Results

Serra-Majem
et al. (2009) [40] Europe (Spain) 17,197

Semi-quantitative
FFQ

(136 food items)

Semi-quantitative
FFQ

(136 food items)

The highest quintile of
adhesion to the MDP was

associated with the
lowest salt intake
(adjusted for total

energy intake)

Vasara
et al. (2017) [41] Europe (Greece) 252 FFQ

(11 food items) 24 h urine collection
No association between

degree of adhesion to the
MDP and salt intake

Iaccarino Idelson
et al. (2020) [42] Europe (Italy) 11,618

Self-administered
questionnaire
(4 food items)

Self-administered
questionnaire

(31 food items)

The level of MDP
adhesion was

significantly and
positively correlated with
the degree of knowledge

and behavior about
salt intake

Malavolti
et al. (2021) [43] Europe (Italy) 719

Semi-quantitative
FFQ

(EPIC—188 food
items)

Semi-quantitative
FFQ

(EPIC—188 food
items)

No association between
adhesion to the MDP and

salt intake

Moreira
et al. (2021) [44] Europe (Portugal) 1321 Semi-quantitative

FFQ (14 food items) 24 h urine collection

In multivariate analysis,
salt intake was positively
associated with adhesion
to the MDP in men. No

such association was
found in women

Viroli et al. (2021) [45] Europe (Portugal) 102
Semi-quantitative

FFQ
(82 food items)

24 h urine collection
No association between

adhesion to the MDP and
salt intake

FFQ: food frequency questionnaire; MDP: Mediterranean dietary patterns.

On the other hand, other surveys were not in keeping with the above findings. Thus,
the results of a study including 719 adults from a Northern Italy community and based on
EPIC-FFQ showed that MDP adhesion had little influence on salt intake [43]. However, the
assessment of salt intake in this study may have been biased because discretionary salt use
was not considered.

A similar trend was also found in surveys that assessed salt intake via 24 h urinary
excretion (the gold standard of the salt intake assessment). The results of a cross-sectional
survey on a small sample of healthy Greek participants (n = 252) indicated no significant
relationship between salt intake and MDP adherence (assessed using an 11-item question-
naire) [41]. Likewise, the results of a study on a small sample of middle-aged Portuguese
volunteers (n = 102) showed no association between 24 h urinary sodium excretion and
MDP adhesion, even after adjustment for confounding variables. In particular, a high
degree of adhesion to the MDP was not associated with a low level of salt intake [45].
In addition, a survey on a sample of older Portuguese participants (n = 1321, ≥65 years)
indicated that an excessive salt intake (assessed by 24 h urine excretion) was significantly
associated with high adherence to the MDP in men, although with extremely wide confi-
dence intervals (OR = 1.94; 95% CI: 1.03–3.65), while no such association was detected in
women (OR = 0.91; 95% CI: 0.62–1.34) [44].

3. Clinical Evidence

Several intervention studies detected a direct effect of salt intake on cardiovascular
risk through BP-mediated and BP-independent effects. Among the most robust trials,
the TOHP I [46] and TOHP II [47], including patients with pre-hypertension at baseline,
showed a significant decrease in BP in the group with salt restriction when compared
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to the control group. In addition, in the same studies, after 10–15 years of follow-up, a
significantly lower risk of CVD was observed in the participants randomized to the salt-
reduction group compared to controls [48]. This association was confirmed at the next
follow-up, in which a significant linear association between salt intake and mortality was
detected [49]. These favorable results of dietary salt restriction on BP were confirmed in
several meta-analyses [12,14,17]. In particular, a linear dose–response relationship between
the salt intake and the magnitude of the decrease in BP was also detected, with a greater
effect in patients with hypertension compared to individuals without hypertension [12].
Intervention studies also support the detrimental effect of excess salt intake on target
organ damage, even independently of increases in BP. For instance, the main results of
a meta-analysis including 11 randomized controlled trials (RCT) and 431 participants
detected a statistically significant effect of reduction in salt intake on arterial stiffness
(expressed as carotid–femoral pulse wave velocity): an average weighted reduction of
5.2 g of salt intake per day led to an approximately 3% decrease in arterial stiffness,
at least in part independently of the changes in BP [18]. Likewise, a meta-analysis of
23 studies including 516 participants suggested that salt restriction markedly reduces
albumin excretion, a risk factor for the development and progression of renal disease [19].
In particular, an average reduction in salt intake (5.4 g of salt per day) was significantly
associated with a 32% reduction in urinary albumin excretion. Furthermore, in line with
this trend, the results of another meta-analysis showed the effect of salt restriction on
central BP parameters (independent cardiovascular risk factors). An analysis including
14 studies and 457 participants, with an intervention time ranging between 1 and 13 weeks,
detected that salt restriction led to a significant reduction in central BP parameters (e.g., the
augmentation index, central systolic BP, and central pulse pressure) [16].

A milestone of the clinical trials examining the effects of particular dietary patterns
on cardiovascular risk, which focused on the role of salt restriction, was the Dietary Ap-
proaches to Stop Hypertension (DASH) with sodium restriction trial, in which a reduction
in the salt intake of the typical current American diet significantly reduced BP in hyper-
tensive patients on top of other dietary modifications, without clinically apparent adverse
effects [50]. Subsequent trials confirmed the DASH-sodium trial’s benefit and revealed a
greater beneficial effect on BP than during a DASH diet without salt restriction [51,52].

A number of studies were carried out to explore the effect of the MDP, a “natural”
dietary pattern, on cardiovascular risk. An interesting and pioneering intervention study
was carried out in the Cilento region (a representative place of the MDP in southern Italy),
in which 57 non-hospitalized normotensive volunteers underwent a six-week isocaloric
dietary intervention with a 70% increase in energy from saturated fatty acids and a cor-
responding decrease in carbohydrate and mono-unsaturated fat [53]. At the end of this
intervention period, BP was significantly increased. After returning to their customary
diet (i.e., MDP characterized by olive oil as the main source of fat, high vegetable and fruit
consumption, and low animal protein and carbohydrate intake), BP returned to baseline,
without changes in body weight throughout the study.

The PREvención con DIeta MEDiterránea (PREDIMED) study, a well-known inter-
vention trial of the MDP including nearly 7500 participants with high cardiovascular risk,
evaluated the effects of two MDPs (one with extra-virgin olive oil supplementation and the
other with mixed-nuts supplementation) in comparison with a control low-fat diet, without
any caloric or salt restriction, on the main CV outcomes [54]. After a median follow-up
period of 3.8 years, greater reductions in BP were found for both MDPs compared with the
control diet. However, only diastolic BP remained significant after multivariate adjustment.

Recently, a meta-analysis including 35 studies on the effect of the MDP on BP confirmed
the beneficial effect of the MDP on BP. In this analysis, the MDP, compared to the usual
diet and all other active intervention diets, significantly reduced systolic BP (−1.5 mmHg)
and diastolic BP (−0.9 mmHg), in participants with or without hypertension, regardless
of baseline BP levels [35]. However, this effect was only confirmed when the MDP was
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compared to the usual diet, while when compared to all other active intervention diets, the
effect was lost.

Although a large number of studies explored the effect of the MDP or salt intake on
cardiovascular risk, few intervention studies assessed the effect of salt intake in the context
of the MDP and vice versa.

The results of a supplemental analysis of the PREDIMED study supported the add-
on beneficial role of salt restriction in the context of the MDP; a decrease in sodium
intake to 2300 mg per day was associated with reduced total mortality; by contrast, a
positive association was found between an increase in sodium intake to 2300 mg per day
and total mortality in a population at high risk of CVD [55]. Hence, in consideration
of the study design, reducing sodium intake to 2300 mg/day seems associated with an
enhanced beneficial effect of the MDP on CVD in comparison with those who did not
reduce sodium intake.

Noteworthily, a recent RCT evaluated the BP effects of a three-month dietary interven-
tion implementing salt restriction either alone or in the context of the MDP and the DASH
diet, in adults with high normal BP or grade 1 hypertension [56]. A total of 204 Greek
participants were included in the final analysis of the trial, stratified into a control group,
a salt-restriction group, a MDP with salt restriction group, and a DASH diet with salt
restriction group. The main results of this RCT indicated a greater and significant reduction
in the office systolic BP in the MDP with salt restriction group compared to all other study
groups (vs. control group: −15.1 mmHg; vs. salt restriction group: −7.5 mmHg; vs. DASH
diet with salt restriction group: −3.2 mmHg). However, the MDP with salt restriction and
DASH diet with salt restriction groups did not differ concerning the office diastolic BP. In
addition, both MDP and DASH diets were more efficient in the reduction of BP than salt
restriction alone.

4. Discussion

4.1. Dietary Salt Intake, BP Salt-Sensitivity and Cardiovascular Outcomes

The bulk of evidence provided by experimental, clinical and epidemiological studies
supports the concept that excess salt intake has detrimental effects on BP and may promote
organ damage mainly due to the rise in BP but also via additional BP-independent mecha-
nisms. Although the majority of subjects experience a decrease in BP upon reduction of salt
intake, in particular those with higher BP, there is a substantial inter-individual difference
in the degree of the BP response to similar changes in salt intake [57], a phenomenon
referred to as BP salt-sensitivity. A number of factors affect BP salt-sensitivity: among
these the renin–angiotensin–aldosterone system (RAAS) response to changes in salt intake
plays a major role in this regard [58]. In general, at high salt consumption, RAAS activity
is suppressed, and this attenuates the tendency towards an increase in BP consequent
to the increase in the extracellular fluid volume. However, in some relatively frequent
conditions (e.g., obesity and type 2 diabetes), RAAS suppression may be blunted, leading
to an increased BP salt-sensitivity. Moreover, activation of the sympathetic nervous system
(SNS) may also contribute to the BP salt-sensitivity [59,60].

Many experimental studies showed that high salt consumption may affect arterial
structure and function also partly independently of an increase in BP. Indeed, it has been
suggested that high salt intake may have unfavorable effects on endothelial activity by
increasing the production of transforming growth factor-beta 1 (TGF-b1) [61–63], reducing
the bioavailability of nitric oxide (NO) [63], and decreasing the expression of endothelial
NO synthase (eNOS) [64]. It has been shown that high endothelial sodium concentration
impairs NO production and reduces its cellular plasticity [65]. Likewise, sodium overload
may decrease the endothelial glycocalyx sodium barrier and concomitantly increase the
endothelial stiffness [65]. The local RAAS may be involved in these events, as high salt
intake was associated with increased angiotensin II type 1 receptor (AT1-R) expression in the
cardiovascular system [66] and with an increase in AT1-R density in the renal cortex [66,67].
Accordingly, the administration of an AT1-R blocker during salt loading inhibits some
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detrimental effects mediated by this receptor (e.g., by improving the cardiovascular function
and reducing aortic collagen accumulation) [66,68]. Also, chronic inflammation during
excess salt intake may contribute to cardiovascular damage [9,69]. Indeed, mechanical
stimuli due to high BP lead to a vascular inflammatory response, which involves both
innate and adaptive immunity [9,70].

4.2. Benefits, Cost-Effectiveness, and Safety of Moderate Dietary Salt Reduction

Unfortunately, notwithstanding the educational campaigns in favor of salt intake
reduction to values below 5 g per day (2 g per day of sodium) based on WHO recommen-
dations, in most countries worldwide the habitual average salt intake largely exceeds this
level [71]. To support the benefits of dietary salt reduction, numerous cost-effectiveness
analyses indicated that a reduction of dietary salt at the population level is highly cost-
effective and cost-saving in reducing CVD [72–74]. Indeed, an analysis of 183 countries
found that a government “soft regulation” policy intervention to reduce national sodium
consumption by 10% over 10 years was projected to be highly cost-effective (<1 × gross
domestic product (GDP) per capita per disability life year (DALY) saved) in most coun-
tries [74]. Therefore, hundreds of thousands of deaths, and millions of DALYs, could be
avoided each year, at a low cost.

Side effects upon reduction of salt intake to the levels recommended by the WHO are
extremely rare in healthy individuals, since homeostatic mechanisms are very effective
in maintaining the plasma sodium concentration within a narrow range [75]. On the
other hand, more severe chronic restriction and/or the presence of disorders affecting
water and electrolyte homeostasis may lead to symptomatic hyponatremia (i.e., a blood
sodium level lower than 135 mmol/L), as reported in patients with severe vomiting and/or
diarrhea, heart failure, excessive intake of diuretics, kidney disease, polydipsia, and liver
cirrhosis [75].

4.3. Association of Low Salt Intake and Adhesion to the MDP

In addition to dietary salt intake reduction, also the benefits of a high degree of adhe-
sion to the MDP are undoubtable. Indeed, a moderate reduction of salt intake and high
adhesion to the MDP are both highly recommended lifestyle modifications for the preven-
tion of CVD. In particular, the most recent European Society of Hypertension guidelines
indicate both salt reduction and improvement of MDP adhesion as important measures for
the prevention and management of hypertension [76]. In addition, the results of a recent
trial support a possible synergic effect of these two interventions, inasmuch that MDP with
salt restriction provided a greater reduction in systolic BP than either intervention alone in
patients with high-normal or grade 1 hypertension [56].

In the natural foods that are prevalent in plant-based diets, such as the MDP, the salt
content is low or very low [77]. In spite of this, however, the epidemiological evidence in
favor of a direct association between the degree of adhesion to the Mediterranean diet and
low habitual salt intake is not unequivocal: a larger use of discretionary salt in cooking
and/or at the table and the higher salt content of commercially available processed foods
provide a reasonable explanation for these heterogenous results. A recent Italian study
supports this explanation, indicating that cereal-based products, including bread, represent
a major source of daily non-discretionary salt intake [78].

In a way similar to the case of salt intake reduction, and in spite of the universal recogni-
tion of the benefits of plant-based diets such as the Mediterranean diet, the degree of adhesion
to this model is still low, as documented by a recent survey of the CREA—Research Centre
for Food and Nutrition in Rome, Italy [79]. Indeed, ecological studies in countries of the
Mediterranean area indicated a shift in dietary patterns from the 1960s to the 2000s, especially
in terms of an increase in animal protein and fat intake and a reduction in fresh plant-based
foods [80,81]. This scenario is also supported by the cost of healthy foods (e.g., fresh fruit
and vegetables), which may be definitely more expensive compared with processed and
ultra-processed foods typical of Western dietary patterns [82]; indeed, a greater prevalence of
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a lower socioeconomic conditions is associated with a more energy-dense low-quality diet [83].
These unfavorable dietary changes, in turn, contribute to an increase in the incidence of excess
body weight and other risk factors for non-communicable chronic diseases, and in particular
cardiometabolic disorders, starting from childhood [84,85].

4.4. Conclusions, Limitations of the Study, and Future Perspectives

This short review summarized the benefits of dietary salt reduction and high adhesion
to the MDP for cardiometabolic health, and tried to highlight their potential synergistic
effects. Nevertheless, it has a few potential limitations, the first of which is the limited data
available on the combined effect of these two major dietary preventive measures on CVD
risk. We were able to retrieve only few and non-univocal data on the association between the
adherence to the MDP and to reduced salt intake. Indeed, whereas a few epidemiological
studies reported the expected inverse association between adhesion to the MDP and dietary
salt intake [40,42], other studies did not detect any association. Conceivably, the different
features of the studies available on this subject, among which the different questionnaires
used to evaluate adhesion to the MDP and the different methods adopted for the assessment
of habitual salt intake, may have contributed to these heterogeneous results. Therefore,
definite conclusions cannot be drawn both for the strength of the combined effect of the
two dietary measures on CVD risk and with regard to the association between adhesion to
the MDP and salt intake reduction. There is clearly a need to adopt more effective strategies
aiming to promote the increase of healthy food availability and of healthy eating patterns,
which are key elements of preventive medicine, addressing in particular young people, in
order to reduce the persistently high burden of CVD.
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