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Preface to ”Cardiovascular Disease: From Molecular

Mechanisms to Clinical Therapies”

According to the most updated epidemiological studies, cardiovascular disease remains a 
leading cause of death; in fact, despite substantial advances in the care of patients, the incidence 
of cardiovascular disorders continues to increase. Therefore, the search for novel mechanisms 
and therapeutics is desperately needed, and translational studies represent the best strategy to 
uncover novel therapeutic targets, reduce mortality, and improve the quality of life. This book 
gathers original articles and systematic reviews that have both a strong basic research background 
and clear translational potential. All the studies have been peer reviewed by at least two experts 
in the field. These contributions provide an updated systematic overview that examines, in 
detail, the mechanisms of the main cardiovascular and metabolic disorders, including ischemic 
and non-ischemic heart failure, hypertension, thromboembolism, atherosclerosis, stroke, diabetes 
mellitus, dyslipidemia, metabolic syndrome, valvulopathies, peripheral artery disease. In the final 
chapter, the functional role of the endothelium in the systemic manifestations of COVID-19 is 
described.

Gaetano Santulli

Editor
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Abstract: Background: Cardiopulmonary fitness and low calorie diets have been shown to reduce
inflammation but few studies have been conducted in individuals with elevated blood pressure (BP) in
a randomized intervention setting. Thereby, adhesion biomarkers, e.g., soluble intercellular adhesion
molecule (sICAM)-3, have not been examined so far. Methods: Sixty-eight sedentary prehypertensive
and mildly hypertensive individuals (mean age ± SEM: 45 ± 1 years; mean BP: 141/84 ± 1/1 mmHg)
were randomized to one of three 12-week intervention groups: cardio training and caloric reduction,
cardio training alone, or wait-list control group. Plasma levels of inflammatory, adhesion and
prothrombotic biomarkers were assessed. In a second step, intervention groups were combined to
one sample and multivariate regression analyses were applied in order to account for exercise and
diet behavior changes. Results: There were no significant differences among the intervention groups.
In the combined sample, greater caloric reduction was associated with a larger increase of sICAM-3
(p = 0.026) and decrease of C-reactive protein (p = 0.018) as a result of the interventions. More cardio
training was associated with increases of sICAM-3 (p = 0.046) as well as interleukin-6 (p = 0.004) and
a decrease of tumor necrosis factor-α (p = 0.017) levels. Higher BP predicted higher plasminogen
activator inhibitor (PAI)-1 (p = 0.001), and greater fitness predicted lower PAI-1 levels (p = 0.006) after
the intervention. Conclusions: In prehypertensive and hypertensive patients, plasma levels of the
adhesion molecule sICAM-3 and inflammatory biomarkers have different response patterns to cardio
training with and without caloric reduction. Such anti-inflammatory and anti-thrombotic effects may
have implications for the prevention of atherothrombotic cardiovascular disease among individuals
at increased risk.

Keywords: hypertension; prehypertension; exercise; diet; adhesion molecule; sICAM; soluble
intercellular adhesion molecule; inflammatory markers; intervention

J. Clin. Med. 2020, 9, 655; doi:10.3390/jcm9030655 www.mdpi.com/journal/jcm1
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1. Introduction

The pathogenesis of hypertension seems to be more complex, as it is difficult to treat despite
established antihypertensive drugs and longtime cardiovascular research. Hypertension (blood pressure
(BP)≥ 140/90 mmHg) is a highly prevalent disease among United States (U.S.) citizens with a well-known
impact on numerous comorbid conditions and public-health related outcomes [1–3]. On a cellular level,
it is established knowledge that individuals with hypertension exhibit elevated blood levels of cellular
adhesion molecules [4–6] as well as inflammatory markers [7–15]. The reason for that is mainly seen in
endothelial activation [12], which explains the tight linkage between elevated BP, chronic inflammatory
processes including atherosclerosis and adverse health related outcomes [7,16]. So far, studies on the
effects of human hypertension on adhesion molecules have been focusing on soluble intercellular
adhesion molecule-1 (sICAM-1; sCD54) [4–6] while studies measuring sICAM-3, which is potentially
much more important for immune response [17], are scarce.

In treating hypertension, lifestyle modifications including adopting a regular exercise regimen
are key constituents of treatment [18,19]. This recommendation might also apply to prehypertension
(BP > 120/80 and<140/90 mmHg), a risk factor for the development of hypertension. The effect achieved
depends on both intensity and frequency of exercise [20–22], and BP reductions of up to 15 mmHg can
be achieved without using antihypertensive drugs and thus avoiding their common side effects [23].
In overweight hypertensive subjects, a combined exercise and dietary weight-loss intervention was
shown to lead to even greater reductions in BP than exercise alone [22].

Meanwhile, few studies have examined the relationship between exercise and inflammation
in hypertensive patients. One of the few studies showed that exercise and/or exercise plus diet
interventions lead to reductions in circulating interleukin (IL)-6 and C-reactive protein (CRP) levels in
obese individuals [24]. In normotensive, healthy individuals, cross-sectional epidemiological studies
have shown physical activity to be negatively associated with CRP, fibrinogen, and white blood
cell count [25] and inflammatory markers, including tumor necrosis factor (TNF)-α and IL-6 and
prothrombotic plasminogen activator inhibitor (PAI-1) were shown to be inversely related to physical
activity levels [26–28]. Furthermore, our group has shown that physical activity level and fitness are
inversely related to leukocyte adhesion molecule expression [29,30].

Guided by the above described effects observed in healthy individuals, the purpose of this study
was to explore the relationship of a 12-week exercise (and diet) intervention and inflammation/cell
adhesion in patients with prehypertension and hypertension by measuring circulating levels of CRP,
IL-6, TNF-α, PAI-1, and sICAM-1 and sICAM-3 by taking relevant cardio-metabolic confounding
factors (body mass index (BMI), physical inactivity) into account. Based on these data of a randomized
controlled trial (RCT), our aim was to show for the first time in vivo that exercise has not only an impact
on levels of inflammatory biomarkers, but also on levels of cellular adhesion molecules. Our main
hypothesis was that, compared to a 12-week wait-list control group, the 12-week exercise intervention,
and especially the 12-week exercise plus diet intervention, would result in greater reduction of
inflammatory biomarkers and cell adhesion molecules pre to post intervention. Second, we expected
that both intervention groups would show increased fitness levels and greater BP reduction and weight
reduction as compared to the wait-list control group.

2. Methods

2.1. Ethical Approval and Informed Consent

Data is taken from a clinical trial on the effects of exercise and diet on inflammation in
hypertensive individuals registered in a public registry (www.clinicaltrials.gov, ClinicalTrials.gov
Identifier: NCT00338572). The University of California San Diego (UCSD) Institutional Review Board
approved the study protocol, to which all participants signed a written informed consent. All procedures
performed in studies involving human participants were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later
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amendments or comparable ethical standards. Participants were recruited from the local community
through flyers, referrals from local doctor’s offices and e-mail list serve distribution.

2.2. Data Source, Effect of Exercise and Diet on Inflammation in Hypertensive Individuals Trial

The data of the present secondary analysis is derived from a prospective, randomized controlled
intervention study examining the effect of exercise and diet on inflammation in hypertensive individuals.
That study was conducted in order to compare the effect of an exercise program versus a combined
exercise and diet program on reducing inflammation in hypertensive individuals. Figure 1 shows the
RCT CONSORT flow diagram for participants. Of 168 eligible people, 77 individuals chose not to enter
the RCT. The 91 remaining participants were randomly assigned to one of three 12-week intervention
groups: aerobic cardio training and caloric reduction, aerobic cardio training alone, or wait-list control
group. Participants assigned to the wait-list group were controls for at least 12 weeks until they were
allocated to one of the intervention groups (exercise alone or exercise plus “Dietary Approaches to
Stop Hypertension” (DASH) group). Of these 91 subjects, 9 individuals did not complete the study
for personal reasons, moving away from San Diego (n = 2), becoming too busy or starting a new
job (n = 5), becoming ill (n = 2, colon rupture, neurological concerns), and 14 individuals were not
reliable/cancelled.

Figure 1. CONSORT flow diagram for participants.

The trial included relatively healthy, sedentary and non-medicated men and women (n = 91)
between age 18 and 65 years with prehypertension (>120/80 but <140/90 mmHg) and stage 1 and
2 hypertension (≥140/90 but <180/110 mmHg), who were not on a current diet or had been participating
in an exercise program within the past 6 months. The level of habitual physical activity was assessed
using the Leisure Time Exercise Questionnaire (LTEQ) by Godin and Shepard [31] to confirm the
sedentary status; individuals with LTEQ total scores above 40 were excluded. Major concomitant
diseases were ruled out by blood sample, resting electrocardiogram and medical history. For each
eligible participant, a trained technician or registered nurse obtained anthropometric data through
standard procedures. Body weight, height and average resting BP (six measurements taken after a
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15-min seated rest on two separate days using a Dinamap Compact BP® monitor (Critikon, Tempa,
FL, USA)). Participants with values of high-sensitivity CRP >10 mg/L were excluded from the analyses,
as values above this threshold are indicative of an acute infection.

2.3. Fitness Testing

Participants underwent a maximum oxygen intake (VO2peak, mL/kg/min) treadmill exercise test
to determine cardiorespiratory fitness using the standard Bruce protocol in which treadmill speed and
grade were increased gradually from 1.7 mph and 10% grade every 3 min. Expired gas was analyzed
by Sensormedics metabolic cart, Milano, Italy (Vmax software version 6-2A).

2.4. Aerobic Cardio Training

Since all participants were relatively sedentary at baseline, the training intervention was designed
to increase exercise levels gradually to the ultimate physical activity goal: Five or more days per week
of at least moderate-intensity cardiovascular physical activity (e.g., walking) for 30 to 60 min. Exercise
intensity was individually adapted by the assessed heart rate (before and during exercise). Participants
met with a certified personal trainer (study personnel) at the local YMCA 2 days a week for the entire
12-week intervention period. They shared with the trainer the fitness information. In-person sessions
with a trainer were scheduled, as they are more likely to be completed than entirely home-based
exercise and may increase the motivation for completion of the three sessions per week of exercise
without a personal trainer. The sessions with the trainer included training in proper warm up, exercise
and cool down and stretching. The participant was asked to do physical activity on his or her own
(either in their home, neighborhood or at the YMCA) for three additional days per week. In addition
to meeting a goal for the number of minutes of physical activity, participants were asked to increase
incidental physical activity. To monitor their progress, participants were given a pedometer and asked
to work up to an ultimate goal of an average of 10,000+ steps per day. We used the same pedometer
(Omron®, Kyōto, Japan) throughout the study to warrant an adequate comparison. The inclusion of
the pedometer and step goal helped to ensure that participants were not compensating for increased
activity during their sessions with the personal trainer by being more sedentary throughout the rest of
the day. The achievement of these goals ensured an increase in energy expenditure, which contributed
to a negative energy balance. Subjects completed a log of their daily pedometer readings and presented
them to the trainer each week.

2.5. Caloric Reduction

The dietary intervention was led by research dietitians at the Nutrition Services Core of the
UCSD Medical Center General Clinical Research Center (GCRC) or Clinical and Translational Research
Institute (CTRI). The core of the diet plan was based on the DASH clinical study [32,33]. This dietary
pattern is high in fruits, vegetables, and low fat dairy foods, and low in saturated and total fat.
It also is high in dietary fiber, potassium, calcium, and magnesium, and moderately high in protein.
The dietary intervention aimed at reducing the individual energy intake by 500–1000 kcal/day taking
into account lifestyle and dietary preferences of the participant [34]. In addition, concomitant behavioral
strategies like conscious eating and stimulus control were trained. Thus, participants received intensive
intervention approaches known to produce behavior change. Subjects in the experimental group met
with registered dietitians and/or certified exercise trainers to establish initial dietary and physical
activity goals. Regular meetings in person and by phone continued for the entire 12-week intervention.
All subjects recorded their food (caloric intake in kilojoule) and provided the information to the
study investigators. Diet adherence was assessed with three daily dietary recalls administered by the
study dietician.
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2.6. Assessment of Inflammatory Biomarkers and Cellular Adhesion Molecules

Fasting blood samples were collected within one week of, but at least two days after, the maximum
exercise test at baseline. All assays were performed in the UCSD Clinical Research Biomarker Laboratory
using commercially available immunoassay kits (R&D Systems products, Minneapolis, MN, or MSD
Systems, Rockville, MD, USA). Intra- and inter-assay coefficients of variation (CV) were confirmed to
be <5%. For subsequent statistical analyses, soluble ICAM-1 (sample size, 63), sICAM-3 (66), PAI-1 (68),
CRP (62), IL-6 (65), and TNF-α (63) measures were log-transformed to normalize distributions with
differing sample sizes reflecting missing biomarker data due to technical errors, etc., and we calculated
the difference (Δ) from pre to post intervention levels for all biomarker measures by detracting the
value before the intervention from the value after the intervention.

2.7. Secondary Analysis of Trial Data

According to the RCT protocol, n = 18 had been to the aerobic cardio training and caloric reduction
intervention, n = 28 to the aerobic cardio training alone intervention and n = 22 to the wait-list control
group. However, in reality, participants began modifying their exercise or diet behavior regardless
of their intervention group assignment and modest group sizes limited statistical power. Therefore,
we decided for a statistical approach with a secondary analysis of data from all 68 participants combined
that may better warrant to indicate the actual behavior and inflammatory processes and consider the
intervention effect described respectively.

Thus, a series of multivariate linear regression analyses were performed to examine the role
of the different intervention elements (predictors). For the three predictors fitness, cardio training,
and caloric intake, the differences (Δ) from pre to post intervention levels were used in the statistical
analyses. We calculated these differences (Δ) by detracting the value before the intervention from the
value after the intervention. Associations between the four predictors (BP, fitness, cardio training,
and caloric intake) and outcomes (differences (Δ) from pre to post intervention levels of cellular
adhesion molecules (sICAM-1, sICAM-3) and inflammatory biomarkers (CRP, IL-6, TNF-α)) were
determined using multiple linear regression models, separately for each of the five outcome variables.
Results were considered statistically significant at p ≤ 0.05. We did not adjust p-values for multiple
comparisons, as the main primary outcome was CRP; however, as we examined the potential interaction
among inflammatory, adhesion and prothrombic markers, we defined one primary outcome marker in
each of these three biomarker domains playing different roles in CVD: CRP for inflammation, sICAM-1
for adhesion molecules, and PAI-1 for prothrombotic factors. All other outcomes (IL-6, TNF, sICAM-3)
were secondary (Il-6 and TNF) or exploratory (sICAM-3, as no study so far has been investigating
sICAM-3).

For the associations between each of the predictors and inflammatory marker outcome levels,
two models of increasing complexity were computed: in Model 1 we adjusted for (prehypertensive or
hypertensive) BP and sociodemographic factors (age, gender) only, and in Model 2 we additionally
adjusted for the other remaining predictors in one complete regression model (Table 1). Only the
significant results of the five statistical models are shown for a better overview (Table 1). For our
second hypothesis, mean pre and post intervention BP, fitness levels, and weight of the three groups
were compared to each other. All statistical analyses were performed using IBM® SPSS® version 22.0
statistical software package (IBM Corporation, New York, NY, USA).

Table 1. First step a and final b multivariate regression analyses between inflammatory biomarkers and
intervention elements (predictors) in the studied pre- and hypertensive participants.

Predictor Δ
c Outcome d β p e

SBP e
Δ PAI-1 (n = 62)

a 0.415
b 0.427

0.003
0.001
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Table 1. Cont.

Predictor Δ
c Outcome d β p e

Δ Fitness (VO2peak) Δ PAI-1 (n = 62)
a −0.369
b −0.392

0.004
0.006

Δ Caloric intake
Δ sICAM-3 (n = 63)

a −0.363
b −0.332

0.014
0.026

Δ CRP (n = 63)
a 0.317
b 0.342

0.025
0.018

Δ Cardio training f
Δ sICAM-3 (n = 63)

a 0.314
b 0.301

0.037
0.046

Δ IL-6 (n = 66)
a 0.403
b 0.415

0.005
0.004

Δ TNF-α (n = 68)
a −0.337
b −0.357

0.018
0.017

a The first step regression model included predictor, age, gender, and the difference from pre to post intervention
biomarker level, and systolic blood pressure (except for systolic blood pressure as predictor). b The final model
included the first step model and additionally the other predictors, and the difference from pre to post intervention
body mass index level. c

Δ, value difference from pre to post intervention level: We calculated the difference from
pre to post intervention levels by detracting the value before the intervention from the value after the intervention.
d PAI, plasminogen activator inhibitor; sICAM, soluble intercellular adhesion molecule; CRP, C-reactive protein; IL,
interleukin; TNF-α, tumor necrosis factor-alpha. e SBP, systolic blood pressure. f Cardio training, moderate aerobic
cardio training: total minutes during 12-week-intervention. e p < 0.05.

3. Results

3.1. Study Sample

The baseline demographic, metabolic and health behavior characteristics of all study participants
(n = 68) included in the statistical analyses are displayed in Table 2. In the combined 68 participants,
22 subjects had reduced caloric intake and exercised regularly. These 22 participants had an average
daily caloric reduction of 673 ± 594 calories (mean ± SEM) and had on average exercised 22.9 ± 2.8 h
during the 12-week intervention (on average 114.5 ± 14 min per week). The intensity of aerobic cardio
training of the hypertensive patients did not differ significantly from that of the prehypertensive
patients (p = 0.18). Subjects who exercised regularly but had no caloric reduction (n = 38) had spent on
average 21.1 ± 2.0 h on training during the 12-week intervention (on average 105.5 ± 10 min per week).
Thirteen % of the participants were current smokers based on self-report.

Table 2. Demographic, metabolic and health behavior characteristics of the study participants before
the intervention.

Variable n a Mean ± SEM and Range in
Parentheses or Percentage Value

Prehypertension/Hypertension 68 44.1%/55.9%
Systolic blood pressure, mmHg 68 141 ± 1 (124–174)
Diastolic blood pressure, mmHg 68 84 ± 1 (69–102)

Heart rate, beats/min 68 75 ± 1 (53.0–99)
Age, years 68 45 ± 1 (25–60)

Gender, male/female 68 45%/55%
Body mass index, kg/m2 67 30.8 ± 0.5 (22.4–38.8)

Glucose, mg/dL 64 89 ± 1 (59–120)
Total cholesterol/HDL-cholesterol ratio 63 4.8 ± 0.2 (0.5–10.8)

Smoking 68 13%
Concomitant medication 68 0%

Leisure time exercise questionnaire 65 11.7 ± 1.2 (0.0–35.0)
VO2peak

b (mL/kg/min) 68 27.9 ± 0.9 (15.0–54.0)
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Table 2. Cont.

Variable n a Mean ± SEM and Range in
Parentheses or Percentage Value

Inflammatory measures before the intervention n c

C-reactive protein, mg/L 63 2.8 (1.1–7.1)
Interleukin-6, pg/mL 66 2.7 (1.2–4.3)

Tumor necrosis factor-α, pg/mL 68 2.7 (1.2–4.1)
Plasminogen activator inhibitor-1, ng/mL 62 41.1 (21.4–61.2)

Soluble intercellular adhesion molecule-1, ng/mL 65 306.8 (239.3–374.1)
Soluble intercellular adhesion molecule-3, ng/mL 63 2.6 (2.2–3.2)

Data are given as mean ± standard error of the mean (SEM) (range) or percentage values. Inflammatory measures
are given as medians (interquartile range). a n, number of subjects included. b VO2peak, peak oxygen consumption.
c n, number of subjects who provided biomarker’s measurement before and after the intervention.

3.2. Blood Pressure Classification before and after Intervention

After the intervention the mean SBP reduction for hypertensive subjects (n = 34) with
10.1 ± 2.6 mmHg was greater than the prehypertensive subjects (n = 25) with 4.4 ± 1.3 mmHg
but not significantly so (p = 0.06). However, the average SBP of the hypertensive patients (n = 34;
mean ± SEM: 148.1 ± 1.6 mmHg) decreased to the prehypertensive level of 137.9 ± 2.3 mmHg.

3.3. Cellular Adhesion Molecules and Inflammatory Biomarker Associations with Elevated Blood Pressure,
Fitness and Obesity in the 68 Participants

We calculated Pearson’s correlations to examine the associations of the soluble intercellular
adhesion molecules and inflammatory biomarkers with BP, BMI, and fitness before the intervention.
CRP was negatively correlated with fitness (r = −0.308; p < 0.05) and positively with BMI (r = 0.327;
p < 0.01). IL-6 was negatively associated with fitness (r = −0.311; p < 0.05) and positively associated
with SBP (r = 0.310; p < 0.05). TNF-α was negatively correlated with SBP (r = −0.364; p < 0.01).
Soluble ICAM-1 was negatively associated with fitness (r = −0.242; p < 0.05) and was positively
associated with CRP (r = 0.414; p < 0.01) but not with BP. Soluble ICAM-3 had no associations with BP,
BMI, fitness or sICAM-1.

3.4. Behavioral Change by Intervention Elements, Change of BMI and Fitness and Its Role in Inflammation in
All Participants with Elevated Blood Pressures

The higher the SBP the higher were PAI-1 levels (β = 0.427; p = 0.001), and the more the fitness
level had improved during the intervention the lower were PAI-1 levels (β = −0.392; p < 0.01) after the
intervention (Table 1). Aerobic cardio training was a significant independent predictor of sICAM-3, IL-6,
and TNF-α levels after controlling for sociodemographic variables and SBP in a first step regression
model (Table 1), meaning the greater the amount of total moderate exercise was, the higher were the
levels of sICAM-3 and IL-6, and the lower were the levels of TNF-α (Table 1) after the intervention.
From earlier analyses [35,36], BMI decreased in the exercise groups, and fitness increased in those
groups. These results remained statistically significant, even after adjusting for changes in BMI, fitness,
and caloric reduction in the final model (sICAM-3 (β = 0.301; p < 0.05), IL-6 (β = 0.415; p < 0.01),
and TNF-α (β = −0.357; p < 0.05); Table 1). Caloric reduction (to reduce caloric intake) predicted
significantly higher sICAM-3 (β = −0.332; p < 0.05) and lower CRP (β = 0.342; p < 0.05) levels in the
first step and final model (Table 1).

4. Discussion

We examined the differential effects of aerobic cardio training and caloric reduction on
inflammatory, adhesion and prothrombotic biomarkers in prehypertensive and hypertensive subjects.
Our study adds to the existent body of literature in the context of behavioral (aerobic exercise and
diet) intervention and hypertension for inflammatory biomarker outcomes. The more comprehensive
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approach of lifestyle changes including exercise and diet behavior change of this 12-week-intervention
study might explain the differential changes of inflammatory (CRP, IL-6, TNF-α) and prothrombotic
(PAI-1), and adhesion (sICAM-1 and -3) biomarkers.

The key finding is that aerobic cardio training and/or caloric reduction had differential effects
on IL-6 and adhesion molecule sICAM-3 in vivo. In particular, the latter finding is novel showing
a prospective association between exercise and caloric reduction respectively and sICAM-3 levels.
Thereby, this is the first study to our knowledge that shows that aerobic exercise has not only an
impact on inflammatory biomarkers but also on levels of cellular adhesion molecules. Until now,
it was unclear how they might interact, although it is well known that aerobic exercise reduces
inflammatory processes.

The increase of sICAM-3 and IL-6 in subjects with elevated BP was independently predicted by
the intensity of aerobic cardio training and caloric reduction. We think that this finding may be initially
counter-intuitive but is important for the following reasons: First, this finding is consistent with prior
studies, which showed that exercise was associated with a significant increase in IL-6 [37,38]. In this
study, however, increased IL-6 levels after intervention and its positive correlation with both exercise
levels and caloric reduction may be explained by potentially anti-inflammatory effects of IL-6 [39]. IL-6 is
a pleiotropic cytokine released by skeletal myocytes under contraction, mediating anti-inflammatory
effects by stimulating the production of anti-inflammatory cytokines and suppression of TNF-α
production [39] with all these mechanisms concurring with the results of this study. Second, this is the
first study to highlight the potential role of sICAM-3 in vascular inflammatory effects of exercise and/or
diet intervention among prehypertensive and hypertensive subjects. To date, studies on the effects of
human hypertension on adhesion molecules have been focusing on sICAM-1 levels, which are increased
in hypertensive individuals [4–6]. Soluble ICAM-1 levels reflect ICAM-1 expression on activated
endothelial cells [40] and are associated with the degree of atherosclerosis [41]. Although ICAM-1 and
ICAM-3 share a similar immunoglobulin-like structure and amino acid identity of about 48%, with the
greatest homology observed in domains 2 and 3 [42], their differential pattern of expression and cellular
distribution suggest a different functional role [42]. The interactions of ICAM-1 and ICAM-3 with
lymphocyte function-associated antigen (LFA)-1 are integral to the normal functioning of the immune
system [42]. ICAM-3 is expressed on resting leucocytes and is potentially the most important ligand for
LFA-1 in the initiation of the immune response because the expression of ICAM-1 on resting leucocytes
is low [17]. Although sICAM-3 binds to LFA-1 with an affinity approximately nine-times weaker
than sICAM-1, sICAM-1 and sICAM-3 compete with each other for binding to LFA-1 [42]. As we did
not find changes in sICAM-1 levels post interventions in this study, we speculate that the increase
in sICAM-3 levels as a result of changes in exercise and/or diet behavior in this study may exhibit
a “buffer” for the sICAM-1 function, potentially leading to down-regulating vascular endothelial
inflammation. It is not fully understood whether the increase of sICAM-3 by cardio training and
caloric reduction in prehypertensive and hypertensive subjects reflects a cardio-protective mechanism.
Given the lack of knowledge in the vascular function of sICAM-3 and its implications as a vascular
inflammatory biomarker, a follow-up investigation is necessary to examine its vascular action and
interactions separate of or in conjunction with other better-known vascular endothelial markers such
as sICAM-1.

Another relevant potential underlying pathway in hypertension, metabolic syndrome,
dyslipidaemia, and abdominal obesity, is the dysregulation of the hypothalamic–pituitary–adrenal
(HPA) axis leading to catecholamine activation of β-adrenergic receptors (β-ARs) [43]. This may
lead to altered leukocyte/endothelial binding, endothelial injury with up-regulation of endothelial
ICAM-1 expression and increase of inflammatory cytokines [44]. In this context, regular aerobic exercise
has also been shown to enhance β-AR sensitivity in the context of age-related decline in adrenergic
responsiveness, i.e., increase of total peripheral resistances, which is a relevant factor underlying
hypertension, atherosclerosis, and vascular insufficiency [45,46].
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This study has a number of limitations. First, a weakness of the experimental design of this
study is the lack of healthy BP controls. Thus, we are unable to determine whether the inflammatory,
adhesion, and prothrombotic factors measured were indeed elevated in our sample of individuals with
hypertension and prehypertension as compared with healthy individuals, and whether the changes
induced by diet and exercise in these factors are at the level of clinical benefits. Second, a randomized
and controlled trial of 12-week intervention of health behavior change was proven challenging
and resulted in modest group sizes, limiting statistical power. More importantly, few significant
differences found among intervention groups led us to scrutinize the actual changes in exercise and
diet behavior. In reality, in spite of our best efforts to avoid “cross-contamination” between health
behaviors, participants naturally began modifying their exercise or diet behavior regardless of their
intervention group assignment. Some participants assigned to wait-list control condition also began
to change their health behavior. Although troubling for behavior intervention trials, this kind of
behavior is not particularly surprising, as exercise and healthy diet behaviors tend to co-occur [47].
It was revealed also particularly challenging to prohibit study volunteers who exhibit “readiness”
to change their health behavior from doing so to follow randomization to a wait-list control group
in a trial such as this. Therefore, as aforementioned, we collapsed all groups into one sample and
applied multivariate regression analyses to the whole sample in order to account for exercise and diet
behavior changes in practice during the intervention period. Third, regarding the dietary intervention,
we have to mention that we did not differ short supply chain (SSC) from long supply chain (LSC) food
included in the DASH [48]. A recent cross-sectional study found that only individuals adhering to
the Mediterranean diet with an SSC had a significantly reduced prevalence of metabolic syndrome
compared to those with an LSC [48]. Further, recent studies have shown that inflammatory effects
of food parameters exist with a high variability [49] due to either a different genetic pattern or to
diverse genetic–environmental interactions, and potential interactions (synergism, antagonism) among
food parameters. However, as previously proposed, such a “dietary inflammatory index” ought to be
advanced further [49]. Another intervention group, diet alone, may have contributed to important
additional information. Fourth, our study did not explore the role of gender in the potentially differing
effects of exercise and/or diet on inflammatory or prothrombotic markers, which was beside the primary
aim of the study and limited by a limited sample size. Future studies should investigate the effect of
gender not only on the intervention effects but also such behavior changes.

In summary, regular exercise and caloric reduction in individuals at risk of essential hypertension
may have differential effects on biomarkers of CVD risk which may have clinical implications for the
prevention of atherothrombotic cardiovascular disease. Assessments of the actual behavioral changes
above and beyond intervention group assignment appear to be important. Nonetheless, the evidence
of beneficial effects of regular physical activity on CV health and prevention of CVD risk, including BP,
lipid levels and glucose tolerance [50] needs to be highlighted.
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Abstract: CANTOS reported reduced secondary atherothrombotic events in patients with residual
inflammatory risk treated with the inhibitory anti-IL-1β antibody, Canakinumab. Yet, mechanisms
that underlie this benefit remain elusive. Recent work has implicated formation of neutrophil
extracellular traps (NETosis) in arterial thrombosis. Hence, the present study explored the potential
link between IL-1β, NETs, and tissue factor (TF)—the key trigger of the coagulation cascade—in
atherothrombosis. To this end, ST-elevation myocardial infarction (STEMI) patients from the Swiss
multicenter trial SPUM-ACS were retrospectively and randomly selected based on their CRP levels.
In particular, 33 patients with STEMI and high C-reactive protein (CRP) levels (≥ 10 mg/L) and,
33 with STEMI and low CRP levels (≤ 4 mg/L) were investigated. High CRP patients displayed
elevated circulating IL-1β, NETosis, and NET-associated TF plasma levels compared with low CRP
ones. Additionally, analysis of patients stratified by circulating IL-1β levels yielded similar results.
Moreover, NETosis and NET-associated TF plasma levels correlated positively in the whole population.
In addition to the above, translational research experiments provided mechanistic confirmation
for the clinical data identifying IL-1β as the initial trigger for the release of the pro-coagulant,
NET-associated TF. In conclusion, blunted TF presentation by activated neutrophils undergoing
NETosis may provide a mechanistic explanation to reduced secondary atherothrombotic events as
observed in canakinumab-treated patients in CANTOS.
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1. Introduction

The Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) [1] affirmed in
humans the inflammatory theory of atherosclerosis [2]. In CANTOS, over 10,000 post-myocardial
infarction patients with residual inflammatory risk (defined as high-sensitivity C-reactive protein
(hs-CRP) concentrations ≥ 2 mg/L) and treated with currently mandated concomitant cardiovascular
(CV) therapy randomly received placebo or one of 3 doses of the interleukin (IL)-1β neutralizing
antibody canakinumab. Canakinumab treatment reduced the primary composite endpoint (non-fatal
myocardial infarction or stroke and cardiovascular death) by 15%, and blunted circulating levels of
hsCRP and IL-6 by 35–40% without lowering atherogenic lipids [1]. Yet, the molecular mechanisms
underlying this clinical benefit, particularly its thrombotic component, remain incompletely understood.

Occlusive arterial thrombus formation following plaque rupture or erosion causes most myocardial
infarctions and many ischemic strokes [3]. Several experimental observations suggest a strong
bidirectional link between inflammation, atherosclerosis and arterial thrombosis [4–8]. Indeed,
inflammatory conditions favour atherothrombosis as reflected by increased plaque burden and CV
event rates in patients with chronic inflammatory diseases [9]. Moreover, thrombosis itself can also
induce and enhance inflammation thus setting the stage for a vicious cycle involving different pathways,
and more prominently the tissue factor (TF)-thrombin axis [10]. Recent work has implicated neutrophil
extracellular traps (NETs) in thrombosis by various mechanisms including presentation of tissue
factor procoagulant activity [11–13]. Formation of NETs contributes to the host defence properties of
neutrophils. Various infectious and non-infectious stimuli induce NETs which consist of extracellular
strands of unwound DNA in complex with histones and proteins from neutrophil granules [13,14].

Hence, the present study explored the molecular mechanisms by which canakinumab reduces
atherothrombotic events, as observed in CANTOS. To this end, we tested the hypothesis that IL-1β,
NETosis, and TF-bearing NETs interrelate in a cohort of patients with ST-elevation myocardial infarction
(STEMI) and different degree of systemic inflammation randomly selected from the Swiss SPUM-ACS
trial (ClinicalTrials.gov number NCT01000701) [15]. To provide mechanistic explanations for these
clinical findings, mouse experiments used a murine canakinumab-surrogate antibody (01BSUR) IL-1β
to inhibit this cytokine in lipopolysaccharide (LPS)-treated mice before induction of arterial thrombosis
by endothelial-specific photochemical injury.

2. Experimental Section

2.1. Patient Enrollment and Blood Sampling

The SPUM–ACS study (Special Program University Medicine–Acute Coronary Syndromes) is
a prospective cohort study of consecutive acute coronary syndrome (ACS) patients hospitalized in
different Swiss university hospitals registered in ClinicalTrials.gov (NCT01000701). Details of the study
have been reported previously [15]. Briefly, patients with ACS undergoing coronary angiography
were consecutively enrolled in four Swiss medical centres between December 2009 and October 2012.
Exclusion criteria were severe physical disability, inability to give consent owing to dementia, and
life expectancy of <1 year for non-cardiac reasons. Inclusion criteria were age ≥18 years, ST-segment
elevation myocardial infarction (STEMI), non-ST-segment–elevation myocardial infarction, or unstable
angina. The local ethics committees approved the study and all patients gave written informed consent
in compliance with the Declaration of Helsinki as listed under ClinicalTrials.gov number NCT01000701.

STEMI patients were enrolled at the Andreas-Grüntzig-Catheterisation laboratory of the
Department of Cardiology at the University Hospital Zurich, Switzerland, within 72 h after pain
onset, and subdivided into two groups. Specifically, plasma samples of 33 STEMI patients with high
circulating C-reactive protein (CRP) levels ≥ 10 mg/L and 33 STEMI patients with low CRP levels ≤
4 mg/L and were analysed. Liver or kidney failure, active cancer, infections, or autoimmune disease
were exclusion criteria. Blood was drawn from the arterial sheath into EDTA tubes at the time of
diagnostic coronary angiography and centrifuged at 2700 g for 10 min at room temperature to obtain
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plasma, and frozen and stored in aliquots at −80 ◦C until serial measurement in the core laboratory
(Department of Clinical Chemistry, University Hospital Zurich, Switzerland).

2.2. IL-1β Quantification in Human Plasma

Plasma levels of IL-1β were measured by high-sensitivity ELISA following the manufacturer’s
instructions (Quantikine® HSLB00D, R&D Systems, Minneapolis, MN). Plasma samples with an
absorbance value below the lowest IL-1β concentration included in the standard curve (assessed in
duplicates) were assigned an absorbance equal to that of the lowest point of the standard curve.

2.3. NETosis Assessment in Human and Murine Plasma

Quantification of circulating NET remnants such as myeloperoxidase (MPO)-DNA complexes by
ELISA appears to be the current, most specific and objective assay to monitor NETosis in vivo [12,16,17].
As previously described [12,17], microtiter plates were coated with anti-MPO antibody (5 μg/mL, Cat
No. 07-496, Merck, Darmstadt, Germany) overnight at 4 ◦C. After blocking with 1% BSA, the serum
was added in combination with the peroxidase-conjugated anti-DNA monoclonal antibody (part of
the commercial cell death detection kit; Roche, Basel, Switzerland) according to the manufacturer’s
instructions. After 2 h of incubation and accurate washing with PBS, the peroxidase substrate (ATBS)
from the kit was added to each plate. The absorbance at 405 nm wavelength was measured after 40 min
incubation in the dark, 490 nm was used as reference wavelength.

2.4. Tissue Factor-DNA Complexes Quantification in Human and Murine Plasma

To assess the NET contribution to circulating TF levels, we sought to quantify the fraction of TF
associated with circulating DNA. This protocol adapted that used for MPO-DNA complex assessment
to detect TF–DNA complexes. Briefly, microtiter plate was coated with either human or mouse TF
capture antibody (parts of the commercial DuoSet® ELISA kits from R&D Systems, Cat No. DY2339
and DY3178-05, respectively) according to the manufacturer’s instructions. After overnight incubation
and blocking with 1% BSA, serum was added in combination with the peroxidase-conjugated anti-DNA
monoclonal antibody (component No.2 of the commercial cell death detection kit from Roche, cat
No. 11774425001) following the manufacturer’s instructions. Validation experiments measured
MPO-DNA and TF–DNA complexes in human plasma incubated with increasing concentration of LPS
to stimulate NETosis (Supplemental Figure S1). Briefly, blood was collected in EDTA tubes (Vacutainer,
BD Diagnostics) from a healthy donor and aliquoted in tubes containing increasing concentration
of LPS dissolved in PBS (0–25 μg/mL) [18]. After 2 h, plasma was isolated by centrifugation at 2700
g for 15 min and MPO-DNA and TF–DNA complexes assessed as mentioned above (Supplemental
Figure S1).

2.5. Animals

Experiments used 12-week-old male C57BL/6 wild-type mice (Charles-River Lab, Freiburg im
Breisgau, Germany); all rodents were kept in a temperature-controlled animal facility under normal
light/dark cycle with free access to food and water. All procedures were approved by the Committee for
Animal Testing of the Canton of Zurich, Switzerland (ZH023/17). Animal experiments were performed
conform to the Directive 2010/63/EU of the European Parliament and of the Council of 22 September
2010 on the protection of animals used for scientific purposes.

2.6. Monoclonal anti IL-1β Antibody

Dr. Hermann Gram (Novartis, Basel, Switzerland) kindly provided the highly specific
canakinumab-surrogate anti-mouse IL-1β antibody 01BSUR. Since the human anti IL-1β antibody (i.e.,
canakinumab) does not neutralize the rodent antigen, experiments used this monoclonal anti-IL-1β

15



J. Clin. Med. 2019, 8, 2072

antibody instead. Novartis used 01BSUR, a murine IgG2a/k isotype, in all parallel pre-clinical studies
performed for the development of canakinumab [19,20].

2.7. Treatments and Arterial Thrombosis

As previously described [21], mice received 5 mg/kg lipopolysaccharide (LPS) (E. coli O111: B4,
Sigma–Aldrich, St. Louis, MO, USA) by intraperitoneal (i.p.) injection 10 h before the laser-induced
arterial thrombosis to trigger inflammation. Five hours after LPS administration and for the
remaining 5 h before exposure to the thrombosis protocol, animals randomly received the murine
canakinumab-surrogate antibody (01BSUR, 10 μg/g) or vehicle (i.e., NaCl 0.9%) via tail vein injection.
The unique dose was chosen to reproduce the canakinumab concentration in sera from patients enrolled
in the clinical trial CACZ885A2102 (NCT00487708), as previously described [20,22–25].

Ten hours after i.p. LPS injection and five hours after i.v. treatment with the canakinumab-surrogate
antibody, mice underwent photochemical injury of the common carotid artery CCA as previously
described (Figure 1A) [26–28]. Briefly, mice were anaesthetized using pentobarbital (87 mg/kg body
weight); after midline neck incision, the right common carotid artery was exposed under an operating
microscope. To induce photochemical injury of the endothelium, rose bengal (50 mg/kg body weight)
was injected into the tail vein and the common carotid artery was exposed to a laser light beam (1.5 mW,
540 nm, Mellesgriot Inc., Carlsbad, CA, USA) at a distance of 6 cm for 60 min. Carotid blood flow
and heart rate were monitored (Doppler flow probe carotid artery Transonic Systems Inc., 0.5 VB)
until occlusion (flow≤0.1 mL for 1 min) or for a maximum of 120 min, in case arterial thrombosis was
not detected.

Figure 1. Cont.
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Figure 1. Levels of IL-1β, neutrophil extracellular traps (NETosis), NET-associated tissue factor
and their relationships in patients with coronary disease. (A) STEMI patients with high systemic
inflammation have higher IL-1β plasma levels than those with lower C-reactive protein (CRP) levels (n
= 33). (B) Patients with STEMI and high CRP levels showed increased levels of NETosis assessed by
plasma MPO-DNA complexes (n = 32–33) (C) Plasma tissue factor TF)-DNA complexes rose in patients
with STEMI and high circulating CRP compared to less inflamed patients (n = 33). (D–E) Similarly,
in patients categorized according to circulating IL-1β levels (above or below the median value of our
cohort 0.1041 pg/mL), those with high levels of this cytokine also showed increased myeloperoxidase
(MPO)-DNA and TF–DNA circulating complexes (n = 33) (F) A positive relationship was detectable
among plasma IL-1β and MPO-DNA complexes in the whole cohort (n = 66). **p < 0.01. CRP = C
reactive protein, IL-1β = interleukin-1β, MPO =myeloperoxidase, STEMI = ST-elevated myocardial
infarction, TF = tissue factor.

2.8. Artery and Plasma Sampling for Tissue Factor Assessment

Aortas were collected after euthanasia and snap frozen in liquid nitrogen. They were subsequently
homogenized in the lysis buffer (Tris 50 mM, NaCl 150 mM, EDTA 1 mM, NaF 1 mM, DTT 1 mM,
aprotinin 10 mg/mL, leupeptin 10 mg/mL, Na3VO4 0.1 mM, phenylmethylsulfonyl fluoride (PMSF) 1
mM, and NP-40 0.5%); next, total protein concentration was determined by Bradford protein assay
according to the manufacturer’s recommendations (VWR Life Science AMRESCO, Solon, OH, USA).
Blood was collected via intracardiac puncture and immediately mixed with EDTA. The EDTA-blood
solution was then centrifuged for 15 min at 3000 g. Plasma was collected and snap-frozen in liquid
nitrogen. TF protein measurement used a colorimetric enzyme-linked immunosorbent assay (ELISA)
specific for the mouse protein (DY3178-05; R&D systems, Minneapolis, MN, USA) following the
manufacturer’s instructions. For aortas, TF concentration measured by ELISA was normalized to the
total protein content of the sample. TF content was expressed as pg/mg of total protein.
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2.9. Statistical Analysis

Data are expressed as mean ± SEM. All statistical analyses used GraphPad Prism 6 software
(GraphPad Software, Inc, La Jolla, CA, USA). Data were analysed by one-way analysis of variance
(ANOVA) with Bonferroni post hoc test for multiple comparisons or unpaired two-tailed Student’s
t-test as appropriate. Fisher’s exact test was used for comparison of categorical data between study
subjects, and Pearson’s correlation analysis was used to test the correlation between two quantitative
variables. A probability p value below 0.05 was considered as statistically significant.

3. Results

3.1. IL-1β levels, NETosis and TF–DNA Complexes Increase in STEMI Patients with High
Systemic Inflammation

To explore the relationship between IL-1β, NETosis, and TF-bearing NETs we have retrospectively
and randomly selected patients with STEMI and different degree of systemic inflammation (CRP
≤ 4 mg/L or ≥ 10 mg/L) from the Swiss SPUM-ACS trial. Then, IL-1β levels as well as circulating
MPO-DNA and TF–DNA complexes were measured by ELISA and compared between the high CRP
and low CRP groups.

66 STEMI patients (33 for each degree of inflammation group) with a median age of 66 years were
enrolled. Table 1 reports a complete assessments of demographic and clinic characteristics of the whole
cohort. As expected, patients were at high cardiovascular risk with 65.2% of them being active smokers,
50.0% suffering from hypertension and another 50% showing dyslipidaemia. Ongoing medical therapy
at the time of angiography (i.e., anti-platelets, diuretic, anti-hypertensive or lipid-lowering drugs) is
detailed in Table 1. Of importance, the two groups did not differ in blood pressure, BMI, smoking
habits, comorbidities (i.e., dyslipidaemia and diabetes mellitus) or medications.

Table 1. Demographic and clinical characteristics of the study cohort.

Whole Cohort (n = 66) Low CRP * (n = 33) High CRP (n = 33) p

Demographic
Age, years 66 ± 12 66 ± 12 65 ± 12 NS

Gender, m/f 46/20 23/10 23/10 NS

Clinical and biochemical

Systolic BP †, mmHg 130 ± 23 130 ± 26 123 ± 20 NS
Diastolic BP, mmHg 78±15 81±16 75±12 NS

BMI ‡, Kg/m2 25.5±3.6 25.2±3.6 25.8±3.6 NS
Hypertension 33 (50.0%) 17 (51.5%) 16 (48.5%) NS

Diabetes 9 (13.6%) 5 (15.2%) 4 (12.1%) NS
Active smokers 43 (65.2%) 10 (30.0%) 18 (54.5%) NS

Total-c §, mmol/L 4.93±1.12 5.15±1.26 4.70±0.93 NS
HDL-c ‖, mmol/L 1.22±0.31 1.24±0.27 1.21±0.34 NS
LDL-c #, mmol/L 3.31±1.13 3.57±1.23 3.07±0.97 NS
Dyslipidaemia 33 (50.0%) 17 (51.5%) 16 (48.5%) NS

Medications
Aspirin 17 (25.8%) 9 (27.3%) 8 (24.2%) NS

Clopidogrel 2 (3.0%) 1 (3.0%) 1 (3.0%) NS
ACE-I ** or ARBs †† 17 (26.2%) 11 (33.3%) 6 (18.8%) NS

β-blockers 10 (15.2%) 7 (21.2%) 3 (9.1%) NS
Diuretics 6 (9.1%) 4 (12.1%) 2 (6.1%) NS

Statins 12 (18.2%) 4 (12.1%) 8 (24.2%) NS

* CRP: C reactive protein; † BP: blood pressure; ‡ BMI: body mass index; § Total-c: total cholesterol; ‖ HDL-c: high
density lipoprotein cholesterol; # LDL-c: low density lipoprotein cholesterol; ** ACE-I: angiotensin converting
enzyme inhibitors; †† ARBs: angiotensin receptor blockers.

Circulating IL-1β levels increased significantly in STEMI patients with high CRP concentrations
as compared to those with lower CRP (0.215 ± 0.034 vs. 0.111 ± 0.009 pg/mL; p < 0.01; Figure 1A).
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Circulating plasma MPO-DNA complexes were also higher in the high CRP group compared to patients
with low CRP (0.80 ± 0.07 vs. 0.58 ± 0.04; p < 0.01; Figure 1B). Furthermore, patients with STEMI
and elevated CRP had statistical significantly higher levels of circulating TF–DNA complexes than
those with low CRP levels as compared the less inflamed subjects (0.67 ± 0.08 vs. 0.37 ± 0.04; p < 0.01;
Figure 1C). Categorization of patients according to circulating IL-1β levels (above or below its median
value in the cohort: 0.1041 pg/mL) yielded similar results to those observed with lower and higher
CRP cut-off points as defined above (0.821 ± 0.07 vs. 0.586 ± 0.05 for MPO-DNA and 0.66 ± 0.08 vs.
0.39 ± 0.05 for TF–DNA; p < 0.01 for both; Figure 1D–E). Moreover, a strong positive correlation was
observed in the entire STEMI cohort between the NETosis marker MPO-DNA and NET-associated TF
in plasma (r = 0.721; p < 0.001; Figure 1F).

3.2. IL-1β Neutralization Delays Arterial Thrombotic Occlusion In Vivo in LPS-Treated Mice

Murine thrombosis experiments sought to mimic an underlying inflammatory condition by
administering LPS, as done previously [21]. Next, animals received the canakinumab-surrogate
antibody (01BSUR, 10 μg/g) and underwent the thrombosis protocol (Figure 2A). This pre-treatment
resembles the situation of recurrent events in CANTOS participants, who were stable at time of
enrollment (≥ 30 d post qualifying event.). Compared to controls, inflamed mice treated with anti-IL-1β
antibody showed a 50% increase in time to occlusion (24.9± 2.2 vs. 39.2± 2.3 min, p< 0.001, Figure 2B,C).
The two study groups had comparable initial mean flow and heart rates (0.66 ± 0.05 vs. 0.67 ± 0.04
mL/min and 333 ± 15 vs. 354 ± 16 beats/min, respectively; Figure 2D,E).

3.3. Treatment with Canakinumab-Surrogate Anti-Mouse IL-1β Antibody Reduces Plasma Levels of
Tissue Factor

To investigate the mechanisms that underlie the decreased thrombotic potential observed in
canakinumab-surrogate treated mice, plasma and aortic lysates were analysed for TF levels, the key
trigger of the extrinsic coagulation cascade. TF plasma levels decreased in mice treated with the
anti-IL-1β antibody (37.07 ± 4.14 vs. 49.49 ± 3.17 pg/mL; Figure 3A) as compared to controls. On the
other hand, TF levels in aortic extracts from the two treatment arms did not differ (1413 ± 101.8 vs.
1623 ± 130.8 pg/mg of protein; Figure 3B).

3.4. Anti-IL-1β Treatment Reduces NETosis and NET-Associated Tissue Factor Levels

Since arterial TF levels did not differ between treated and untreated animals, the current study
focused on circulating protein as a possible mediator of the retarded thrombosis post IL-1β inhibition.
Several cell types contribute to the circulating TF pool during arterial thrombosis. Indeed, NETs can
promote thrombus formation by presenting active TF in the setting of myocardial infarction.12 Animals
treated with anti-IL-1β antibody have reduced levels of circulating MPO-DNA complexes (a marker of
in vivo NETosis) after thrombus formation, as compared to vehicle-treated animals (0.082 ± 0.010 vs.
0.152 ± 0.024; p < 0.05; Figure 4A). To determine whether the reduced circulating TF levels observed
in the treatment group related directly to the reduced NETosis, TF–DNA complexes were assessed
in plasma from the two treatment arms. IL-1β inhibition significantly reduced levels of TF–DNA
complexes after thrombus formation, as compared to control treatment (0.048 ± 0.012 vs. 0.099 ± 0.018;
p < 0.05; Figure 4B). Blood cell counts did not differ in the two study subgroups (Table 2).
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Figure 2. Anti-IL-1β antibody retards arterial thrombosis. (A) In an attempt to simulate the design of
Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS), which enrolled patients
with residual inflammatory risk, animals received lipopolysaccharide (LPS) (5 μg/g, i.p) 10 h before
undergoing photochemically induced carotid thrombosis. The anti-mouse IL-1β monoclonal antibody
was administered to the animal intravenously via tail vein injection 5 h before thrombosis at a single
dose of 10 μg/g, vehicle (i.e., NaCl 0.9%) was used as negative control. (B) Animals treated with
monoclonal antibody against IL-1β (anti IL-1β Ab) showed increased time to occlusion as compared
to vehicle-treated ones (n = 7–8). (C) Representative trace of mean blood flow until occlusion (mean
flow≤ 0.1 mL for 1 min) in the two study groups. (D,E) Baseline blood flow and heart rate did not
differ among treated and untreated animals (n = 7–8). ***p < 0.001. IL-1β = interleukin-1β, LPS
= lipopolysaccharide.
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Figure 3. IL-1β blockade reduces different tissue factor pools in mice with arterial thrombosis. (A)
Treatment with the canakinumab-surrogate antibody (anti IL-1β Ab) reduced plasma TF levels as
assessed by ELISA (n = 7–8). (B) Treated and untreated animals showed no difference in terms of TF
concentration in aorta lysates (n = 7). * p < 0.05. ELISA = enzyme-linked immunosorbent assay, IL-1β
= interleukin-1β, TF = tissue factor.

Figure 4. IL-1β blockade limits NETosis and NET-associate tissue factor levels. (A) Animal treated with
the murine anti IL-1β antibody showed a significant reduction in the level of NETosis plasma marker
MPO-DNA complexes (n = 7) (B) Levels of NET-associated TF fell after thrombosis in animals treated
with the anti-IL-1β antibody as assessed by plasma TF–DNA complexes (n = 7). * p < 0.05. IL-1β =
interleukin-1β, MPO =myeloperoxidase, NET = neutrophil extracellular trap, TF = tissue factor.

Table 2. Peripheral blood cell count.

Vehicle Anti IL *-1β p

Total WBC ‡ (103/mm3) 1.37 ± 0.13 1.38 ± 0.18 NS
Lymphocytes (%) 43.1 ± 5.2 32.3 ± 4.2 NS
Neutrophils (%) 51.4 ± 5.0 62.7 ± 4.2 NS
Monocytes (%) 5.5 ± 0.6 5.0 ± 0.7 NS

NLR † 1.5 ± 0.3 2.7 ± 0.7 NS
Platelets (103/mm3) 297.6 ± 44.2 312.8 ± 28.8 NS

* IL: interleukin; † NLR: neutrophil to lymphocyte ratio; ‡ WBC: white blood cells.
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4. Discussion

Ischaemic heart disease and stroke caused by atherothrombotic complications lead global causes
of morbidity and mortality triggered by inflammatory bursts [29–31]. Recently, CANTOS established
a causal role of inflammation in humans with previous ACS and residual inflammatory risk by
showing reduced recurrent cardiovascular events after treatment with canakinumab (an anti-IL-1β
antibody) [1]. The present study probed the potential mechanisms by which canakinumab may reduce
thrombotic events.

This study tested the hypothesis that IL-1β influences NET formation and NETs’ association with
tissue factor (TF) the key trigger of the coagulation cascade in atherothrombosis. To assess the role of
inflammation, ACS patients with different degree of systemic inflammation—so as to simulate the
conditions observed in patients enrolled in CANTOS—were selected. In particular, 33 patients with
STEMI and high C-reactive protein (CRP) levels (≥ 10 mg/L) and, 33 with STEMI and low CRP levels
(≤ 4 mg/L), were investigated.

Patients were retrospectively and randomly selected from the Swiss multi-center trial SPUM-ACS
(n = 1639, NCT01000701). The SPUM–ACS study (Special Program University Medicine–Acute
Coronary Syndromes) is a prospective cohort study of consecutive acute coronary syndrome (ACS)
patients hospitalized in different Swiss university hospitals. Details of the study have been reported
previously [15]. Previous investigations have implicated NETs in coronary artery disease [14,32],
and the present report correlates systemic inflammation and IL-1β with MPO-DNA complexes,
currently considered an established assay for NETosis in vivo [16]. We further assessed circulating
NETs-associated TF by measuring plasma TF–DNA complexes and documented their significant
elevation in STEMI patients with high CRP plasma levels compared to those with lower CRP.
Additionally, categorization of patients according to circulating IL-1β levels showed higher NETosis
rate and levels of TF–DNA complexes in patients with higher levels of this cytokine. Moreover, the
levels of NET-associated TF correlated with MPO-DNA circulating levels, a novel finding that indicates
their strong interdependency. Stakos et al. recently reported NET-associated TF isolated from the
culprit coronary artery of ACS patients [12]. Furthermore, these authors found that TF required
the intact NET scaffold to be biologically active [12]. The relationship reported here between levels
of systemic inflammation, IL-1β, NETosis and NET-associated TF production indicates a common
regulating pathway and supports the hypothesis of TF arising from neutrophil undergoing NETosis, as
a possible mediator of the benefits of canakinumab treatment.

Experimental data have long suggested a role for IL-1β in atherothrombosis [33,34]; indeed, IL-1β
causes vascular smooth muscle cell dysfunction, activates endothelial cells and induces pro-coagulant
and adhesion protein expression [35,36]. Furthermore, experimental and human atherosclerotic
plaques contain IL-1β and its loss of function limits experimental atherosclerosis [37,38]. Similarly,
CANTOS demonstrated that IL-1β blockade reduces recurrent myocardial infarction in human after
ACS [1]. The current study sought to experimentally investigate the mechanisms of this effect and
showed blunted thrombosis in inflamed mice treated with canakinumab surrogate to resemble the
IL-1β-mediated inflammatory risk of patients enrolled in CANTOS.

Arterial thrombosis mediated by activation of platelets and TF causes most ACS [39]. Patients
with CV risk factors as well as those with ACS have increased levels of TF [40–42]. Various cell types
produce TF including endothelial cells, monocytes/macrophages and smooth muscle cells in response
to different pro-inflammatory cytokines, among which IL-1β is one of the best-characterized [43–45].
In light of the above, we hypothesized that treatment with IL-1β antibody could reduce thrombus
formation by targeting TF in vascular and/or circulating cells. IL-1β neutralization in mice reduced TF
levels in plasma but not in arterial tissue, suggesting that in our experimental setting IL-1β inhibition
primarily targets circulating TF.

As recently reported, activated neutrophils can contribute to blood-borne TF and thrombus
formation by binding the injured endothelium [10,46]. Although neutrophils contain TF, either
endogenous or acquired via microparticle internalization, questions remained on how these cells
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release it [10]. In 2012, Kambas et al [47]. reported that neutrophils can release large amounts
of TF in the form of NETs. They further showed that NET-associated TF indeed derives from
neutrophils, and that the thrombin eventually formed can activate platelets. The same authors reported
a requirement for neutrophil priming with pro-inflammatory cytokines (i.e., IL-1β and TNF-α) for TF
mRNA translation [47]. In line with the above, the current study found blunted NETosis (MPO-DNA
complexes) in IL-1β-blocked animals after thrombus formation, thus underscoring the important role
of IL-1β in priming neutrophils for NETosis during inflammatory conditions [48]. Next, we assessed
whether blunted NETosis could account for the reduction in TF levels as seen in anti-IL-1β-treated
animals by measuring TF–DNA complex in the plasma. Affirming our hypothesis, animals pretreated
with IL-1β antibody showed significantly reduced NET-associated TF levels compared to controls. A
possible role for IL-1β in NETosis induction has long been hypothesized [49] and recently confirmed
in a publication by Meher et al [50]. Here, the authors report that IL-1β localizes within NETs in
mice with experimental abdominal aortic aneurysms and that IL-1β blockade inhibits NETosis in
isolated neutrophils [50]. They proposed a mechanism by which IL-1β–induced ceramide synthesis
triggers the release of NETs by inducing nuclear Cer 16:0 synthesis, which permeabilizes the nuclear
membrane and triggers NETosis. Accordingly, attenuation of NETosis can result from either inhibition
of IL-1β signaling (IL-1 receptor antagonist treatment) or inhibition of ceramide synthases (fumonisin
B1 treatment) [50]. Furthermore, we recently investigated IL-1 isoform association with NETs [51].
Curiously, we found that NET-associated cathepsin G degrades IL-1β to inactive fragments, but
actually cleaves IL-1α to a more active form. The IL-1α isoform rather than IL-1β isoform accounts
for activation of tissue factor expression and activity on human endothelial cells by NETs [51]. Thus,
canakinumab might reduce thrombosis rate by blunting IL-1β-mediated NETosis synergistically with
the reduction of other known IL-1β pro-thrombotic features such as its agonist role on platelets [52].

The current study has some limitations which merit consideration. First, patients enrolled
in this clinical cohort had less use of CV medications at baseline than in CANTOS, as would be
expected in a group that included individuals with a first MI, in contrast to the secondary prevention
population in CANTOS. Animal experiments permit in-depth investigation of molecular mechanisms
but do not necessarily faithfully replicate the clinical setting. CANTOS enrolled patients with a
previous ACS with comorbidities and treated with many medications, conditions that do not apply
to the rodents used in this study. Also, while CANTOS reported a reduction of secondary CV
events, we here show a reduction of the thrombotic potential in the non-atherosclerotic mouse
carotid arteries. Lastly, to mirror the pro-inflammatory state of the CANTOS cohort, we challenged
mice with LPS to induce an inflammatory response. This intervention does not fully reproduce the
low-grade inflammation observed in patients enrolled in CANTOS. Yet, low-dose LPS treatment is
a well-established and reproducible method for experimental induction of inflammation that does
not rely on altered metabolic conditions or genetic manipulations, unlike many other models (e.g.,
dyslipidaemia and obesity models, cytokine overexpressing animals), and thus avoids numerous
variables in the experimental conditions. Furthermore, hsCRP—the inclusion criteria for the CANTOS
trial—is not a reliable marker of inflammation in mice [53].

5. Conclusions

In conclusion, this study proposes reduced TF production by neutrophils undergoing NETosis as a
novel mechanistic contributor to the reduction in CV events achieved by treatment with canakinumab
in the CANTOS trial. The results affirm the tight interrelationship of inflammation with thrombosis,
and point to processes and biomarkers that merit monitoring in further attempts to address residual
cardiovascular risk with anti-inflammatory interventions.
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Abstract: An estimation of myocardial mechano-energetic efficiency (MEE) per unit of left ventricular
(LV) mass (MEEi) can significantly predict composite cardiovascular (CV) events in treated
hypertensive patients with normal ejection fraction (EF), after adjustment for LV hypertrophy
(LVH). We have tested whether MEEi predicts incident heart failure (HF), after adjustment for LVH,
in the population-based cohort of a “Strong Heart Study” (SHS) with normal EF. We included 1912
SHS participants (age 59 ± 8 years; 64% women) with preserved EF (≥50%) and without prevalent
CV disease. MEE was estimated as the ratio of stroke work to the “double product” of heart rate
times systolic blood pressure. MEEi was calculated as MEE/LV mass, and analyzed in quartiles.
During a follow-up study of 9.2 ± 2.3 years, 126 participants developed HF (7%). HF was preceded
by acute myocardial infarction (AMI) in 94 participants. A Kaplan-Meier plot, in quartiles of
MEEi, demonstrated significant differences, substantially due to the deviation of the lowest quartile
(p < 0.0001). Using AMI as a competing risk event, sequential models of Cox regression for incident
HF (including significant confounders), demonstrated that low MEEi predicted incident HF not
due to AMI (p = 0.026), after adjustment for significant effect of age, LVH, prolonged LV relaxation,
diabetes, and smoking habits with negligible effects for sex, hypertension, antihypertensive therapy,
obesity, and hyperlipemia. Low LV mechano-energetic efficiency per unit of LVM, is a predictor of
incident, non-AMI related, HF in subjects with initially normal EF.

Keywords: left ventricular hypertrophy; heart failure with preserved ejection fraction; population
study; stroke volume; heart rate; echocardiography

1. Introduction

Heart failure (HF) is predominantly a disease of the elderly, with nearly 50% of patients having
preserved (p) left ventricular (LV) ejection fraction (EF) [1]. Although mechanisms for HFpEF remain
incompletely understood, diastolic dysfunction, because it underlies myocardial hypertrophy and
fibrosis, is thought to play a dominant role [2]. However, diastolic dysfunction also occurs in systolic HF
(HFrEF) and is also common in elderly hypertensive individuals without HF [3]. Thus, abnormalities
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other than diastolic function are likely to be involved in HFpEF, especially in the presence of LV
hypertrophy (LVH) [4].

There is evidence that pressure-overload LVH preserves EF as a measure of LV systolic function at
the chamber level, even when contractility is reduced at the level of cardiomyocytes [5]. However,
when paralleling the magnitude of LV chamber dimensions, even at normal values of LV systolic
chamber function, important differences can occur in the magnitude of stroke volume (SV, i.e. LV
pump performance), heart rate (HR), and blood pressure (BP) [6]. As a consequence, at a given EF,
hemodynamic workload might differ substantially [6] and, in fact, SV is more predictive of incident
HF than EF [7].

A new parameter of LV performance has been recently proposed as a surrogate measure of
myocardial mechano-energetic efficiency (MEE), which is the ratio between produced external systolic
work (stroke work, SW) and an estimate of myocardial oxygen consumption (MVO2) [8]. MEE per unit
of LV mass (MEEi) has been demonstrated to predict composite adverse cardiovascular (CV) events in
treated hypertensive patients after adjustment for LVH [9].

One unexplored issue is whether MEEi can also help explain incidence of HF, after adjustment for
LVH, in the presence of initial normal EF in population studies. Accordingly, this analysis has been
designed to assess whether MEEi can improve the identification of phenotypes at high risk of incident
HF in members of the “Strong Heart Study” (SHS) cohort who were free of prevalent cardiovascular
(CV) disease and initially had normal EF.

2. Methods

2.1. Participants

We analyzed data from the SHS, a population-based cohort study of CV risk factors and disease
in American Indians. Detailed descriptions of the study design and methods have been previously
reported [10]. At time of enrollment, a total of 4549 American Indian men and women, aged 45
to 74 years, from communities in Arizona, southwestern Oklahoma, and South and North Dakota
participated in the first SHS examination, conducted from 1989 to 1991 (phase 1). The cohort was
followed and re-examined twice and has been under continuous yearly surveillance for CV events.
The second examination evaluated 89% of all surviving members of the original cohort, who also
underwent standard Doppler echocardiography. Thus, the second SHS examination was used as
baseline for the present analysis.

From the population of 2794 participants available for the analysis, we excluded 441 participants
with prevalent CV (220 with a history of myocardial infarction or cardiac ischemic disease, 44 with a
history of stroke and 177 with chronic heart failure) and 94 for low ejection fraction (i.e<50%), 14 because
of serum triglycerides (>750 mg/dL), and 333 participants because of incomplete echocardiographic
assessment. Thus, for the present study, we included 1912 SHS participants (age 59 ± 8 years; 64%
women) with baseline preserved EF and without prevalent CV disease. Institutional review boards
of the participating institutions and the participating tribes approved the study and submission of
the manuscript.

2.2. Measurements and Definitions

The SHS used standard methodology and strict quality control at each clinical examination [11],
which included a personal interview, physical examination with anthropometric and blood pressure
measurement, and morning blood sample collection after a 12-hour fast. Exams were performed at
local community settings and Indian Health Service clinics by trained study staff.

Arterial hypertension was defined as blood pressure ≥140/90 mmHg or current antihypertensive
treatment. Obesity was classified as body mass index ≥30 kg/m2. Diabetes was defined as fasting
glucose ≥126 mg/dL or use of antidiabetic medication. Hyperlipemia was defined as total cholesterol
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>200 mg/dL and/or triglyceridemic value >150 mg/dL. Smoking habits were defined as non-smoker,
former smoker, and current smoker.

2.3. Echocardiography

Echocardiograms were performed using phased-array machines, with M-mode, two-dimensional,
and Doppler capabilities, as previously reported [12]. Echocardiograms were evaluated in the Core
Laboratory at the Weill Cornell Medical College in New York by expert readers blinded to the
participant’s clinical details, using a computerized review station (Digisonics, Inc., Houston, TX, USA)
equipped with digitizing tablets and monitor screen overlays for calibration and performance of each
needed measurement. Reproducibility of echocardiographic measures was tested in the Weill Cornell
adult echocardiography laboratory in an ad hoc designed study [13].

LV internal dimensions and wall thickness were measured as end-diastole and end-systole,
respectively, as previously reported [12]. Relative wall thickness, LV mass, and LV mass index (by
normalization for height in m2.7) were also estimated [6]. LVH was defined with LV mass index
>47 g/m2.7 for both sexes, a validated population-specific cut-point, maximizing the population risk
attributable to LVH [14]. SV was calculated as the difference between LV end-diastolic and end-systolic
volumes by the z-derived method [6,15]. EF was obtained by the ratio of SV to end-diastolic volume.
Midwall fractional shortening was measured as previously described [16].

The ratio of early to late peak diastolic velocities (E/A ratio) was measured as previously
described [17]. Based on previous analyses in the SHS, the E/A ratio was categorized as “normal” when
it was between 0.6 and 1.5, in “prolonged relaxation” when it was <0.6 and in “restrictive physiology”
when it was >1.5 [17].

To assess MEE, we estimated SW as the product of systolic BP times SV (mmHg ×mL). Myocardial
oxygen consumption (MVO2) could be estimated using the “double product” (DP) of systolic BP ×
heart rate [18]. Using this second method, MEE may be estimated in mL/s:

MEE =
SW

DP
≈

mmHg×mL

mmHg× bpm
=

mL

bpm× 60−1
=

mL

s
(1)

Because of the reportedly close dependence of MEE on LV mass, normalization for LV mass was
done to estimate energetic expenditure per unit of myocardial mass (MEEi in mL/s/g) [9].

2.4. Outcome

CV events were recorded and adjudicated as previously reported using standardized criteria. [10].
The end-point of the present study was the first occurrence of HF, defined by the Framingham criteria
for HF, as previously described [7]. Due to the potential interference with the analyzed outcome,
occurrence of acute myocardial infarction (AMI) prior to HF was also censored for analysis as a
competing risk event.

2.5. Statistical Analysis

Data were analyzed using IBM-SPSS-statistics (version 23.0; SPSS, New Jersey), and expressed as
mean ± 1SD. MEEi was categorized in quartiles and analyzed in exploratory analyses, using linear
contrast for trend analysis for age and Kendall’s tau as a test for monotonic trends with categorical
variables. Cumulative incidences of HF in quartiles of MEEi were analyzed using a Kaplan-Meier
plot. Further analyses were focused on the lowest MEEi (corresponding to 25th percentile of the
distribution).

We calculated hazard ratios and 95% confidence intervals (CI) of incident HF, using three sequential
models of Cox regression. In the first Cox model, the outcome was analyzed in relation to LVH and
patterns of E/A ratio, adjusting for age and sex. In the second model, low MEEi, hypertension and
anti-hypertensive therapy (no/yes) were forced into the model. In the third model, obesity and diabetes
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were added to explore how the previous models could be changed by the co-presence of additional CV
risk factors. Since the end-point of the present analysis, HF, can also be a consequence of a preceding
AMI, a Cox regression was run using AMI preceding HF as a competing risk event. Thus, we censored
AMI occurring before HF, in competition with the primary predictor, MEEi [19].

3. Results

Among 1912 SHS participants with normal EF and without prevalent CV disease included in this
analysis, prevalence of arterial hypertension, obesity, and diabetes were 27, 51, and 40%, respectively.

Table 1 shows that while age was similar among quartiles of MEEi, the proportion of women
was progressively lower with decreasing quartiles of MEEi, and concentric LV geometry and LVH
were progressively higher (all p for trend <0.0001), paralleling the progressive increase in prevalent
hypertension, obesity, and diabetes (all p for trend <0.0001). There was a significant trend for mitral
E/A ratios of <0.6 to sharply increase in the lowest quartile of MEEi, whereas mitral E/A ratios of >1.5
progressively decreased with decreasing quartiles of MEEi (all p for trend <0.0001). Hyperlipemia and
smoking habits were not different within quartiles of MEEi.

Table 1. Characteristics of quartiles of LV mass-normalized myocardial mechano-energetic
efficiency (MEEi).

Quartiles of Indexed
Myocardial Mechano-Energetic Efficiency

Whole Population ≥0.45 0.40–0.44 0.35–0.39 ≤0.34
(n = 1912) (n = 478) (n = 477) (n = 479) (n = 478)

Age (years) 59 ± 8 59 ± 8 60 ± 8 59 ± 8 60 ± 8

Hypertension (%) a 27% 22% 25% 29% 34%

Proportion of women (%) a 64% 68% 69% 65% 55%

Concentric LV geometry (%) a 4% 0.2 % 1% 2% 11%

LV Hypertrophy (%) a 23% 9% 18% 23% 40%

Mitral E/A ratio <0.6 (%) a 4.1 2.1 2.5 1.3 10.5

Mitral E/A ratio >1.5 (%) a 2.6 4.5 3.4 1.5 1.1

Obesity (%) a 51% 40% 51% 57% 58%

Diabetes (%) a 40% 25% 37% 41% 57%

Hyperlipemia (%) 58 57 55 59 62

Former smoker (%) 35 33 34 36 38

Current smoker 36 39 35 34 35

LV = left ventricular; a Kendall’s τ-b: all p < 0.0001.

Although only patients with initially normal EF were included in this study, 12% of variability of
EF was explained by MEEi, but the explained variability rises to 42% when LV systolic function was
evaluated by midwall shortening.

During follow-up studies (median 9.9 years, inter-quartile range 9.3–10.4 years), 126 (7%)
participants developed HF, 94 of them after AMI. A Kaplan-Meier cumulative hazard plot demonstrated
a significant log-rank, substantially due to the marked deviation of the lowest quartiles of MEEi
(Figure 1).
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Figure 1. Cumulative hazard of incident heart failure (HF) for quartiles of myocardial mechano-energetic
efficiency per unit of left ventricular mass (MEEi). Continuous grey line represents the lowest
MEEi quartile.

As seen in Figure 1, we compared the lowest MEEi quartile (i.e. ≤0.34 mL × s−1 × g−1) with all
others, defined for convenience as “normal MEEi”. Low MEEi was present in 47% of the subgroup,
compared to 24% in the subgroup without incident HF (p < 0.0001). Table 2 shows sequential models
of Cox regressions for incident HF. Low MEEi predicted incident HF after adjustment for LVH and
prolonged relaxation. The impact of low MEEi was reduced after the inclusion of diabetes and smoking
habits into the model.

The Cox models were also run using continuous variables for systolic blood pressure, body mass
index, MEEi, and LV mass index instead of categories, without modifications, and compared to what
has been reported in Table 2. Specifically, for each unit of increasing MEEi, there was a significant
2% reduction of hazard of incident-adverse CV events (hazard ratio (HR)= 0.02; 95% CI 0.002–0.347;
p < 0.006).

A multicollinearity test was performed using all covariates of model 3 to calculate the variance
inflation factor (VIF). The value of VIF was always <1.9, demonstrating optimal performance of the
model and the low level of multicollinearity between LVH and low MEEi.
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4. Discussion

Our analysis demonstrates that in a population-based study with initially normal left ventricular
ejection fraction (LVEF), reduced myocardial mechano-energetic efficiency for each g of myocardial
mass is a strong predictor of incident HF after adjustment for LVH, prolonged relaxation, and associated
CV risk factors, including hypertension, obesity, diabetes, and smoking habits. Our analysis merged
CV risk factors with markers of preclinical CV disease. The causative effect of primary risk factors was
largely offset by their direct effects on the CV system. The only risk factor that could not be fully offset
by CV phenotype was diabetes, which in fact remains a potent risk factor for HF, even after adjustment
for CV phenotype, as we have previously demonstrated [20].

In our analysis, we provided an estimation of myocardial energetic efficiency using a very
simple method on the basis of a simple assumption, which has been already used in different
circumstances [5,18], i.e., that MVO2 consumption mainly depends on developed pressure and
frequency of contraction. More complex models of estimating myocardial oxygen consumption have
been proposed, with strong rationale, but are likely less suitable for a clinical use [21].

4.1. The Conundrum of Development of HF

It is not surprising that a condition of low myocardial mechano-energetic efficiency per unit of
myocardial mass significantly contributes to identifying a CV phenotype at risk of developing HF. The
link between alterations of myocardial energy balance and HF should merit more attention, especially
in the setting of HFpEF. Although we do not have follow-up echocardiograms to compare, we may
postulate that incident HFpEF is frequent in our population sample, because our hazard analysis
was controlled for incident, intercurrent AMI as a competing risk factor for incident HF, indirectly
minimizing the chance that post-ischemic systolic HF could play a substantial role in our findings.
Given the frustrating results related to the attempt to improve outcomes in HFpEF [22] and related
to the insufficient understanding of its mechanisms, shifting the attention from hemodynamics and
cardiac mechanics to the process of production and utilization of energy might be productive [23].

Although increased LV mass is in fact a critical marker of risk, considerable heterogeneity can be
found, especially in the setting of HFpEF. In clinical trials and contemporary registries, approximately
one-third to two-thirds of patients with HFpEF do not exhibit clear-cut LVH [24]. A proportion of
HFpEF patients exhibit eccentric LVH rather than the more usual concentric pattern [24]. Even more
intriguing is the evidence that approximately 50% of patients with HFpEF and normal LV mass do not
have hypertension [24].

Furthermore, it is noteworthy that in this population with normal EF at baseline, MEEi could
explain as much as 42% of midwall shortening variability, compared to the expected negligible
correlation with ejection fraction. This finding is physiologically consistent with the assumption that
LV systolic chamber function is only a very rough indicator of the status of myocardial mechanics.

Other pathogenetic mechanisms should be investigated.

4.2. Diastolic Dysfunction

Diastolic dysfunction is considered especially important in the context of HFpEF [24]. However,
in echocardiographic sub-studies, one-third of patients randomized in controlled trials of HFpEF
exhibited normal diastolic function, and a further 20% to 30% only had mild or grade 1 diastolic
dysfunction [24]. In addition, a recent study of elderly subjects (age 67 to 90 years) without HF found
that 96% of them had abnormal diastolic function, according to guideline-based definitions. In a
condition in which diastolic dysfunction has been considered a definite pathophysiologic feature
(“diastolic heart failure”), it is unclear whether the absence of diastolic dysfunction in HFpEF reflects
a limitation of echocardiography, at least at the light of the present recommendations, or suggests
pathophysiological mechanisms that are independent of diastolic function in a substantial proportion
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of patients. But, perhaps even more importantly, HF is always characterized by increased filling
pressure (and therefore real diastolic dysfunction), no matter whether or not EF is reduced.

4.3. LV Production, Delivery, and Utilization of Energy

The evidence of impaired myocardial energy balance adds pathophysiological rationale to the
strong effect of increased LV mass function as a marker of risk for HF. The index presented in this and
in previous longitudinal analyses [9] allows a concentration of attention on physiological mechanisms
more related to the production, delivery, and utilization of energy. While normal hearts mainly oxidize
fatty acids to produce energy (ATP), hearts with stage B HF require a shift of production of energy
(ATP) toward the most convenient glucose-pyruvate oxidation, a shift that implies adequate insulin
sensitivity [25].

An important possible mechanism reducing myocardial efficiency is in fact insulin resistance [26].
The emerging evidence that this index is influenced by conditions of insulin resistance [25] is an
indirect validation of our physiologic postulate. This is evident in the present and previous analyses in
which diabetes exhibits a substantial importance as a predictor of HF, even more than hypertension
(confirmed in the present analysis, as seen in Table 2). The progressive decline of MEEi with the
increasing prevalence of diabetes and obesity was demonstrated previously in our Italian registry
of hypertensive patients [9,25]. Insulin resistance, typical of type 2 diabetes, results in difficulty in
the utilization of glucose [27], increasing reliance on fatty acid oxidation for up to 80–90% of acetyl
CoA, at the expense of glucose and lactate oxidation [28]. This increase in fatty acid oxidation is the
main determinant of the increased MVO2 at zero work, because of the lower oxygen efficiency for ATP
synthesis using fatty acids as substrates [29].

Due to the above considerations and given the ethnic specificity of the SHS, and the particular
high prevalence of diabetes and obesity, our findings are not necessarily generalizable and might need
to be clarified in other populations with different genetic and environmental backgrounds, especially
because algorithms for risk prediction might be substantially affected by prevalence and distribution
of individual risk factors [30].

4.4. Final Considerations

Despite the strong association with incident HF, many unconsidered factors could have an
impact on the progression of HF, potentially reducing the impact of baseline low myocardial
mechano-energetic efficiency during follow-up. Among them, the control of diabetes or blood
pressure during follow-up could have a significant impact on the progression of diastolic dysfunction
and precipitation of HF. Further studies should help clarifying pathophysiological mechanisms
linking myocardial mechano-energetic efficiency to diastolic dysfunction and control of blood pressure
and diabetes.

5. Conclusions

This study demonstrated that depressed LV mechano-energetic efficiency per unit of LV mass,
computed by using a simple approach comparing external work with the estimated oxygen consumption,
is a powerful predictor of incident HF after adjustment for LVH and other confounders in an unselected
population-based cohort of American Indians with normal baseline EF. Our results might serve as a
hypothesis when testing for a better evaluation of pathophysiology of HFpEF.
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Abstract: Both acute and advanced heart failure are an increasing threat in term of survival, quality of
life and socio-economical burdens. Paradoxically, the use of successful treatments for chronic heart
failure can prolong life but—per definition—causes the rise in age of patients experiencing acute
decompensations, since nothing at the moment helps avoiding an acute or final stage in the elderly
population. To complicate the picture, acute heart failure syndromes are a collection of symptoms,
signs and markers, with different aetiologies and different courses, also due to overlapping morbidities
and to the plethora of chronic medications. The palette of cardio- and vasoactive drugs used in the
hospitalization phase to stabilize the patient’s hemodynamic is scarce and even scarcer is the evidence
for the agents commonly used in the practice (e.g., catecholamines). The pipeline in this field is poor
and the clinical development chronically unsuccessful. Recent set backs in expected clinical trials for
new agents in acute heart failure (AHF) (omecamtiv, serelaxine, ularitide) left a field desolately empty,
where only few drugs have been approved for clinical use, for example, levosimendan and nesiritide.
In this consensus opinion paper, experts from 26 European countries (Austria, Belgium, Croatia,
Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Israel, Italy,
The Netherlands, Norway, Poland, Portugal, Russia, Slovenia, Spain, Sweden, Switzerland, Turkey,
U.K. and Ukraine) analyse the situation in details also by help of artificial intelligence applied to
bibliographic searches, try to distil some lesson-learned to avoid that future projects would make the
same mistakes as in the past and recommend how to lead a successful development project in this
field in dire need of new agents.

Keywords: acute heart failure; advanced heart failure; short-term hemodynamic therapy; regulatory
clinical trials; clinical development; levosimendan

1. Introduction

Despite the availability of successful treatments for chronic heart failure (CHF), acute heart failure
(AHF) and advanced heart failure (AdHF) still impose considerable and rising health burdens in their
impact on life expectancy and quality of life of an increasingly elderly population and the associated
social and economic burdens.

AHF and AdHF syndromes are a collection of symptoms, signs and markers with different
aetiologies, different clinical courses and different cardiac reserve. The innately complex nature of these
conditions is further exacerbated by the fact that they are preponderantly encountered in an elderly
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population with overlapping morbidities and a plethora of chronic medications including drugs for
serious co-morbidities.

In an acute episode, when a patient decompensates despite optimal p.o. medications, intravenous
cardio- and vasoactive drugs are used to stabilize the situation. However, the repertoire of such drugs
is relatively narrow—diuretics, vasodilators and inotropes—and evidence for sustained benefit of
these agents is often strikingly thin—demonstration of mortality and morbidity gains in the long term
remain elusive. Disappointingly, the number of successful innovations in recent years has been small.

Recent experiences with an array of innovative cardio- and vasoactive drugs in acute heart failure
were recently summarized in a review by Machaj et al. [1] (see Table 1 for studies on AHF).

Table 1. Recent large-scale regulatory Phase III trials testing novel therapies for acute heart failure.
Data extracted from Machaj et al. [1].

Agent Name
Omecamtiv

Mecarbil
Ularitide Serelaxin

Trial name ATOMIC-AHF TRUE-AHF RELAX-AHF RELAX-AHF-2

Registry number NCT01300013 NCT01661634 NCT00520806 NCT01870778

Sample size 614 AHF patients 2.157 AHF patients
1.161 pts

hospitalized for
AHF

6.600 AHF patients

Outcomes

• failed to meet the
primary endpoint

of dyspnoea
improvement
• increased SET

• no significant
differences in

primary endpoints
• significant

dyspnea reduction
in 83% of eligible

patients

• VAS AUC scale
dyspnea

improvement
• fewer deaths at

day 180

• failed to meet
primary endpoints

(180-day
cardiovascular

death and
worsening heart
failure through

day-5)

Observed adverse
events

• no difference in
adverse effect rate

compared to
placebo

• adverse effect on
dyspnea in 17% of
ineligible patients

(prohibited
intravenous
medications)

• infrequent
hypotensive events

• no serious
adverse events

Abbreviations: AHF, acute heart failure; VAS AUC, visual analogue scale area under the curve.

These results follow a course that has become familiar in this area of cardiovascular medical
research in recent years—ingenious and scientifically plausible novel agents show often considerable
promise in pre-clinical evaluations; that promise is carried forward into Phase I trials in humans
and sometimes into Phase 2 trials in patients but pivotal or definitive Phase 3 trials interventions
disappoint expectations and deliver no evidence of benefit on the nominated primary endpoint(s) or
on clinically-relevant outcomes such as longer-term survival. Other authors offer similar tabulations
and reach similar conclusions [2,3]. In advanced heart failure (AdHF) a recent update on the field had
a conspicuous focus on developments in transplantation medicine and mechanical ventricular assist
devices but was strikingly silent on the topic of medical innovations [4].

In a commentary published in 2014 reasons were identified that have contributed to this frustrating
state of affairs [5]. Five years on and with the situation in many ways no better, it seems timely to
re-visit this issue and to ask if the latest crop of negative clinical trials would trigger a reform of heart
failure-targeted clinical research. We consider a root-and-branch reform to be essential if we are to
break out of the pattern intimated in Table 1 and reinvigorate a therapeutic pipeline that with few
exceptions has been painfully threadbare and unproductive for several decades.

The main obstacles to progress already identified in that 2014 essay merit brief re-examination:
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(1) The therapeutic field is complicated, the definitions of AHF and AdHF are not straightforward,
with many aetiologies and various, often quickly evolving manifestations. Moreover, there is still
a debate not only on the definition but also on the existence of some heart failure syndromes, for example,
heart failure with mid-range ejection fraction [6] (HFmrEF). The combination of a broad-spectrum
pathophysiology with vague definitions based on few parameters may preclude identifying meaningful
group of patients benefitting of one particular drug instead of another.

(2) The barrier to new entrants is set very high by the fact that regulatory clinical trials in AHF
are targeted at demonstrating a reduction in longer-term mortality from drugs intended to be used as
short-term interventions. Most trials are configured to evaluate the candidate drug as an addition to
standard-of-care medications—that makes it very difficult to demonstrate significant and meaningful
increases in survival (or indeed in lesser outcomes such as relief of dyspnoea) [7,8]. Hence, in order to
deliver convincing findings, regulatory studies need to be both large and lengthy, leading to erosion
of patent life. Additional complications relate to the regulatory requirements of populous emerging
markets. The need to undertake both pivotal (often international) clinical trials but increasingly also
locally-conducted single-country trials to secure marketing approval in some large national markets
implies a duplication of funding and other resources, all of which add to the total costs of development
and weaken the business case.

(3) The use of many traditional therapies with low levels of evidence to keep patients alive and to
overcome the acute decompensation (e.g., generic intravenous vasodilators, diuretics, inotropes and
vasopressors) makes it very difficult for new entrants to demonstrate a persuasive risk-benefit profile
when the regulatory clinical studies must be conducted versus a placebo group that mandates use of
extensive “standard of care” (SoC) therapy.

All these factors may discourage the sort of ambitious investment that might produce durable
innovation and progress; other therapeutic areas may appear less risky or more rewarding to
pharmaceutical companies considering where to place their research and development (R&D) effort.
From a commercially-focussed perspective heart failure in all its manifestations, including AHF and
AdHF, is a complex condition in which “there can be no realistic expectation of a blockbuster . . . .and
where it is wrong (both morally and commercially) to encourage hopes that such a drug is just around
the corner [5].” As a corollary of this, the emergence of an era of personalized therapies implies both
an opportunity and also an obligation to focus drug research in heart failure towards specific and
precisely-defined sub-pathologies and to abandon, as irrational and futile, a search for a panacea.

With no substantive additions to the therapeutic repertoire in recent times and the world of
medicine (and indeed the world in general) poised for unprecedented changes in the nature, scale and
accessibility of data, the argument for a complete revision of the theory, philosophy and practice of
research in heart failure drug design is, we suggest, compelling. One early casualty of such a revision
may be the end of almost any reliance on left ventricular ejection fraction (LVEF) as a primary metric in
the characterization of heart failure.

2. A Systematic Analysis of the Past 20 Years

In order to understand better the field of drug development in the acute and advanced presentation
of heart failure in the latest 20 years we performed an artificial intelligence (AI)-mediated search for all
regulatory trials of Phase 3 on new chemical entities (NCE) aimed to validate the benefits of drugs
developed for short-term treatment of AHF (including the wording “acutely decompensated heart
failure”) and/or AdHF published after the year 2000. Clinical trials were searched using full-text
search against studies’ descriptions with the NCE and the therapy area names. Using semantic
similarity, studies implying semantic similarity of less than 30% with "heart failure" were filtered out.
Reports exhibiting excessive semantic similarity with “kidney disease” or “addiction” were penalized
to filter out studies focused principally on these topics and only mentioning heart diseases in passing
(this condition applied for example, for studies involving dopamine). Comparator classes, first posting
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date of the study and patient enrolment were added to the data set. Finally, the results were checked
independently by two researchers for their consistency.

We identified 36 regulatory clinical trials in the past 20 years which were classified as Phase III
(Figure 1). Those studies were aimed to test the hypothesis of clinical benefits of 16 different NCE
(mainly exerting hemodynamic effects such as inotropy, vasodilation, diuresis), only few of which were
finally approved in the U.S.A. or in Europe for use in AHF. By plotting the studies in chronological
order, it can be seen that the density of Phase III trials publications has been consistently low in the
past two decades (Figure 2). To be noticed is that, among the few trials in which the hypothesis was
statistically proven, three (LIDO, RUSSLAN and REVIVE) tested the effect of levosimendan in AHF.

The total number of patients included in the 36 clinical trial was circa 38,000, notwithstanding that
our search did not include either the Phase I and II trials or any Phase IV study. The fact that so many
patients have been enrolled in this long series of inconclusive or negative studies should be considered
of significance.
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Figure 1. Regulatory clinical trials of Phase III for drugs meant for short-term treatment of acute heart
failure (AHF) and/or advanced heart failure (AdHF), published in the past 20 years. For each study,
the year of publication of the main report, the first author and the PMID are the following—VMAC,
2002, VMAC investigators, 11911755; OPTIME-CHF, 2002, Cuffe MS, 11911756; LIDO, 2002, Follath F,
12133653; RUSSLAN 2002 Moiseyev VS 12208222; PRECEDENT, 2002, Burger AJ, 12486437; RITZ-4,
2003, O’Connor CM, 12742280; ACTIV-CHF, 2004, M. Gheorghiade, 15113814; FUSION I, 2004, Yancy
CW, 15342289; PROACTION, 2005, Peacock WF, 15915407; EVEREST, 2007, Konstam MA, 17384437;
ECLIPSE, 2007, Udelison JE, published as abstract; SURVIVE, 2007, Mabazaa A, 17473298; EMOTE, 2007,
Feldman AM, 17967591; VERITAS, 2007, McMurray JJ, 17986694; HORIZON-HF, 2008, Gheorghiade M,
18534276; PROTECT-1, 2008, Cotter G, 18926433; ESSENTIAL, 2009, Metra M, 19700774; FUSION II,
2008, Yancy CW, 19808265; REACH UP, 2010, Gottlieb SS, 20797594; PROTECT-2, 2010, Massie BM,
20925544; ASCEND-HF, 2011, O’Connor, 21732835; STARBRITE, 2011, Sha MR, 21807321; COMPOSE,
2012, Gheorghiade M, 22713287; RELAX-AHF, 2013, Teerlink JR, 23141816; REVIVE I-II, 2013, Packer M,
24621834; PRONTO, 2014, Peacock WF, 24655702; ATOMIC-AHF, 2016, Teerlink JR, 27012405; ROSE,
2016, Wan SH, 27512103; ROSE, 2016, Wan SH, 27512103; TACTICS-HF, 2016, Felker GM, 27654854;
RELAX-AHF-ASIA, 2017, Sato N, 27825893; SECRET OF HF, 2017, Konstam MA, 28302292; TRUE-AHF,
2017, Packer M, 28402745; ATHENA-HF, 2017, Butler J, 28700781; FIGHT, 2018, Sharma A, 30120812;
RELAX-AHF-EU, 2019, Maggioni AP, 30604559; RELAX-AHF-2, 2019, Metra M, 31433919.
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Figure 2. Amount of regulatory clinical trials of Phase III for drugs meant for short-term treatment of
AHF and/or AdHF per year of publication in the period 2000–2019.

3. Also the Recent Clinical Trials have Disappointed

Before addressing these themes in more detail, it is appropriate to look briefly at some experiences
in recent decades in the development of intravenous (i.v.) drug therapies.

Omecamtiv mecarbil binds with high affinity to the catalytic domain of myosin, increasing the
number of myosin heads available to cross-link with actin. In theory, this augments
cardiomyocyte contractility without increasing intracellular free ionic calcium or cardiomyocyte
oxygen consumption [1]. In reality, the history of omecamtiv mecarbil might be seen rather as
a demonstration that the pharma industry sometimes has a short memory. Candidate drugs which
prolong the contractility transient were discontinued several decades ago because of their potential for
harm in ischaemic conditions [9]. Omecamtiv mecarbil – at least at high plasma concentrations—shares
some of these characteristics [10] and the ATOMIC-AHF trial produced a biomarker signal similar
to that seen during myocardial infarction [11] (a higher median plasma troponin level) that might be
related to cardiac ischemia described in an earlier Phase II trial [12]. The regulatory clinical programme
for omecamtiv mecarbil in AHF has been halted. Insights on the safety and efficacy of oral omecamtiv
mecarbil for chronic heart failure may be expected from the GALACTIC-HF study, due to complete
in 2021.

Serelaxin is a recombinant form of the endogenous hormone relaxin-2 and exerts vasodilatory,
anti-inflammatory and anti-fibrotic effects [13]. The RELAX-AHF trial produced evidence of lower
incidence of worsening heart failure during hospitalization [14] but the later RELAX-AHF-2 trial,
which unlike RELAX-AHF, was powered for mortality, found no impact on 180-day cardiovascular
mortality and a numerical but not statistically significant effect on worsening heart failure [15].
The challenge of deciding which of these sets of findings is most relevant to the treatment of AHF
patients is evident. Further illustrations of the complexities and challenges of assigning weight to the
results of clinical trials is provided by the demonstration that patients in RELAX-AHF were substantially
unrepresentative of patients with AHF in the United States, Latin America or Asia-Pacific [16] and by
the report that the RELAX-AHF-EU trial, yielded results similar to and supportive of RELAX-AHF [17]
in the context of open-label drug administration.

Ularitide, a synthetic form of the human natriuretic peptide urodilatin, exerts vasodilator,
diuretic and natriuretic effects via the natriuretic peptide receptor/particulate guanylate cyclase/cyclic
guanosine monophosphate pathway and displayed beneficial effects such as symptom relief
and vasodilation in animal models of heart failure as well as early-phase clinical studies in
heart failure patients, In a Phase 3 trial (TRUE-AHF) in patients with acute heart failure,
however, short-term ularitide treatment did not affect a clinical composite end point or reduce long-term
cardiovascular mortality despite various nominally favourable physiological effects (and without
affecting cardiac troponin levels) [18].

The early promise of istaroxime, which promotes the activity of sarco(endo)plasmic reticulum
Ca(2+)-ATPase 2 (SERCA2) and thereby promotes expulsion of free intracellular ionic calcium through
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transmembrane sodium/calcium channels appears not to been sustained since the publication of the
findings of the HORIZON study [19–21] and the results of the CUPID-HF study suggest that gene
transfer of the SERCA2 gene is not yet a proven intervention [22].

Two studies of the nitroxyl (HNO) moiety (NCT01096043 and NCT10192325), commenced in 2010
appear to remain incomplete and unreported while evaluation of a follow-up molecule designated
a BMS-986231 (previously CXL-1427) are in only preliminary stages [23]. The list of set-backs
continues with tezosentan, nesiritide, tolvaptan, milrinone, enoximone, rolofylline, clevidipine, SLV320,
cinaciguat, dopamine, liraglutide and high-dose spironolactone (see Figure 1).

4. Levosimendan—A Rare Case

Levosimendan, an inodilator that promotes contractility by binding to calcium saturated troponin C
and vasodilatory and cardioprotective effects through the opening of adenosine triphosphate-dependent
potassium (KATP) channels is one of few agents of recent decades to establish itself in the medical
repertoire for AHF and AdHF for its sustained hemodynamic, neurohormonal and symptomatic
effects [24,25]. This status rests on findings from a series of Phase II and III studies published in the
early 2000s. Two large post-approval clinical trials (SURVIVE and REVIVE) did not substantiate an
indication of long-term effects but both a meta-analysis involving data from more than 6000 patients
and a real-world registry involving over 5000 patients (ALARM-HF) were strongly indicative of long
term survival benefit [26,27] – at a minimum to the extent that levosimendan use has never been
associated with increased mortality, whereas the use of adrenergic/calcium mobilizing inotropes such
as dobutamine has. At this regard, it is worth reminding that several authors in the past recognized
a correlation between the effects of cardiovascular drugs on intracellular calcium and on long-term
survival in heart failure, to the advantage of drugs which do not elevate either calcium transient or
mitochondrial calcium, such as levosimendan [28–30].

Finally, since no attenuation of the hemodynamic effect of levosimendan is apparent in patients
treated with beta-blockers [31,32] − now a substantial proportion of the overall heart failure population
− the drug has been favoured for use in such patients in the most recent edition of ESC guidelines [33].

Levosimendan has also been evaluated in randomized controlled trials in advanced heart
failure (Levo-Rep (NCT01065194), LION-Heart (NCT01536132) and LAICA (NCT00988806)) [34–36].
Observations in those trials are indicative of clinical benefits including reduction in NT-pro-BNP
levels and trends towards reductions in heart failure readmissions and heart failure-related mortality.
Those trends were corroborated in metanalyses where statistically significant reductions in long-term
mortality and re-hospitalization were demonstrated [37,38] and subsequently in the RELEVANT-HF
study, in which the addition of intermittent levosimendan therapy at 3-4 week intervals was associated
over the course of 6 months with a substantially lower percentage of days in hospital (2.8 ± 6.6% vs. 9.4
± 8.2%; p < 0.0001) and in the cumulative number and length of HF-related admissions (both p < 0.0001
vs. control), plus a marked but non-significant improvement in 1-year survival free from death/need
for implantation of a ventricular assist device or urgent transplantation (86% vs. 78%) [39].

5. Even the Established Drugs May Not “Work.”

Very recently, at the European Society of Cardiology Congress, the GALACTIC trial reported
that early intensive vasodilation using personalized high doses of nitrates, oral hydralazine and rapid
up-titration of ACE inhibitors or angiotensin II receptor blockers did not improve 180-day mortality in
a cohort of 781 acute heart failure patients [40]. This trial is notable, among other things, for the fact that
short-term use of conventional “tried and tested” (and extremely cheap) vasodilators, administered in
an intensive regime and at high dose was just as ineffectual at influencing longer-term mortality
as novel agents such as ularitide and serelaxin. The inability to demonstrate survival benefit even
from drugs that are established as part of the therapeutic armamentarium for AHF highlights some
fundamental issues contributing to the paucity of new drug therapies in recent decades—for example,
are we targeting the wrong pathological processes in our drug development programmes or are we
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privileging inappropriate endpoints in clinical trials and thus hampering the regulatory approval of
useful new agents?

The general lack of evidence for an ongoing survival benefit from acute-phase treatments for AHF
requires some reflection. While perhaps not fully subscribing to its philosophical outlook we find
much to agree with in the views of McCullough [41], who has argued that AHF (and by extension
AdHF) is a situation often long in the making and that to expect any therapy administered for ≤48 h to
make a robust difference to survival or rehospitalization many months after the index admission is to
misunderstand the pathophysiology of these conditions.

6. Where Next and How to Get There?

Readers looking for a way forward from this seeming impasse may find encouragement in a
recent review by Triposkiadis and colleagues [42]. We consider that publication to be a most significant
contribution to this arena of cardiovascular research for the manner in which it articulates and crystallizes
lines of critical thinking that have been apparent for some years but which, through advances in
technology, are now poised to transform both the conception of heart failure and its modes of treatment.

A central premise of this work is that describing heart failure in terms of LVEF, while useful
in its time, has become counter-productive and increasingly is obscuring the pathophysiological
realities of heart failure, with adverse consequences for the evolution of therapy [43,44]. We concur
with Triposkiadis et al. [42] that heart failure is “a heterogeneous syndrome in which functional and
structural biomarkers change dynamically during disease progression in a patient-specific fashion” and
that the condition as a whole may usefully be portrayed as a spectrum in which, depending on their
proximity within that spectrum, individual presentations may or may not have overlapping phenotypes
and shared underlying pathologies. Features of heart failure identified by Triposkiadis et al. [42] as
occurring across the heart failure spectrum include:

1. Bidirectional transitions of LVEF due to disease treatment and progression
2. Endothelial dysfunction, cardiomyocyte dysfunction and cardiomyocyte injury
3. Systolic and diastolic left ventricular dysfunction
4. Left atrial dysfunction
5. Myocardial fibrosis
6. Skeletal myopathy
7. Heart failure serum markers
8. Neurohumoral activation

From that starting position Triposkiadis et al. [42] advocate the development of a wholly new
classification of heart failure based on ultra-detailed phenotyping of the sort now made possible by
advances in biological technologies and computing. This process, illustrated in Figure 3, proves a basis
both for the better application of existing therapies and to shape the development of new agents. Two
pathways of stratification are identified by this reasoning – one is hypothesis-driven, based for example
on disease aetiology or mechanism or shaped by known pharmacological pathways of action; the
other is hypothesis-free approach driven by the modern capacity to acquire unprecedented volumes
of phenotype data and to analyse that data at unprecedented speeds and granularity, so identifying
characteristics (or “signatures”) that differentiate sub-sets of patients with different heart failure
phenotypes, different outcomes and different responses to various therapies.
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Figure 3. Advances in information and data-processing technology have created a base from which
heart failure research can be re-configured towards highly defied phenotypes in ways that will facilitate
both the optimal use of current therapies and the identification of new agents specifically tailored to
a particular pathophysiology. See text for further discussion. Freely from Triposkiadis et al [42].

Finally, in order to stratify HF patients, it should be mandatory to consider systematically the
functions of other organs such as lung, kidney, liver, brain, hematopoietic system and so on, as proposed
recently [45].

7. Invasive versus Non-Invasive Monitoring

When comparing the measures suggested for the diagnosis of AHF in the most recent European
guidelines [33] with previous versions, an obvious trend to avoid invasive diagnostic measures (like
using a pulmonary artery catheter) in AHF can be noticed. It would be wrong to rely primarily
on simple clinical signs for assessing the severity and the type of failure in AHF—its complex
manifestations and haemodynamic profile cannot be adequately diagnosed and differentiated by
bedside assessment. Additionally, not any single word within 85 pages of the guidelines can be found
on monitoring the systemic oxygen consumption and delivery by determination of mixed or at least
central venous oxygen saturation; despite heart failure is classically defined as the inability of the heart,
to maintain an adequate oxygen supply to the tissues. One may argue that the lack of progress in
clinical development of new agents for treatment of AHF may be also explained by the inappropriate
diagnostic measures and monitoring modalities recommended by the current guidelines and that even
the best drugs will fail if they are inappropriately used within the multiple manifestations of heart
failure. We should also consider alternatives to the Swan Ganz catheter, as recently reviewed by a
large panel of experts [46].

8. Will the Data Revolution Break the Logjam?

These proposals may be seen in the wider context of an explosion in personal data accessible
for analysis and the rapidly evolving science of AI. Timely recent reviews of these themes have been
published, identifying both the opportunities and the many challenges that these new technologies
present [47–50]. As non-experts in those fields we are constrained in what we might say with
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authority about these developments but concur with Sim [49] on several aspects of the use of mobile
data-reporting devices in health, including the observations that ”Tracking and reporting data are
a mean to an end not an end in itself” and that “Innovation in electronic sensing is in many ways
outpacing the imagination for how these sensors can be used clinically.” The second of those sentiments
may be seen a warning to expect some developments in data acquisition to turn out to be diversions
(or blind alleys) in the clinical context.

Beyond these thoughts is the much more significant challenge of sifting this unprecedented mass
of data to identify signs, signals and biomarkers that are robust, reliable, meaningful and capable of
being used to guide therapy. The work Deng and colleagues, who have advocated for pre-procedural
gene expression profiles of peripheral blood mononuclear cells as indicative of longer-term survival
prospects in patients with AdHF undergoing mechanical circulatory support, is an illustration of the
immense and exciting potential in this area [51,52]. We are unreservedly positive for the longer-term
prospects in this area but once more concur with the views of Sim [49] and others, about the challenges
of successful implementation [53–55].

In the imminent era of Big Data as a day-to-day reality filtering the signal from the noise will
be essential if clinicians are not to be simply overwhelmed by the volumes of information suddenly
at their disposal. The USA alone is estimated to generate per annum 14 petabytes of data just
from echocardiography results, a volume of material that defies exhaustive analysis by conventional
methods [47]. Machine learning and AI may be central to the effective identification and analysis and
orderly presentation of relevant data. Unsupervised machine learning (when computers are tasked
to identify underlying relationships in a dataset) combined with ‘pan-omic’ analysis (i.e., genomics,
proteomics, transcriptomics, metabolomics, etc.) from high throughput molecular profiling may provide
a practical foundation for the sort of precision phenotyping aspired to by Triposkiadis et al. [42] and
for ‘hyper-local analytics’ [47]. Deep learning, based on neural networks, is another aspect of the
machine learning and AI revolution likely to find applications in cardiology [56,57].

The challenges of bringing machine learning and AI effectively into the practice of cardiology
and more specifically into the management of heart failure are not to be underestimated (see
Shameer et al. [47] and Johnson et al. [48] for excellent commentary on current methodologies and
some of their pitfalls and limitations, including some observations on the cost barriers that may be
encountered in acquiring biomedical data) but seem likely to be overcome within a short span of
years. There are ample reasons for optimism in this area but confident prediction of what will become
available and when and to what effect is beyond the powers of these authors.

9. Trials Design—Time for a Change?

Research into new therapies for AHF and AdHF in recent decades has come to resemble the
definition of insanity ascribed to Einstein—doing the same thing over and over again and hoping for
a different result. One emerging therapy after another is added to the SoC repertoire in a Phase 3 trial
and in that context each in turn fails to meet the prespecified endpoints for meaningful efficacy.

We may have reached a stage where the broad-spectrum pathophysiology of HF, with different
signs, symptoms and manifestations, different aetiologies and different patient co-morbidities,
explored against a background of SoC medication, may preclude identifying meaningful incremental
clinical benefits using traditional trial methodology.

One response to this situation may lie in the adoption of a composite clinical endpoint evaluated
in a hierarchical manner. The methodology ensures that all trial participants contribute to the
overall outcome analysis through one or more of the specified outcomes; this has helpful practical
implications for the number of patients needed and the length of follow-up required to generate
endpoint data. Highly affirmative initial results have emerged from the ATTR-ACT study, which used
this methodology to evaluate tafamidis in transthyretin amyloid cardiomyopathy [58] and the LeoDOR
study (NCT03437226) is currently using a similar approach to outcome assessment in AdHF patients
receiving intermittent cycles of levosimendan therapy [59,60].
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More radical ways forward may include the adoption of Bayesian adaptive trial design,
which facilitates the study of multiple treatment approaches and therapies in multiple patient
phenotypes within a single trial, while maintaining a reasonable sample size [61]. Another possibility
is the adoption of the group-sequential multi-arm multi-stage (MAMS) trial. The relative strengths
and limitations of these methods have been reviewed in detail [62,63]. Overarching these methods is
the concept of the “platform” trial, a clinical study with a single master protocol in which multiple
treatments are evaluated simultaneously. This offers flexibilities such as dropping treatments for futility
or adding new treatments during the course of a trial. Platform trials have the attraction of being able
to deliver robust results with fewer patients and less time than a traditional two-arm trial [64].

Some cautionary comments are appropriate at this point. These emergent trial methods may
be attractive for their statistical and methodological properties but their implementation in practice
can be very highly resource-intensive, even by usual standards and especially when they include
biomarkers. Essential preparation for Bayesian adaptive platform trials includes extensive stakeholder
consultations, in-depth statistical modelling and definition of both the best outcome measures and
intra-study endpoints. Morrell et al. [65], Hague and colleagues [66] and Schiavone et al. [67] have
recently offered some observations on the practicalities of conducting platform trials, based on first-hand
experience and enquiry. One aspect of note is that “the biomarker-stratified trial has the effect of
making staff in the trial office aware of specific patients in a unique way compared to non-stratified
trials,” despite anonymization” [65]. This represents a profound alteration to the human environment
of clinical trials’ conduct, which may be amplified by the emergence of ‘decentralized’ clinical trials that
are conducted via mobile health or telemedicine platforms and involve virtual recruitment, delivery of
trial products direct to the participants’ homes and smartphone-assisted outcome assessment [49].

10. Some Views for the Future

The various trends and opportunities we have identified in this review outline a future for the
development of treatments for acute or advanced heart failure perhaps very different from those
of the past 20 years. Significantly, however, we might re-write that sentence to give an important
different emphasis—“The various trends and opportunities we have identified in this review outline a future

for the treatment of acute or advanced heart failure perhaps very different from those of the past 20 years.”

Readers will note that this second description emphasizes changes in the usage of drugs over the
development of new drugs.

Our views in this regard are shaped by two notable recent publications [2,68], both of which
have argued that what matters to patients who are hospitalized with a decompensation event is that
they avoid further such hospitalizations and avoid the increase in mortality that occurs during the
recovery phase. Viewed from that perspective the clinical stabilization achieved during the acute
phase of hospital admission may be a secondary objective and to a substantial degree disconnected
from the longer-term outcomes that patients prize. As Hamo and colleagues have pointed out [2],
the physiological changes that lead to hospitalization take place days or weeks before hospitalization
whereas the major adverse outcomes of death or rehospitalization mostly occur post-discharge.
That temporal difference, combined with the now extensive evidence that acute-phase symptom
relief with available therapies does not reliably improve long-term outcomes strongly suggests that
either (a) relief of symptoms may be dissociated from central pathophysiological mechanisms; or
(b) any pathophysiological pathway that is targeted by an acute-phase intervention is not going
to be fully rectified by such short-term therapy. Conceivably both of these considerations may
apply simultaneously.

Further, it is difficult to distinguish between patients suffering from the heart failure syndrome
who still have cardiac reserve and respond to short-term therapy with stabilization and those who
display a similar a clinical picture but show little benefit and poor outcome due to a totally worn
out heart.
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The need, as Hamo et al. [2] express it, to assign the right drug to the right patients at the right
time to deliver meaningful benefit to AHF or AdHF patients is likely to be facilitated to a quite
extraordinary degree by the developments in data acquisition and analysis we have acknowledged
and the hyper-detailed phenotyping anticipated by Triposkiadis et al. [42]. That pathway of evolution
in patient profiling might indeed provide insights and a firmer basis for the development of effective
and successful new intravenous therapies. One possible outcome from this transformation is that the
SoC repertoire that has dominated since the 1980s is finally superseded. The disappointing experience
in clinical trials during the past 20 years of adding of new agents to SoC has created an impression that
SoC rather than providing a foundation for further advances has acted as a glass ceiling through which
newer agents struggle to break. With hyperdetailed insights into the pathophysiology of individual
patients the way may finally be open to new agents precisely targeted to specific pathophysiological
processes while the population-wide application of, say, ACE inhibitors and/or beta-blockers may
come to be seen as too imprecise to be justifiable.

It is not less plausible, however, that the data revolution might re-shape clinical strategy around
AHF and AdHF into a very different course in which an incident of decompensation is seen as
a cue to intensify and optimise out-patient management with the express purpose of preventing
future re-hospitalizations. We note in this context recent encouraging results using machine learning
algorithms for the early detection of acute cardiac decompensation [69,70] or estimation of a patient’s
risk for early re-admission after an index event [71] plus descriptions of the use of machine learning and
telemedicine to predict and monitor patients’ treatment adherence [49,72]. Similar technologies might
also be deployed to optimise the functioning and performance of specialist AdHF units such as that
recently described by Kreusser and colleagues [73]. The success of the TIM-HF2 (NCT01878630) trial
of telemedical interventional management in reducing unplanned cardiovascular hospital admissions
and all-cause mortality is also highly pertinent in this context [74,75].

In such a scenario the emphasis in the development of overall effective medical therapy for AHF and
AdHF may well be towards drugs that can be accommodated in the outpatient repertoire (and therefore
probably given orally) rather than towards drugs (probably given parenterally) that are intended for
the management of a decompensation crisis. Repurposing of existing agents, including drugs with
no current cardiology indication, guided by new in-depth knowledge of pathophysiology is another
possible line of development [76]. An ultimate goal for such a pathway would be to develop patient
monitoring to such a degree of immediacy and accuracy (“ecological momentary assessment [49]”) that
decompensations are wholly avoided by prompt, appropriate clinical responses. Such a programme,
if successfully implemented, might render the concept of “acute-phase intervention” substantially
redundant by eliminating episodes of decompensation. A review of notable ongoing research in this
area has recently appeared in this Journal [77].

As regards drug discovery and translational science in the field of acute cardiac care,
the translational committee of the ESC-HFA issued some scientific bases [78] designed to pave
the way towards the development of new agents but the preclinical field remains scarcely populated,
with just some notable exceptions such as the calcium sensitizer/PDE inhibitor ORM-3819 [79,80].

11. Implications for Drug Development

Commercial and societal responses to this new world of ultra-detailed patient characterization
and real-time monitoring must be considered. In an era of hyper-detailed patient profiling it may
transpire that fitting the right drug to the right patient translates in practice to each new drug being
appropriate for a small, even tiny, number of patients. “Heart failure” might be transformed into
a myriad of orphan drug indications. The implications on the ‘evidence based medicine’ predilection
for large trials is evident. The implications for commercial profitability and/or drug acquisition costs is
even more prominent.

Some pertinent and sharply framed observations that have recently emerged on the possibility of
a not-for-profit model of antibiotic development might conceivably also come to apply to drug design
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in heart failure [81]. We take no position on whether such a shift would be inherently a good or bad
thing but certainly it would mark a profound departure from the current model of drug discovery and
development. (See Dungen et al. [82] for another perspective on this issue.)

These financial pressures will not be confined to cardiology – medicine as a whole faces similar
pressures and opportunities. To that extent we anticipate, therefore, that new arrangements for the
funding of medical treatments will address these tensions—but we are not equipped to speculate about
the form these new arrangements may take or any unintended consequences they may create.

12. Conclusions

Hospitalization for heart failure, whether as a presentation of AHF or a decompensation in the
context of AdHF, results in a down-shift in the trajectory of the syndrome that is associated with
worsening outcomes and patient quality of life and increased costs of care. Medical progress to address
these challenges has substantially stalled in the past 20 years but advances in data technology and
analytics, along with developments in clinical trials design now offer opportunities to re-envision heart
failure as a complex pathophysiological continuum in ways that may help to bring a new generation
of therapies into clinical use. Meanwhile it would be advisable for the clinicians to evaluate if the
nearly total absence of evidence of benefit with some of the traditional i.v. drugs used in AHF and
AdHF (such as the catecholamines or the phosphodiesterase inhibitors) warrants their elimination from
routine use in favour of treatments where such evidence has been accrued (e.g., for levosimendan).
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Abstract: The renin–angiotensin–aldosterone system (RAAS) has been studied extensively, and with
the inclusion of novel components, it has become evident that the system is much more complex
than originally anticipated. According to current knowledge, there are two main axes of the
RAAS, which counteract each other in terms of vascular control: The classical vasoconstrictive axis,
renin/angiotensin-converting enzyme/angiotensin II/angiotensin II receptor type 1 (AT1R), and the
opposing vasorelaxant axis, angiotensin-converting enzyme 2/angiotensin-(1-7)/Mas receptor (MasR).
An abnormal activity within the system constitutes a hallmark in hypertension, which is a global health
problem that predisposes cardiovascular and renal morbidities. In particular, essential hypertension
predominates in the hypertensive population of more than 1.3 billion humans worldwide, and yet, the
pathophysiology behind this multifactorial condition needs clarification. While commonly applied
pharmacological strategies target the classical axis of the RAAS, discovery of the vasoprotective
effects of the opposing, vasorelaxant axis has presented encouraging experimental evidence for a
new potential direction in RAAS-targeted therapy based on the G protein-coupled MasR. In addition,
the endogenous MasR agonist angiotensin-(1-7), peptide analogues, and related molecules have
become the subject of recent studies within this field. Nevertheless, the clinical potential of MasR
remains unclear due to indications of physiological-biased activities of the RAAS and interacting
signaling pathways.

Keywords: hypertension; renin-angiotensin-aldosterone system; MasR; angiotensin-(1-7)

1. Introduction

Hypertension (HT) affects more than 1.3 billion individuals worldwide and is regarded a major
risk factor for mortality and morbidity [1,2]. Extensive research confirms that HT is an independent risk
factor for severe cardiovascular (CV) and renal events including myocardial infarction, heart failure,
ischemic stroke, peripheral artery disease, and end-stage renal disease [3,4], and represents a major
public health problem.

According to the guidelines of the European Society of Cardiology (ESC) and the European Society
of Hypertension (ESH), HT is defined as an office systolic blood pressure (BP) ≥ 140 mmHg and/or
diastolic BP of ≥ 90 mmHg [3]. This definition was generally accepted until 2017, where the guidelines
of the American College of Cardiology (ACC) and the American Heart Association (AHA) lowered the
threshold for diagnosis of HT to a systolic BP of ≥ 130 mmHg and/or a diastolic BP of ≥ 80 mmHg [4].

HT is considered a multifactorial disease that involves environmental and genetic factors, as well as
lifestyle and risk-conferring behaviors [5,6]. It can be categorized as essential or secondary HT, of which
essential HT accounts for about 95% of the hypertensive population, and refers to HT with no identifiable
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cause [3,7], while secondary HT accounts for 5–15% [3] and represents a complication to an identified
cause, e.g., renovascular disease, endocrine disorders or drug association [3]. In comparison, proper
and early intervention in secondary HT may help control BP in addition to treating the underlying
cause [3], while the polygenic character of essential HT complicates treatment [8]. In addition,
experimental research has suggested a link between HT and structural alterations in genes encoding
separate components of the renin-angiotensin-aldosterone system (RAAS) [9,10], indicating that changes
in the activity of RAAS-regulated genes may increase the risk of developing HT [8]. These findings
suggest that HT is associated with a dysfunctional RAAS.

The RAAS has been studied extensively, and is known to play a pivotal role in BP control [11].
Among current treatment strategies, RAAS targeting is common and includes renin inhibitors,
angiotensin-converting enzyme (ACE) inhibitors, angiotensin II type 1 receptor (AT1R) antagonists
(also known as angiotensin II receptor blockers, ARBs), mineralocorticoid receptor-antagonists and
aldosterone synthase inhibitors, which all serve to block the RAAS at different loci [12,13]. In addition,
diuretics, β-adrenoceptor antagonists and calcium channel blockers are drug classes that aid in
lowering both BP and risk of CV events [3]. According to available data, the activity of the RAAS
depends on a balance between the classical vasoconstrictive axis and the opposing vasorelaxant
axis [14]. The latter is said to counteract the adverse effects mediated by AT1R, which is linked to
the pathophysiological actions of angiotensin II (Ang II) and to cardiovascular disease (CVD) [14].
The beneficial effects of the G-protein coupled Mas receptor (MasR) was originally associated with
binding of endogenous Ang-(1-7). Yet, the discovery of novel agonists, e.g., CGEN-856S and AVE 0991,
has extended the therapeutic potential of the RAAS, and furthermore, encouraging research data has
led to the investigation of the potential of MasR-based drugs [15].

By illuminating various actions and interactions of MasR, related to vasculature and BP regulation,
this review aims to examine the role of MasR in HT and to evaluate its potential as a target in
antihypertensive drugs.

2. The Renin-Angiotensin-Aldosterone System (RAAS)

2.1. The Classical RAAS

Renin is considered the rate-limiting component of the RAAS, in which it is released in response
to stimuli related to lowered BP, e.g., a decreased renal perfusion pressure, an increased sympathetic
tone or a decreased delivery of sodium chloride to the macula densa [9]. Renin cleaves hepatic
angiotensinogen into angiotensin I (Ang I), which is then converted into the main effector molecule,
Ang II, by the angiotensin-converting enzyme (ACE) [13]. Ang II acts through G-protein coupled AT1R
to promote water and sodium retention, vasoconstriction, pro-inflammation, and adrenal secretion
of aldosterone [13], which further synergistically accelerates renal sodium and water retention by
stimulating the mineralocorticoid receptors [11]. In addition, the activation of mineralocorticoid
receptors in extra-renal tissues, e.g., the heart and vessels, has been reported to promote endothelial
dysfunction and tissue remodeling due to formation of reactive oxygen species (ROS) [12,13].

Ang II also binds to angiotensin II type 2 receptor (AT2R) of the proximal tubule, cortical collecting
ducts and resistance arteries, which promotes hypotensive and natriuretic effects, thus opposing the
actions of AT1R [15,16]. However, data suggest that AT1R predominates in a physiological setting,
due to the fact that experimental activation of AT2R often requires pretreatment with ARBs, to prevent
Ang II from binding AT1R instead [16]. Local actions of Ang II thus depend on the combined net effect
of AT1R and AT2R [17], and it seems likely that an abnormally high activity in the AT1R predisposes
to HT.
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2.2. Extension of the RAAS

In the past few decades, extensive research on the RAAS has expanded our general understanding
of the system, making it clear that it is much more complex than originally anticipated [15] and
comprises various biologically active metabolites (Figure 1).

An alternate substrate for Ang II generation is Ang-(1-12), which serves as an upstream precursor
for Ang I and Ang II [18]. Cleavage of Ang II by aminopeptidase A (APA) generates Ang-(2-8) (Ang
III), which binds AT1R to promote a pressor response similar to that of Ang II, but with a prominent
role in the brain [19]. Specific APA inhibitors such as RB150 have thus been developed and are still
being tested in animals [20]. Further cleavage of Ang III produces Ang-(3-8) (Ang IV), which binds
AT4R to promote vasodilation in cerebral and renal vascular beds, facilitating renal blood flow and
sodium excretion [21].

Figure 1. Schematic overview of the renin/ACE/Ang-II/AT1R axis, ACE2/MasR/AT2R axis and
AngA/Alamandine-MrgD axis, modified from [22]. ACE, Angiotensin converting enzyme; AGT,
angiotensinogen; Ang, angiotensin; APA, aminopeptidase A; APN, aminopeptidase N; AT1R,
angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; MasR, Mas receptor; MrgD,
Mas-related G-protein coupled receptor type D; NEP, neutral endopeptidase, POP, prolyloligopeptidase;
PRCP, prolylcarboxypeptidase; TOP, thimet oligopeptidase.

Ang-(1-9) is another interesting metabolite due to its anti-hypertensive actions. It is generated
from Ang I and induces AT2R-mediated vasodilation, natriuresis, decreased CV remodeling and
anti-proliferation [23]. In hypertensive models, Ang-(1-9) has been shown to ameliorate CV injury,
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while in clinical studies, it opposed CV remodeling in patients with HT and/or heart failure [24].
Evidence thus suggest a therapeutic potential of Ang-(1-9), but an in-depth evaluation is considered
beyond the scope of this review.

Heptapeptide Ang-(1-7), which is a specific MasR agonist, plays a central role in the
counterregulatory arm of the RAAS, ACE2/Ang-(1-7)/MasR. It can be generated by different enzymes,
but with the most potent being ACE2 [25], which can produce Ang-(1-7) through hydrolysis of Ang
II, or from Ang I with Ang-(1-9) as an intermediate step [15]. The former pathway is more favorable,
due to ACE2′s affinity to Ang II [17]. Ang-(1-7) only differs from Ang II in its lack of the C-terminal
phenylalanine residue, and it was considered as a MasR agonist upon the discovery of a selective
Ang-(1-7)-antagonist [26,27]. Ang-(1-7) exerts nitric oxide (NO)-dependent vasorelaxation via the
MasR, which opposes the effects of AT1R [26]. ACE2 and MasR are expressed in the same tissues,
suggesting that Ang-(1-7) provides specific protection in these organs [25]. Yet, the relative role
of different enzymes in the synthesis of Ang-(1-7) vary considerably, depending on cell type and
tissue [28].

Furthermore, recent studies revealed interactions of Ang-(1-7) with other RAAS receptors,
including AT1R and AT2R, suggesting that the actions of Ang-(1-7) rely on an interplay with the
classical RAAS, and additionally depend on local expression levels of MasR, Ang-(1-7), Ang II, AT1R
and AT2R [29].

Lastly, it should be mentioned that ACE2 converts angiotensin A into vasoactive alamandine,
which is related to Ang-(1-7) and binds a Mas-related G-protein coupled type D receptor
(MrgD) [30]. This constitutes an AngA/alamandine-MrgD pathway with similar properties to the
ACE2/Ang-(1-7)/MasR axis [20]. The comparative difference is investigated in preclinical studies [31].

2.3. Blood Pressure Regulation by the RAAS

BP is a measure to describe the intravascular pressure generated by circulating blood, and it can
be calculated from cardiac output (CO) and total peripheral resistance (TPR), in accordance with the
law of Ohm [32]. Both CO and TPR, are affected by various mechanisms, including the RAAS, which
is a vital regulator of homeostasis [25] and in particular of fluid volume, BP, electrolyte balance, and
neuroendocrine functions [9].

According to the classical paradigm [15], sodium reabsorption is mediated by Ang II acting
on renal sodium-hydrogen exchanger 3, while aldosterone acts on sodium-chloride cotransporter,
ENaC, and renal outer medullary potassium channel [15]. Salt and water retention is triggered
by hypovolemia, while potassium excretion is additionally stimulated by hyperkalemia [15]. As a
consequence, BP is increased due to an expansion in the extracellular fluid volume. The RAAS-mediated
pressor effect is further accelerated by an increase in sympathetic activity and a secretion of aldosterone
and vasopressin [5,17]. With these mechanisms in consideration, the risk of developing essential HT is
increased with a hyperactive RAAS. This theory is being supported by the successful treatment with
RAAS blockers [9].

2.4. The Two Arms of the RAAS

The classical pathways leading to generation of angiotensin peptides have been described
extensively, but the general understanding was challenged by the first description of Ang-(1-7) as
an endogenous inhibitor of the RAAS [33]. This has led to a growing interest in characterizing
counterregulatory components of the RAAS, while searching for novel targets in CVD therapy [12].
It is now believed that the RAAS consists of two distinct, opposing arms: ACE/Ang II/AT1R and
ACE2/Ang-(1-7)/MasR.

Overstimulation of the vasoconstrictive axis is associated with CVD, including HT and myocardial
infarction with possible progression to heart failure [34]. The pathophysiology is associated with
excessive vasoconstriction, fibrosis, endothelial dysfunction, tissue remodeling [34], and in particular
with ROS formation by NADPH oxidase [35]. In addition, research has indicated that the detrimental
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effects are partially associated with a suppression of the counterregulatory arm of the RAAS, resulting
in increased levels of Ang II and reduced levels of Ang-(1-7) [36]. Taken together, blocking the classical
RAAS has served an effective the strategy in pharmacotherapy for decades.

On the other hand, the alternative vasorelaxant axis constitutes an intrinsically protective
mechanism, associated with beneficial outcomes in CVD [25]. The actions of Ang-(1-7) were originally
thought to be mediated exclusively through MasR. However, it has been demonstrated that Ang-(1-7)
also binds to AT2R and AT1R, when present in higher levels [37,38]. In fact, it has been proposed that
the AT2R is responsible for the vasodepressor effects of Ang-(1-7) [38], while other studies suggest that
Ang-(1-7) inhibits AT1R in a non-competitive manner [31].

MasR is a biologically active peptide encoded by the MAS1 gene, which was identified as a
proto-oncogene, based on its ability to induce tumorigenicity in murine cells [26]. MasR is predominantly
expressed in the brain and the testes, while moderate levels are found in the heart, kidney and vessels [39].
It has a similar structure to other G-protein coupled receptors (GPCRs) [40]. Human endothelium
express MasR, through which Ang-(1-7) alters local redox balance and promotes vasodilation, oxidative
stress reduction and antifibrosis [39]. Based on the observation that it triggered the release of vasopressin
in a similar manner to Ang II, Ang-(1-7) was originally thought to be a selective MasR agonist [5,33].
The endothelial synthesis of Ang-(1-7) was first described by Santos et al. [41].

MasR was shown to constitutively couple to Gq-proteins and to promote ischemia-reperfusion
in rats stimulated with synthetic peptide ligands [42]. Controversially, Ang-(1-7) does not induce
Gq-related alternations, but rather acts through a non-G-protein mechanism to promote release of
arachidonic acid, bradykinin and prostaglandins, while additionally activating endothelial nitric
oxide synthase (eNOS) [42]. This was observed in spontaneously hypertensive rats (SHRs), in
which the protective axis was blocked with an Ang-(1-7) antagonist, A-779, repealing the effects of
Ang-(1-7) [35,43]. In a similar manner, this was observed in mice with ablation of the MAS1 gene [39].
Yet, a study on human aortic endothelial cells suggested that Ang-(1-7) attenuates the classical RAAS
through a mitogen-activated protein kinase cascade [35], while another proposed mechanism was
that Ang-(1-7) inhibits Ang II-induced c-Src phosphorylation, which increases NO bioavailability
and attenuates ROS formation [35]. Moreover, the ACE2/Ang-(1-7)/MasR axis could be a promising
therapeutic option for diabetic patients since the activation of this axis through the use of cyclic
Ang-(1-7) offered renoprotection in mice with type 2 diabetic nephropathy [44].

Taken together, these data indicate that distinct CV actions of Ang-(1-7) are mediated through
MasR [15], but that this involves an interplay with other pathways of the RAAS. Furthermore, the
effects of Ang-(1-7) seem to be affected by factors such as the presence of additional receptors and
angiotensin peptides, local expression levels, and the general state of the tissue [17].

3. Novel MasR Agonists

In recent decades, the protective arm of the RAAS has been considered a promising approach in
treatment of CVD, and different strategies are under investigation.

Based on the knowledge of ACE2, which is crucial in maintaining the balance between the
opposing RAAS axes, a novel therapeutic strategy aims to increase endogenous levels of Ang-(1-7)
by using ACE2 activators [45]. Alternatively, injection of endogenous alamandine has been shown
to reduce BP and decrease post-ischemic reperfusion injury in SHRs [30], which is likely because of
the morphological similarity between alamandine and Ang-(1-7). However, alamandine does not
bind to MasR but to the MrgD receptor with similar properties [31]. Furthermore, alamandine has
been compared with synthetic AVE 0991, which was the first orally active MasR agonist, in which
organ protection was demonstrated as a dose-dependent vasorelaxation in aortic rings of SHRs [43].
This effect was absent in MasR deficient mice [46], and Faria-Silva et al. [47] further demonstrated
how Ang-(1-7) and AVE 0991 both potentiate vasodilation in Wistar rats. The effects of AVE 0991 are
multiple and quantitatively comparable to those of Ang-(1-7) [25]. In addition, blockage of AVE 0991
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with Ang-(1-7) antagonists, A-779 and d-Pro7-Ang-(1-7), suggest that at least some of its actions are
mediated through MasR [48]. So far, AVE 0991 has not yet been studied in humans [20].

Another strategy is the generation of metabolically stable Ang-(1-7) analogues [49,50] by
encapsulating them with hydroxypropyl-β-cyclodextrin which protects the peptides from digestive
enzymes, thus producing a feasible formulation for oral administration of Ang-(1-7) [50]. Another
example is the peptidase-resistant thioether-bridged Ang-(1-7), which was shown to exert vasorelaxation
in aortic rings of rats in addition to improving cardiac remodeling and endothelial function following
myocardial infarction [51].

Advances in biotechnology have further enabled the discovery of novel agonists, such as CGEN-856
and CGEN-857 [28]. These were reported to display specificity for MasR, without binding neither to
AT1R nor to AT2R. Vasoprotective effects of CGEN-856S were demonstrated in animals and included
a dose-dependent vasodilation of precontracted aortic rings (maximal value 39.99 ± 5.03%) and
vasorelaxation observed with infusion in SHRs [28].

Taken together, publications on novel MasR agonists report various beneficial properties of the
receptor, while application of MasR-blockers, which abolish the actions of Ang-(1-7) and related
peptides, additionally supports the theory that MasR improves endothelial function. Furthermore,
genetic modification of animal models, e.g., Mas-deficient mice, emerged as a valuable tool in assessing
actions and interactions of MasR, yielding an increasing body of evidence that reinforces the clinical
potential of MasR in the management of HT.

4. Mas Receptor in the Management of Hypertension

Within the past decade, there seems to be an ongoing shift in the strategy of interfering with the
activity of the RAAS [52]. Rather than blocking the classical pathway, as extensively done with the
established drugs, an increasing body of evidence on the beneficial effects of MasR has encouraged
researchers to exploit the potential of the ACE2/Ang-(1-7)/MasR axis in CV therapy [25,52]. This can be
done using various Ang-(1-7) analogues and MasR agonists, as described (Table 1).

Notably, data on the competitive antagonism between Ang-(1-7) and Ang II for AT1R has resulted
in contrasting results and binding controversies, suggesting the possibility of pluridimensional receptor
actions, which needs further clarifications. In order to identify the relevance of an AT1R/Ang-(1-7) axis
Galandrin et al. [29] studied the interactions of Ang-(1-7) and AT1R by comparing Ang-(1-7)-mediated
effects in phenylephrine-precontracted aortas in wild-type mice with those in AT1R knockout mice.
They found that Ang-(1-7) attenuated the contraction in wild type, but not in knockout or in the
presence of AT1R antagonist candesartan. The results demonstrated the possibility that Ang-(1-7)
shows biased agonism for AT1R, or even antagonism, independent of MasR. In a similar experimental
setting with an Ang II-mediated aortic precontraction, Ang-(1-7) conversely potentiated the contraction
through MasR and thus promoted the development of HT [29].

Taken together, these studies demonstrate biased actions of Ang-(1-7) and suggest that the effects
mediated by the protective arm of the RAAS may depend on local interactions with the classical
system [53]. Evidence of interactions between MasR and additional receptors, including bradykinin
and endothelin receptors, further complicate the understanding of GPCR Mas [54,55], stressing the
need for future studies to clarify how the relationship between MasR and Ang-(1-7) depends on
e.g., cell type and local expression of other GPCRs. This could be crucial for developing future drugs
targeting the MasR.
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Table 1. Emerging potential drugs interacting with MasR.

Drug Mechanism of Action Effects on Blood Pressure Status

AVE 0991 AT2R/MasR agonist.
Orally active nonpeptide drug.

AVE 0991 binding to bovine aortic
endothelial cell membranes [43].
ACh-induced vasorelaxation in rats [47].
Potentiation of bradykinin through a
Mas-mediated mechanism [48].

Preclinical studies

CGEN-856S
CGEN-857 MasR agonist. Peptide drug.

Vasorelaxation in murine aortic rings [28].
Dose-dependent decrease in mean arterial
pressure (MAP) in SHRs [28].

Preclinical studies

HPβCD-
Ang-(1-7)

Stable Ang-(1-7) analogue.
Hydroxypropyl-β-cyclodextrin protects
Ang-(1-7) from digestive tract enzymes.

Chronic oral administration lowers BP in
rats following ischemia-reperfusion
injury [56].

Preclinical studies

Cyclic
Ang-(1-7) Peptidase resistant Ang-(1-7) analogue.

Improves endothelial function post-MI in
male Sprague Dawley rats [51].
cAng-(1-7) improved peripheral
endothelium-dependent vasodilation,
as measured in isolated aortic rings [51].

Preclinical studies

RB150/QGC001

A central acting prodrug of the selective
APA inhibitor, EC33.

Orally available compound with the
ability to cross the blood brain barrier.

Dose-dependent and long-lasting reduction
in BP in rats, possibly following a specific
blockage the of brain
renin–angiotensin–aldosterone system [57].

Preclinical and
phase II studies

Alamandine Vasoactive peptide derivative of AngA
with selective agonism on MrgD.

Central and peripheral BP reduction [20].
Diminishes reperfusion injury after
ischemia [30].

Preclinical studies

5. Discussion

HT is a major risk factor for CV morbidity and mortality, and extensive research has been conducted
to elucidate the pathophysiology of essential HT, which yet remains unclear [1]. Nevertheless, current
data emphasizes that the NO-pathway plays a crucial role and that there is a distinct link between HT
and a dysfunctional RAAS [9,10].

Within the past years, research in the field of antihypertensive therapy includes alternative RAAS
pathways, novel mineralocorticoid receptor-antagonists, renin inhibitors and aldosterone synthesis
inhibitors, peripheral noradrenergic inhibitors and gastrointestinal sodium modulators. This review
particularly examined the clinical potential of MasR, which ameliorates CV injury by increasing levels
of NO while reducing levels of ROS [35].

As demonstrated in animal-based studies, knowledge about the protective arm of the RAAS
may pave the way for a new direction in treatment of HT, focusing on the endogenous protective
mechanisms of the RAAS, rather than on the blockage of the classical system [52]. The potential of a
new direction is reinforced by the positive CV effects of MasR agonists, such as AVE 0991, CGEN-856,
or chemically modified Ang-(1-7). In preclinical studies it was shown that the nonpeptide compound
AVE 0991 efficiently mimics the effects of Ang-(1-7) on the endothelium. The oral drug acts the
stimulation of a specific, endothelial Ang-(1-7)-sensitive binding site causing kinin-mediated activation
of endothelial NO synthase in bovine aortic endothelial cells [43]. Short-term Ang-(1-7) infusions
significantly elevated the hypotensive effect of an intra-arterial ACh administration in normotensive
rats [47]. A similar effect was seen with its analogue AVE 0991 [47]. The knowledge that Ang-(1-7) and
its analogues improve endothelial function in vivo. opens new possibilities for the future treatment of
CVD such as hypertension, and heart failure [47]. In addition, a synergistic effect of AVE 0991 and
bradykinin on NO release was measured in normotensive rats. These findings show that AVE 0991
potentiates bradykinin through an Ang-converting enzyme–independent, NO-dependent receptor
Mas-mediated mechanism. This effect may contribute to the improvement of endothelial function by
AVE 0991 in vivo. [48].

Moreover, CGEN-856 and CGEN-857 revealed a high specificity for the Mas receptor, eliciting
calcium influx in Chinese hamster ovary cells overexpressing Mas [28]. These peptides activate G
protein–coupled receptors. CGEN-856S induced a NO- and Mas-dependent vasorelaxation in isolated
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aortic rings and decreased MAP in spontaneous hypertensive rats (SHRs) [28]. CGEN-856S is a
novel Mas agonist with a therapeutic value, because it induces vasorelaxant, antihypertensive, and
cardioprotective effects in SHRs [28]. There are similarities and differences among CGEN-856S,
Ang-(1-7), and AVE 0991. CGEN-856S is apparently more stable than Ang-(1-7) and has no
ACE-inhibitory activity. Due to its hydrophobicity, AVE 0991 is able to cross the blood-brain barrier
and also shows central actions [28]. Some central effects of Ang-(1-7) are opposite to those evoked in
the periphery. Therefore, it is important to study the possibility that some peripheral effects of AVE
0991 could be masked by its central actions. On the other hand, Ang-(1-7) is endogenous and has
demonstrated well-characterized Mas-dependent actions [28].

Moreover, the inclusion of Ang-(1-7) into the oligosaccharide hydroxypropyl β-cyclodextrin
(HPβCD) provided a stable oral analogue [56]. Long-term treatment with HPβCD/Ang-(1-7) in
rats could attenuate the pathological remodeling process post-myocardial infarction (MI). This data
indicated that Ang-(1-7) is acting beneficial in CVD [56].

In addition, a further compound is the stabilized, thioether-bridged analogue of Ang-(1-7) called
cyclic Ang-(1-7), which was tested in a rat model of MI [51]. cAng-(1-7) lowered left ventricular
end-diastolic pressure and improved endothelial function in rats. A recent paper showed that adding
cAng-(1-7) to ACE-inhibitor therapy is beneficial to diabetic patients not completely responding to
ACE-inhibitor therapy [44].

Another aspect to discuss is that a hyperactive brain renin angiotensin system (RAS) is involved
in the development and maintenance of HT in several hypertensive animal models. In the murine
brain, APA is involved in the conversion of Ang II to Ang III, an effector peptide of the brain RAS
and responsible for vasopressin release [57]. RB150 is a prodrug of the specific and selective APA
inhibitor EC33. Intravenously administrated RB150 is crossing the blood-brain barrier, inhibits brain
APA, and blocks central Ang III formation in rats [57]. These findings demonstrate an important role
of brain APA as a candidate target for the treatment of HT. The authors suggest that RB150, a potent
systemically active APA inhibitor, could be the prototype of a new class of antihypertensive agents for
the treatment of certain forms of HT [57]. Targeting Ang III by inhibiting brain APA is now considered
a novel treatment strategy in HT [58]. After crossing the blood-brain barrier RB150 generates two active
molecules of EC33 that block brain APA activity. RB150 reduced blood pressure through inhibition of
vasopressin release, which elevated diuresis. This is followed by a reduction in extracellular volume, a
decrease in sympathetic tone, leading to a reduction of vascular resistances, and the improvement of
the baroreflex function [58].

Today, RB150 received the new name firibastat by the World Health Organization. Phase Ia/Ib
clinical trials demonstrated that firibastat is clinically and biologically well tolerated in healthy
volunteers [58]. The clinical efficacy of firibastat in hypertensive patients was investigated in two
phase II studies. Firibastat could represent the first drug of a novel class of antihypertensive drugs
targeting the brain RAS [58].

New therapeutic approaches to prevent the activation of the brain neuromodulatory pathway
may lead to improve heart failure (HF) are under investigation. The phase II study ‘QUantum
Genomics Incremental Dosing in Heart Failure - QUID-HF’ (QUID-HF; ClinicalTrials.gov Identifier:
NCT02780180) investigates safety and efficacy of the drug QGC001 (APA inhibitor and prodrug of
EC33) vs. placebo in heart failure patients. Current phase III studies on HT with this drug are in the
planning phase. Quantum Genomics announces positive FDA feedback on phase III program design
of firibastat (QGC001) in resistant arterial hypertension.

Furthermore, ACE2 also converts Angiotensin A (AngA), a product of Ang II, into the peptide
Alamandine, which interacts with the Mas-related G protein-coupled receptor D (MrgD) [20].
Alamandine decreased like AVE 0991 ventricular hypertrophy, reduced blood pressure and decreased
reperfusion injury after ischemia in animal models [30,59–61].
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The interactions of alamandine and Ang-(1-7) with the MrgD receptor demonstrate a potential role
of this pathway in cardiovascular pathophysiology and diseases. This novel molecular pathway may
play a key role in peripheral and central BP regulation and the process of cardiovascular remodelling.

Taken together, studies on Ang-(1-7) suggest the possibility of pluridimensional receptor actions,
which depend on an interplay with additional pathways of the RAAS [53]. ACE2 and Ang-(1-7)
counteract the adverse effects of RAS components (Figure 1) and have demonstrated protective effects
on the vascular and cardiovascular system. Randomized clinical trials should be performed to study
the effects of therapies targeting Ang-(1-7) and the Mas receptor. In addition, available data support
the hypothesis that MasR acts to maintain endothelial function, as seen in MAS deficient mice or with
application of MasR blockers [29].

6. Conclusions

It has become evident that the RAAS is more complex than originally anticipated and that
an abnormally high activity within the system, for instance due to an imbalance between the
counterregulatory axes, may contribute to the development of HT. In several preclinical studies, it has
been demonstrated that amplification of the protective arm opposes the deleterious CV effects of the
classical RAAS, by decreasing local tissue formation of ROS while stimulating the release of powerful
locally acting vasodilators: NO, bradykinin and prostaglandins. Moreover, the pathophysiological
consequences of the RAAS seem to depend on the balance obtained within the system, varying with
changes in tissue condition and local expression levels of the signaling pathways. As a result of this,
future studies on RAAS should focus less on a one peptide-one pathway approach, but on the evidence
of tissue-specific pathways and on the local and systemic interactions of the RAAS. Furthermore,
novel MasR agonists permit a new direction in RAAS-targeted therapy, and thus MasR shows a
promising potential in future management of the global burden of HT, including the many associated
comorbidities. Finally, this review emphasizes the need of studies to elucidate the signaling pathways
of MasR, including the proposed cross-talks with additional RAAS components, and furthermore, the
crucial need of clinical trials to confirm that the Mas-dependent pathway has a therapeutic effect in
human essential HT. This requires demonstration of sufficient BP control and/or less adverse effects, in
comparison with the use of classic RAAS inhibitors.
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Abstract: Background: Cardio-vascular target organ damage predicts the onset of type 2 diabetes
mellitus (DM) in hypertensive patients. Whether an increased incidence of DM is also in relation to
the severity of coronary atherosclerosis is unknown. Objective: We evaluated the onset of DM in
relation to the extent and severity of coronary atherosclerosis, using the SYNTAX (Synergy between
Percutaneous Coronary Intervention with Taxus and Cardiac Surgery) score (SS), in patients with
stable angina or acute coronary syndromes, referred for coronary angiography (CA). Methods:
Non-diabetic patients that underwent CA for the first time were included, and the SS was computed.
Predictors of DM onset in low, medium, and high SSs were investigated. Results: Five hundred
and seventy patients were included, and the mean SS was 6.3 ± 7.6. During a median follow-up
of 79 months (interquartile range (IQR): 67–94), 74 patients (13%) developed DM. The risk of DM
onset was significantly higher in the patients with a medium or high SS (hazard ratio (HR)—95%
confidence interval (CI): 16 (4–61), p < 0.0001; and 30 (9–105), p < 0.0001, vs low SS, respectively), even
after adjustment for obesity, history of hypertension, impaired fasting glucose, and cardiovascular
therapy. Conclusions: The severity and extent of the coronary atherosclerosis, evaluated by the SS, is
a strong and independent predictor of the development of DM in patients, referred to CA.

Keywords: coronary artery disease; diabetes mellitus; atherosclerosis; coronary angiography

1. Introduction

Type 2 diabetes mellitus (DM) and cardiovascular (CV) disease are closely correlated. DM is
associated with a two- to four-fold increased risk of coronary artery disease (CAD) and stroke [1].
On the other hand, CV diseases are the main causes of death and disability among patients with
DM [2]. Furthermore, DM is associated with more extensive coronary atherosclerosis [3], and worse
outcomes in acute coronary syndromes [4]. The association with coronary atherosclerosis spans from
early stages of glucose intolerance to overt DM [5–7]. We previously demonstrated, in hypertensive
patients, that uncontrolled blood pressure is associated with a two-fold increased risk of diabetes
onset [8]. In addition, hypertension-mediated target organ damage (e.g., carotid atherosclerosis and left
ventricular hypertrophy) is a significant predictor of DM onset, independently of the baseline metabolic
profile, anti-hypertensive therapy, and other significant covariates [9]. Thus, a well-characterized
phenotype of hypertensive patients, carrying features suggestive of a high atherosclerotic burden,
places patients at a higher risk for developing DM during follow-up. However, at this time, there is no
direct demonstration that atherosclerosis exposes patients to a higher risk of DM development with a
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dose-response pattern. Identifying patients with an increased risk of DM, in the setting of patients
referred to Cat Labs for coronary angiography (CA), might be of paramount importance in terms
of cardiovascular prevention [10]. Therefore, the early identification of individuals with established
coronary artery disease at risk of type 2 DM could be further assessed for the severity of atherosclerosis,
even before the clinical appearance of the disease, in order to promote the aggressive management of
the metabolic profile in these patients.

Accordingly, we investigated whether the extension and severity of CAD diagnosed during CA
might be predictive of the future onset of DM.

2. Research Design and Methods

2.1. Patients

We screened all of the consecutive patients who underwent CA at the Cardiovascular Center
Aalst (Belgium), between 1 January 2009 and 31 December 2009. The exclusion criteria were as follows:
previous coronary angiogram, history of myocardial infarction or coronary artery bypass graft, or
the diagnosis of pre-existing diabetes. All patients signed informed consent for CA and for data
collection before the procedure. During the index hospital admission for CA, the blood pressure
(BP), heart rate (HR), body mass index (BMI), fasting glucose, glycated hemoglobin (HbA1c), lipid
profile, and kidney function were routinely assessed for each patient. All of the patients underwent
trans-thoracic echocardiogram (TTE), analyzed offline by one expert reader under the supervision
of a senior consultant, using dedicated work-stations (Echo-PAC Clinical Workstation Software, GE
Healthcare, Horten, Norway).

The SYNTAX (Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac
Surgery) score (SS) was calculated for all of the patients by two interventional cardiologists blinded
to the baseline clinical characteristics, procedural data, and clinical outcomes. Each coronary lesion
with more than a 50% diameter stenosis in vessels of at least 1.5 mm, by visual estimation, was
scored separately using the SS algorithm from the related website [11]. To assess the intra-observer
reproducibility, angiograms were re-analyzed by the same interventional cardiologist eight weeks
after the first analysis. The investigator remained blinded to the results of the first analysis. After the first
admission for CA (index procedure), patients were assessed for incidence of type 2 diabetes in all of the
subsequent follow-up visits or laboratory exams at the Cardiovascular Center of Aalst. To standardize the
follow-up (FU), we analyzed the ambulatory visits and laboratory data every 6 months, until the last FU.

2.2. Primary Endpoint

The primary endpoint of the study was the incidence of type 2 DM after index hospitalization.
Diabetes was defined according to the 2018 American Diabetes Association (ADA) criteria, as follows:
fasting plasma glucose of 126 mg/dL (7.0 m mol/L) or hemoglobin A1C of 6.5% (48 mmol/mol) [12]. To
accurately date the first diagnosis of diabetes, we carefully checked on the initiation of anti-diabetic
therapies, and on the laboratory data at the occasion of the outpatient clinic visit. The onset of diabetes
was adjudicated based on the earliest evidence of ADA criteria at the follow-up.

2.3. Measurements and Definitions

Obesity was defined as a BMI of 30 kg/m2. According to the ADA criteria, impaired fasting
glucose (IFG) was considered when the fasting plasma glucose was between 101 and 125 mg/dL. The
systolic and diastolic blood pressure (BP) was measured by standard aneroid sphygmomanometer
after 5 min rest in the supine position. Three BP measurements were obtained in the sitting position,
at 2 min intervals. The averages of these measurements were used for the analysis. Hypertension is
defined as office systolic blood pressure (SBP) values of 140 mmHg, and/or diastolic BP (DBP) values
of 90 mmHg, according to the European Society of Cardiology (ESC) guidelines [13]. We defined
peripheral vascular disease (PVD) as disease documented by a vascular imaging study (including
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a Computed tomography (CT) scan, ultrasound, peripheral angiography, and magnetic resonance
imaging (MRI) that was significant enough for the patient to be referred for elective vascular surgery
or percutaneous intervention.

2.4. Statistical Analysis

The data were analyzed using IBM SPSS Statistics (version 25.0; SPSS, IBM, Armonk, NY, US),
and expressed as mean ± 1 standard deviation (SD). The variables that were not normally distributed
were log-transformed. The study population was divided into quartiles of SS. For the exploratory
statistics, we considered the two lowest quartiles as low-risk SS (group 1); the third one, corresponding
to the median of distribution, as moderate-risk SS (group 2); and the highest one, corresponding to
the 75th percentile of the distribution, as high-risk SS (group 3). Analysis of variance (ANOVA) was
used to compare the baseline characteristics of the three groups of patients according to SS. Under
the assumption of increasing abnormalities from group 1 to group 3, polynomial linear and quadratic
contrasts were used to estimate the trend. The χ2 distribution was used to compare the categorical
variables, with the Monte Carlo simulation in order to obtain exact p-values.

The incidence of diabetes in relation to the three groups of SS was assessed using three models
of Cox regression analysis, as follows: (a) in the first model, age, gender, and metabolic profile were
included; (b) in the second model, the echo parameters and classes of drugs were included; (c) in the
third model, the dosages (low vs high dosages) of the statins (i.e., patients on rosuvastatine ≥20 mg/die
or atorvastatine ≥40 mg/die were considered as high dosage) were included. A two-tailed p-value of
<0.05 was used to reject the null hypothesis.

3. Results

3.1. Patients

Within the study period, 570 non-diabetic (mean age 65 ± 10 years; 69% males) patients fulfilled
the inclusion and exclusion criteria, and were included in this analysis. Table 1 shows the demographic
and clinical characteristics of the patients stratified by SS. In the patient population, the included SSs
were as follows: SS low, 0 to ≤4; SS medium, >4 to ≤10; and SS high, >10. The patients in the high
SS were older, and showed a lower heart rate and left ventricular ejection fraction. The basal fasting
plasma glucose was found to be progressively higher among the patients with medium and high SS,
while the lipid profile was more favorable in the medium SS. Table 2 shows the medical therapy at
discharge from the index hospitalization. All four classes of medications considered in the analysis
were prescribed more frequently in patients with a higher SS.

Table 1. Baseline demographic and clinical characteristics of participants stratified by SYNTAX score (SS).

Low SS
(n = 295)

Medium SS
(n = 151)

High SS
(n = 124)

p
(for trend)

Age (years) 65.5 ± 10.4 63.9 ± 10.5 67.1 ± 10.3 0.045
Sex (male/female %) 68.8/31.2 72.8/27.2 74.2/25.8 NS

Smokers (%) 47.5 53.0 48.4 NS
Hypertensives (%) 67.5 76.8 75.8 NS

BMI (Kg/m2) 27.1 ± 4.5 27.2 ± 4.3 27.3 ± 5.4 NS
Systolic BP (mmHg) 133.3 ± 22.0 128.8 ± 17.1 133.2 ± 19.4 NS
Diastolic BP (mmHg) 69.5 ± 11.4 69.3 ± 10.6 69.3 ± 11.3 NS

HR (bpm) 67.7 ± 12.2 66.9 ± 11.9 64.6 ± 8.7 0.048
Ejection Fraction (%) 67.9 ± 16.0 64.9 ± 14.0 61.6 ± 15.4 0.001

Fasting plasma glucose (mg/dL) 83.8 ± 13.2 85.6 ± 13.4 94.7 ± 13.5 0.0001
HbA1c (mmol/mol) 40.5 ± 8.7 40.4 ± 7.3 41.0 ± 7.5 NS

Total cholesterol (mg/dL) 172.6 ± 44.2 154.4 ± 36.6 156.0 ± 41.6 0.0001
LDL cholesterol (mg/dL) 91.8 ± 39.0 77.8 ± 31.4 81.1 ± 34.7 0.001
HDL cholesterol (mg/dL) 52.2 ± 16.8 51.0 ± 17.9 46.4 ± 14.5 0.01
Triacylglycerols (mg/dL) 147.3 ± 83.0 124.4 ± 67.4 146.1 ± 87.2 0.044
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Table 1. Cont.

Low SS
(n = 295)

Medium SS
(n = 151)

High SS
(n = 124)

p
(for trend)

GFREPI (mL/min/1.73 m2) 64.7 ± 28.3 70.5 ± 25.6 64.3 ± 24.8 NS
CRP (mg/L) 27.7 ± 77.1 15.9 ± 34.0 28.7 ± 67.5 NS

IFG (%) 12.5 15.2 36.3 0.0001

BMI = body mass index; BP = blood pressure; HR = heart rate; HbA1C = hemoglobin glycated A1C; LDL = low
density lipoprotein; HDL = high density lipoprotein; GFR = glomerular filtration rate; CRP = C-reactive protein;
IFG = impaired fasting glucose; NS = not significant.

Table 2. Classes of drugs prescribed at the discharge.

Low SS
(n = 295)

Medium SS
(n = 151)

High SS
(n = 124)

p

CCB (%) 2.7 8.6 14.5 <0.0001
β-blockers (%) 20.0 37.7 42.7 <0.0001

Statins (%) 39.0 76.8 83.9 <0.0001
Statins low dose (%) 32.5 58.3 64.5 <0.0001
Statins high dose (%) 6.5 18.5 19.4 <0.0001

Anti-RAS (%) 29.5 27.2 46.8 0.001

SS = SYNTAX score; CCB = calcium channel blockers; RAS = renin angiotensin system.

3.2. Follow-Up

During a median follow-up of 79 months (interquartile range (IQR): 67–94), 74 (13%) patients
developed DM. The incidence of diabetes was significantly higher in the patients with a high SS (41%),
than in patients with a medium (12%) and low SS (2%; p for trend < 0.0001; Figure 1). In the Cox
regression analysis (Table 3), the predictors of DM onset during follow-up had higher baseline values
of fasting plasma glucose (HR = 1.043; (95% CI 1.011–1.075); p < 0.008), medium SS (HR = 6.630; (95%
CI 2.394–18.358); p < 0.0001), and high SS (HR = 14.789; (95% CI 5.796–37.737); p < 0.0001). The three
curves (Figure 2) started to separate after 48–52 months from the index hospitalization, and further
diverged after five years of follow-up. In the second Cox regression analysis performed by including
the ejection fraction, heart rate, and the drugs prescribed (Table 4), the predictors of the new onset
of DM were as follows: use of statins (HR = 6.953; (95% CI 1.618–29.880); p = 0.009), an anti-renin
angiotensin system (RAS; HR = 3.338; (95% CI 1.917–5.812); p = 0.0001), medium SS (HR = 6.022; (95%
CI 1.714–21.158); p = 0.005), and high SS (HR = 13.140; (95% CI 3.857–44.738); p < 0.0001) was further
reinforced (Table 4). In the last model (Table 5), including the dosage of statins, the independent
predictors of DM were a low dose of statins (HR = 8.631; (95% CI 2.017–36.931); p = 0.004), a high dose
of statins (HR = 8.158; (95% CI 1.764–37.728); p = 0.007), anti-RAS (HR = 3.637; (95% CI 2.151–6.6.151);
p < 0.0001), medium SS (HR = 3.505; (95% CI 1.274–9.644); p = 0.015), and high SS (HR = 8.906; (95% CI
3.404–23.296); p = 0.0001).

Figure 1. Rate of type 2 diabetes mellitus (DM) in the three SYNTAX score (SS) levels.
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Table 3. Results of Cox regression, including the age, gender, and metabolic profile.

Predictors Sig. HR
95.0% CI

Lower −Upper

Sex (1 male/2 female) 0.583 1.163 0.679 −1.993
Age (years) 0.085 1.026 0.996 −1.056

Fasting plasma glucose (mg/dL) 0.008 1.043 1.011 −1.075
LDL Cholesterol (mg/dL) 0.323 1.130 0.535 −2.385

IFG (y) 0.749 7.865 2.817 −21.959
Medium SS 0.000 6.630 2.304 −18.358

High SS 0.000 14.789 5.796 −37.737

Abbreviations as in Table 1. CI = confidence interval.

Figure 2. Cox regression time to event analysis for type 2 diabetes mellitus onset, in the function of the
three SS levels.

Table 4. Results of Cox regression including ejection fraction, heart rate, and classes of drugs.

Predictors Sig HR
95.0% CI

Lower −Upper

Ejection Fraction (%) 0.698 0.996 0.978 −1.015
HR (bpm) 0.128 1.021 0.994 −1.048

CCB (y) 0.549 0.215 0.643 −2.296
B-blockers (y) 0.416 1.223 0.753 −1.986

Statins (y) 0.009 6.953 1.618 −29.880
Anti RAS (y) 0.000 3.338 1.917 −5.812
Medium SS 0.005 6.022 1.714 −21.158

High SS 0.000 13.140 3.857 −44.768

Abbreviations as in Tables 1 and 2.

In patients who developed DM, no significant differences were detected in the incidence of major
adverse cardiovascular events (i.e., death, myocardial infarction, or coronary revascularization) among
the three SS subgroups (p = 0.418).
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Table 5. Results of the COX regression, including the classes of drugs and statins dosage.

Predictors Sig HR
95.0% CI

Lower Upper

CCB (y) 0.387 1.314 0.708 −2.440
B-blockers (y) 0.390 1.238 0.761 −2.013

Statins low dose (y) 0.004 8.631 2.017 −36.931
Statins high dose (y) 0.007 8.158 1.764 −37.728

Anti RAS (y) 0.0001 3.637 2.151 −6.151
Medium SS 0.015 3.505 1.274 −9.644

High SS 0.0001 8.906 3.404 −23.296

Abbreviations as in Tables 1 and 2.

4. Discussion

In non-diabetic patients, our study demonstrates, for the first time, a significant association
between the severity and extent of coronary atherosclerosis, assessed by the SS, with the future
development of type 2 DM. Compared with patients with low SS, those with medium or high values
exhibited an 8-fold and 10-fold higher risk for developing type 2 DM during follow-up, an association
that was independent of potential confounders, including initial metabolic profile, age, anthropometric
and hemodynamic characteristics, and medications.

Vascular and Metabolic Disease

Our results parallel previous studies challenging the paradigm that type 2 DM normally precedes
and portends to a higher risk of developing vascular atherosclerosis [14,15], although they provide
direct evidence of this reverse temporal relation. Our results are consistent with findings in patients with
essential hypertension, in whom both resistant hypertension [8] and left ventricular hypertrophy [9]
precede the onset of type 2 DM. Our findings extend to patients with coronary artery disease (CAD), the
evidence of this reverse temporal relation. We hypothesize that a possible vicious circle might be at the
basis of this phenomenon. It is reasonable to speculate that the mechanisms relating atherosclerosis to
the later onset of DM might be related to insulin resistance, rather than directly to a hyperglycaemic state.
However, as the present study was not designed to explore the pathogenic mechanisms underlying
the association between SS and the development of diabetes, the insulin sensitivity in our study
population remained unexplored. Insulin resistance is a common pathogenic background for both DM
and atherosclerosis [16,17]. Insulin resistance plays a mechanistic role, along with other risk factors, in
the development of vascular damage and the occurrence of cardiovascular events (four) [18,19]. In
particular, insulin resistance-mediated endothelial dysfunction (an early step of atherosclerosis) [20]
has been proposed as a pathogenic mechanism of DM [21]. In turn, the presence of an extensive
vascular atherosclerosis might facilitate the onset and maintenance of the insulin resistance state.
This vicious circle can well explain how CV damage, instead of being a consequence, could progress,
together with the development of DM.

Our results cannot exclude the possibility that sub-clinical DM was already present at the time
of the index CA in patients who clinically manifested the disease during follow-up. As matter of
fact, endothelial dysfunction precedes and predicts incident diabetes, supporting the hypothesis that
vascular disease might precede pancreatic beta-cell failure, determining the shift from insulin resistance
to diabetes [22]. Moreover, endothelial dysfunction and impaired nitric oxide-mediated vasodilatation
have also been suggested to directly lead to reduced insulin delivery to skeletal muscles, resulting in
peripheral insulin resistance and hyper-glycaemia [23].
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It is of note that patients with medium or high SS manifested type 2 DM after a subclinical phase of
nearly four years from the index CA. As SS was evaluated cross-sectionally, this study does not clarify
whether the association between the magnitude of coronary atherosclerosis and the development of
type 2 DM is a time-dependent or atherosclerotic-dependent phenomenon. However, the latter seems
to play an important role, considering that the rate of DM increases with increasing the SS category
(Figure 1).

The evidence that patients with more than a low SS have a much higher risk of incident type 2 DM is
of clinical importance. It implies that these patients, in addition to their regular cardiovascular follow-up,
require tailored management in terms of metabolic risk, including attention to pharmacological therapy.
In particular, it has been demonstrated that a high-dose regimen with statins was associated with an
increased risk of new-onset DM [24,25]. In keeping with these findings, we found that statin intake
was significantly associated with more complex coronary artery disease, and was predictive of an
increased rate of DM.

In terms of the choice of revascularization strategies, the knowledge of the higher risk of
development of type 2 diabetes in patients with more than a low SS might favor surgical over
percutaneous interventions, after taking into account the anatomical features of the CAD and the
clinical conditions of the patient [26].

5. Conclusions

Our study demonstrates that the extension and severity of coronary atherosclerosis is a strong
predictor of development of type 2 DM. This finding advocates the need for developing dedicated
management strategies in patients with severe coronary artery disease, taking into account the risk of
late metabolic impairment following the index coronary intervention.
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Abstract: Peripheral artery disease (PAD) is a common atherosclerotic disease characterized by
narrowed or blocked arteries in the lower extremities. Circulating serum biomarkers can provide
significant insight regarding the disease progression. Here, we explore the metabolomics signatures
associated with different stages of PAD and investigate potential mechanisms of the disease.
We compared the serum metabolites of a cohort of 26 PAD patients presenting with claudication
and 26 PAD patients presenting with critical limb ischemia (CLI) to those of 26 non-PAD controls.
A difference between the metabolite profiles of PAD patients from non-PAD controls was observed
for several amino acids, acylcarnitines, ceramides, and cholesteryl esters. Furthermore, our data
demonstrate that patients with CLI possess an altered metabolomic signature different from that of
both claudicants and non-PAD controls. These findings provide new insight into the pathophysiology
of PAD and may help develop future diagnostic procedures and therapies for PAD patients.

Keywords: peripheral artery disease (PAD); metabolomics; claudication; critical limb ischemia (CLI)

1. Introduction

Peripheral artery disease (PAD) is an atherosclerotic condition of the arteries supplying the lower
extremities. PAD affects over 200 million people around the world, with an estimated prevalence of more
than 20% for individuals over 80 years old [1,2]. The most common manifestation of symptomatic PAD
is intermittent claudication (IC), a painful discomfort in the leg muscles during walking that produces
gait dysfunction and severe functional limitation. A small subset of PAD patients (approximately 1.3%)
present with critical limb ischemia (CLI), the more severe form of PAD, manifested by ischemic rest
pain and tissue loss/gangrene [3,4]. Work from several groups, including our own, has demonstrated
significant degenerative changes in all the tissues of the chronically ischemic legs of patients with
PAD, including skin, muscles, nerves, and subcutaneous tissues [5,6]. These changes have been best
studied in the skeletal muscle of the affected limbs [7–9] and demonstrate an acquired myopathy
with significant metabolic components. The biochemical characteristics of this myopathy include
mitochondrial dysfunction, accumulation of metabolic intermediates, increased oxidative damage,
and cytokine upregulation [1,5,6,10–14]. These metabolic myopathic changes are present in the legs of
both IC and CLI patients, with the myopathy of CLI being more severe than that of IC [15]. Beyond
this ischemic myopathy, PAD is also directly associated with conditions like dyslipidemia, obesity or
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cachexia, diabetes, and insulin resistance, all of which involve dysregulation of metabolism and energy
homeostasis [16,17].

Metabolomics, the study of small-molecule metabolites in biological systems [18,19], has been
increasingly applied to cardiovascular disease, leading to recent discoveries in disease-specific
biomarkers and their mechanistic implications [20]. Metabolomics can detect, quantify, and identify a
number of intermediate compounds and end products of cellular metabolism in body fluids, tissues,
and cells, thus providing a molecular phenotype that directly reflects biochemical activity [21,22].
This strategy can therefore be useful in identifying the signature profiles of patients at different stages
of a disease, and has the potential of improving our understanding of the pathogenesis, diagnosis,
risk-stratification, monitoring of disease progression, personalization of treatment [23], and monitoring
of the response to different therapies [24].

The clinical application of metabolomics in the study of PAD has been thus far explored with two
studies evaluating near-term mortality and arterial stiffness in PAD patients. The first study showed
that the 1H NMR metabolomic profiles of plasma lipid molecules are correlated with mortality in
PAD patients [25]. Specifically, alterations in lipoprotein and phospholipid structures were the major
chemical signals that were distinct between PAD patients who died in the near-term versus those
PAD patients who did not. The second study demonstrated that tyrosine and oxidized low-density
lipoprotein (oxLDL) are associated with arterial stiffness in PAD patients [26]. These two seminal
studies point to the potential of metabolomic profiling for providing significant insight into the
pathophysiology of PAD. With this study, we aimed to expand the metabolomic mapping of PAD and
to compare the circulating metabolites of patients with IC, patients with CLI, and non-PAD controls.

2. Materials and Methods

2.1. Study Approval and Subjects

Twenty-six non-PAD controls, 26 patients with IC, and 26 patients with CLI were recruited
by vascular surgeons at the University of Nebraska Medical Center (UNMC, 00707), the Veterans
Affairs Nebraska-Western Iowa Medical Center, and Baylor Scott and White Hospital (BSWI, 160390)
under approved IRB protocols. IC or CLI diagnoses were made after examination of medical history,
a physical examination, measurement of the ankle-brachial index (ABI), and computerized or standard
arteriography. All non-PAD controls had normal blood flow to their legs and were undergoing
operations for manifestations other than PAD (Table 1). These patients also had no history of PAD
symptoms, normal lower limb pulses, normal ABIs at rest and after stress, were sex-matched, and all
led sedentary lifestyles.

2.2. Sample Collection and Preparation

Blood samples were obtained in the morning after an overnight fast. In total, 30 mL of blood was
obtained from each patient and was immediately centrifuged for 10 minutes, 2000× g at 4 ◦C. Serum
was aliquoted into separate polypropylene tubes and immediately stored at −80 ◦C. The Biocrates
AbsoluteIDQ p400 HR kit (Biocrates Life Science AG, Innsbruck, Austria) was used to analyze 100 μL
of serum from each patient. Compared to manual liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (Applied Biosystems/MDS Sciex., Foster City, CA, USA)) analysis and other technologies,
the Biocrates kit allows for higher efficiency of separation, better limits of detection, decreased
consumption of solvents, and absolute quantification of metabolites [27].

2.3. Targeted Identification and Quantification

The Biocrates AbsoluteIDQ p400 HR kit was used to measure more than 400 metabolites,
including 21 amino acids, 21 biogenic amines, the sum of hexoses (as one metabolite,
primarily glucose), 55 acylcarnitines, 18 diglycerides, 42 triglycerides, 24 lysophosphatidylcholines,
172 phosphatidylcholines, 31 sphingomyelins, 9 ceramides, and 14 cholesteryl esters. The complete

82



J. Clin. Med. 2019, 8, 1463

list of metabolites assayed are provided in the Supplementary Material. Serum samples, blanks,
calibration standards, and quality controls were prepared according to manual instructions. LC-MS/MS
was used to analyze the amino acids and biogenic amines, and the remaining metabolites were
analyzed by flow injection analysis (FIA) coupled with tandem mass spectrometry. All amino acids
and biogenic amines were derivatized with phenylisothiocyanate. Metabolites were quantified using
internal standards and multiple reactions monitoring (MRM). The samples were analyzed on a Thermo
Scientific UltiMate 3000 Rapid Separation Quaternary HPLC System (Thermo Scientific, Madison, WI,
USA), connected to a QExactive™ Focus Hybrid Quadrupole-Orbitrap™Mass Spectrometer (Thermo
Scientific, Waltham, MA, USA). The chromatographic column was obtained from Biocrates. Data first
underwent a pre-processing step of peak integration to determine concentration based on calibration
curves using Multiquant software (version 3.0, AB Sciex, Darmstadt, Germany). Following, data were
uploaded into Biocrates MetIDQ software, and concentrations of FIA-monitored metabolites were
calculated in MetIDQ. The experiment was also validated using the Biocrates software (version 5,
MetIDQ, Biocrates, Innsbruck, Austria).

2.4. Phenylalanine/Tyrosine Ratio and Cholesteryl Esters CE (18:1)/CE (18:2)

We calculated the ratio of phenylalanine to tyrosine as a marker of inflammation [28] and the ratio
of cholesteryl esters CE (18:1)/CE (18:2) as an indicator of the ratio of acyl-coenzyme A (CoA) cholesterol
acyltransferase (ACAT), a pro-atherogenic enzyme, to serum lecithin cholesterol acyltransferase (LCAT),
an anti-atherogenic enzyme that facilitates reverse cholesterol transport [29]. This relationship is based
on the observation that CE (18:1) is the preferred fatty acid of ACAT, and CE (18:2) is preferred by
LCAT. A higher (18:1) to (18:2) ratio is therefore believed to suggest higher ACAT activity [30,31].

2.5. Statistical Analyses

Baseline characteristics between non-PAD control, IC, and CLI subjects were compared using
Chi-square and Fisher exact tests for categorical variables and analysis of variance (ANOVA) for
continuous variables. One-way analysis of covariance (ANCOVA) was used for the rest of the analyses
controlling for age, ABI, and diabetes mellitus. MetaboAnalyst 4.0 (www.metaboanalyst.ca) (version 4,
McGill University, Montreal, QC, Canada) was used for statistical analysis of the metabolites’ data,
processed with normalization, scaling, and filtering [32].

A one-way analysis of covariance was used to identify differences between non-PAD control, IC,
and CLI groups for all the metabolites adjusting for any significant covariates, followed by post-hoc

analyses with Bonferroni correction. Pearson correlations were calculated to evaluate associations
between the ABI and the metabolites. Discriminant function models were developed to classify
patients as non-PAD control, IC, or CLI. First, discriminant analysis assumptions were verified, and the
multivariate data were standardized to remove units and place each variable on the same scale.
A stepwise selection procedure was used to analyze variable contribution [33]. This method uses both
forward selection and backward elimination procedures to determine the contribution of parameters
to the discriminatory power of the model. Further, after derivation of a discriminant model, the model
was used to classify new observations. A full cross-validation procedure was executed to evaluate the
model performance. Cross-validation is a standard multivariate statistical method used on small data
sets, validating the model by assessing stability and determining how well it will perform on other
data sets [33]. During training, the cross-validation technique rotates the membership of the metabolite,
verifying that the results are not dependent on calibration versus validation group membership,
thus ensuring that the model is not overfitting the data. All analyses were performed using SAS
statistical software (version 9.3, SAS Institute Inc., Cary, NC, USA).
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3. Results

3.1. Patient Demographics

The baseline demographic and clinical characteristics are presented in Table 1. As expected,
IC and CLI patients had significantly lower ABI values than non-PAD control subjects (IC: 0.51 ± 0.18
vs. CLI: 0.18 ± 0.10 vs. non-PAD controls: 1.05 ± 0.05, p < 0.001). IC patients were younger than
CLI patients (p = 0.044) and CLI patients had a higher ratio of diabetes mellitus (p = 0.005). No other
differences were found among the different groups of subjects.

Table 1. Patient demographics at enrollment. Data are shown as mean ± standard deviation.

Non-PAD Control (n = 26) IC (n = 26) CLI (n = 26) p

Age (years) 63.2 ± 7.4 62.0 ± 7.3 67.6 ± 9.9 † 0.044

Male sex (%) 23 (88.50) 24 (92.3) 26 (100) 0.224
Body mass index 29.6 ± 6.5 27.1 ± 9.9 27.8 ± 5.6 0.476

ABI 1.05 ± 0.05 0.51 ± 0.18 * 0.18 ± 0.10 *,† <0.001

Risk factors (%)
Tobacco use 0.073

Current 10 (38.5) 14 (53.8) 6 (23.1)
Never 9 (34.6) 3 (11.5) 6 (23.1)

Former 7 (26.9) 9 (34.6) 14 (53.8)
Hypertension 17 (65.4) 22 (84.6) 23 (88.5) 0.087

Diabetes mellitus 4 (15.4) 8 (30.8) 15 (57.7) *,† 0.005

Coronary Artery Disease 9 (34.6) 13 (50.0) 16 (61.5) 0.150
Obesity 9 (34.6) 7 (26.9) 6 (23.1) 0.642

Dyslipidemia 21 (80.8) 19 (73.1) 16 (61.5) 0.300

Note: The values presented in the column “p-value” represent the overall difference between the three groups;
bold font indicates a significant difference between groups (p < 0.05); post-hoc differences in comparisons between
individual groups are denoted below as: * = significant difference from non-PAD control, p < 0.05; † = significant
difference from IC, p < 0.05.

3.2. Amino Acids

Nineteen amino acids were measured for all subjects, and the phenylalanine/tyrosine ratio was also
calculated. The amino acids arginine, glutamine, proline, tryptophan, and tyrosine were significantly
lower in CLI patients when compared to both IC patients and non-PAD controls (Table 2). In addition,
levels of histidine and ornithine were significantly lower in both CLI and IC patients compared to
non-PAD controls. The phenylalanine/tyrosine ratio was significantly higher in both CLI and IC
patients compared to non-PAD controls (Table 2). No other differences were observed.

Table 2. Serum amino acids concentrations of the study subjects. Data are shown as mean ± standard
error (μmol/L).

Non-PAD Control (n = 26) IC (n = 26) CLI (n = 26) p

Alanine 291.3 ± 23.1 356.1 ± 22.6 * 258.6 ± 24.0 † 0.014

Arginine 109.1 ± 5.3 117.4 ± 5.2 89.1 ± 5.5 *,† 0.002

Asparagine 31.7 ± 2.1 34.1 ± 2.0 30.5 ± 2.2 0.482
Citrulline 32.7 ± 3.6 37.5 ± 3.6 34.8 ± 3.8 0.626
Glutamine 580.5 ± 20.2 583.8 ± 19.8 495.3 ± 20.9 *,† 0.007

Glutamate 88.0 ± 5.9 65.7 ± 5.8 * 72.7 ± 6.2 0.029
Glycine 271.4 ± 20.1 298.6 ± 19.7 275.1 ± 20.9 0.575

Histidine 80.4 ± 2.7 73.0 ± 2.6 * 54.6 ± 2.8 *,†
<0.001

Leucine 199.5 ± 12.6 203.5 ± 12.4 177.6 ± 13.1 0.352
Lysine 146.2 ± 9.2 143.3 ± 8.9 121.9 ± 9.1 0.165

Methionine 30.8 ± 7.3 50.8 ± 7.2 30.4 ± 7.6 0.083
Ornithine 70.1 ± 3.9 60.7 ± 3.9 * 53.3 ± 4.2 * 0.016
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Table 2. Cont.

Non-PAD Control (n = 26) IC (n = 26) CLI (n = 26) p

Phenylalanine 70.1 ± 3.7 69.7 ± 3.6 64.6 ± 3.9 0.567
Proline 207.2 ± 11.3 224.4 ± 11.9 158.9 ± 11.7 *,† 0.001

Serine 120.4 ± 4.9 117.7 ± 4.8 105.5 ± 5.1 0.116
Threonine 122.9 ± 8.3 121.6 ± 8.2 108.8 ± 8.6 0.473

Tryptophan 48.9 ± 3.1 53.6 ± 3.1 32.5 ± 3.2 *,† <0.001

Tyrosine 62.7 ± 3.2 58.1 ± 3.2 46.6 ± 3.4 *,† 0.006

Valine 72.9 ± 5.1 80.6 ± 5.5 71.1 ± 5.3 0.376
Phenylalanine/Tyrosine 1.05 ± 0.06 1.25 ± 0.06 * 1.45 ± 0.07 *,† 0.001

Note: The values presented in the column “p-value” represent the overall difference between the three groups;
bold font indicates a significant difference between groups (p < 0.05); post-hoc differences in comparisons between
individual groups are denoted below as: * = significant difference from non-PAD control, p < 0.05; † = significant
difference from IC, p < 0.05.

Of the amino acids, ABI was significantly correlated with histidine (r = 0.463, p < 0.001), ornithine
(r = 0.277, p = 0.017), tryptophan (r = 0.451, p < 0.001), and the phenylalanine/tyrosine ratio (r = −0.428,
p < 0.001).

3.3. Acylcarnitines, Hexoses, and Biogenic Amines

Acycarnitine was significantly lower in CLI patients compared to IC patients and non-PAD
controls. Acylcarnitne was also associated with the ABI (r = 0.378, p = 0.001). In contrast,
hydroxypropionylcarnitine, propionylcarnitine, and tiglylcarnitine were significantly higher in both the
IC and CLI patients compared to non-PAD controls (Table 3). Of the biogenic amines, only putrescine
was significantly different, higher in CLI patients compared to both IC patients and non-PAD controls
(Table 4). No other differences were observed.

Table 3. Concentrations of serum acylcarnitines and hexoses of the study subjects. Data are shown as
mean ± standard error (μmol/L).

Non-PAD Control (n = 26) IC (n = 26) CLI (n = 26) p

Acylcarnitine 43.5 ± 2.1 40.6 ± 2.1 31.1 ± 2.2 *,† 0.001

Acetyl-L-carnitine 8.7 ± 1.0 9.5 ± 1.1 9.6 ± 1.1 0.816
Propionylcarnitine 0.351 ± 0.038 0.391 ± 0.037 0.294 ± 0.039 0.221
Malonylcarnitine 0.006 ± 0.001 0.006 ± 0.001 0.007 ± 0.001 0.452

Hydroxypropionylcarnitine 0.040 ± 0.002 0.046 ± 0.002 * 0.047 ± 0.002 * 0.003
Propenoylcarnitine 0.017 ± 0.001 0.019 ± 0.001 * 0.019 ± 0.001 * 0.050

Butyrylcarnitine 0.169 ± 0.023 0.168 ± 0.023 0.153 ± 0.024 0.869
Hydroxybutyrylcarnitine 0.055 ± 0.015 0.093 ± 0.015 0.084 ± 0.016 0.189

Butenylcarnitine 0.030 ± 0.001 0.030 ± 0.001 0.029 ± 0.001 0.879
Isovalerylcarnitine 0.086 ± 0.01 0.092 ± 0.01 0.066 ± 0.01 0.189

Tiglylcarnitine 0.023 ± 0.01 0.025 ± 0.01 * 0.026 ± 0.01 * 0.038
Hexoses 5266 ± 489 6034 ± 479 5967 ± 508 0.476

Note: The values presented in the column “p-value” represent the overall difference between the three groups;
bold font indicates a significant difference between groups (p < 0.05); post-hoc differences in comparisons between
individual groups are denoted below as * = significant difference from non-PAD control, p < 0.05; † = significant
difference from IC, p < 0.05.

85



J. Clin. Med. 2019, 8, 1463

Table 4. Concentrations of serum biogenic amines of the study subjects. Data are shown as mean ±
standard error (μmol/L). ADMA: Asymmetric dimethyl arginine. SDMA: Symmetric dimethyl arginine.
Met-SO: Methionine sulfoxide. t4-OH-Pro: Trans-4-hydroxyproline.

Control (n = 26) IC (n = 24) CLI (n = 24) p

ADMA 0.549 ± 0.03 0.543 ± 0.03 0.591 ± 0.03 0.544
SDMA 0.491 ± 0.05 0.530 ± 0.04 0.614 ± 0.05 0.249

Creatinine 92.8 ± 19.6 103.1 ± 19.5 139.1 ± 19.5 0.260
Kynurenine 2.03 ± 0.203 1.90 ± 0.199 2.42 ± 0.211 0.211

Met-SO 1.35 ± 0.847 3.47 ± 0.830 2.35 ± 0.880 0.198
Putrescine 0.011 ± 0.063 0.059 ± 0.062 0.328 ± 0.066 *,† 0.003

Serotonin 0.503 ± 0.107 0.793 ± 0.089 0.769 ± 0.114 0.096
Spermide 0.453 ± 0.137 0.312 ± 0.134 0.440 ± 0.142 0.716
t4-OH-Pro 11.0 ± 1.68 10.8 ± 1.65 10.4 ± 1.64 0.938

Taurine 86.7 ± 10.1 88.3 ± 12.3 65.6 ± 12.2 0.370

Note: The values presented in the column “p-value” represent the overall difference between the three groups;
bold font indicates a significant difference between groups (p < 0.05); post-hoc differences in comparisons between
individual groups are denoted below as: * = significant difference from non-PAD control, p < 0.05; † = significant
difference from IC, p < 0.05.

3.4. Ceramides, Cholesteryl Esters, Sphingomyelins, Diglycerides, Triglycerides, and Phosphatidylcholines

Ceramides (Cer) (40:1), (41:1), and (42:1) were significantly lower in CLI patients compared to IC
patients and non-PAD controls (Table 5). Cer (43:1) and (44:0) were significantly lower in both CLI
and IC patients compared to non-PAD controls. Cholesteryl esters (CE) (16:0), (17:1), (18:2), (19:2),
and (20:4) were significantly lower in CLI patients compared to IC patients and non-PAD controls
(Table 6). Additionally, CE (17:0) was significantly lower in both CLI and IC patients compared to
non-PAD controls, and the ratio of CE (18:1)/CE (18:2) was significantly higher in both CLI and IC
patients compared to non-PAD controls. (Table 6). Finally, sphingomyelins, lysophosphatidylcholines,
and phosphatidylcholines were all significantly lower in CLI patients compared to both IC patients
and non-PAD controls (Table 6).

Table 5. Concentrations of serum ceramides of the study subjects. Data are shown as mean ± standard
error (μmol/L).

Control (n = 26) IC (n = 24) CLI (n = 24) p

Cer (34:0) 0.054 ± 0.002 0.052 ± 0.002 0.045 ± 0.02* 0.038
Cer (34:1) 0.174 ± 0.011 0.182 ± 0.011 0.168 ± 0.012 0.664
Cer (38:1) 0.136 ± 0.01 0.129 ± 0.01 0.114± 0.01 0.356
Cer (40:1) 0.702 ± 0.05 0.688 ± 0.04 0.508 ± 0.05 *,† 0.014

Cer (41:1) 0.550 ± 0.04 0.530 ± 0.04 0.312 ± 0.04 *,† 0.001

Cer (42:1) 2.16 ± 0.151 2.31 ± 0.148 1.35 ± 0.156 *,† <0.001

Cer (42:2) 1.39 ± 0.083 1.46 ± 0.081 1.19 ± 0.086 0.094
Cer (43:1) 0.555 ± 0.030 0.466 ± 0.030 * 0.300 ± 0.032 *,† <0.001

Cer (44:0) 0.286 ± 0.026 0.207 ± 0.025 * 0.202 ± 0.027 * 0.048

Note: The values presented in the column “p-value” represent the overall difference between the three groups;
bold font indicates a significant difference between groups (p < 0.05); post-hoc differences in comparisons between
individual groups are denoted below as: * = significant difference from non-PAD control, p < 0.05; † = significant
difference from IC, p < 0.05.
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Table 6. Concentrations of serum cholesteryl esters (CE), sphingomyelins, diglycerides, triglycerides,
and phosphatidylcholines of the study subjects. Data are shown as mean ± standard error (μmol/L).

Control (n = 26) IC (n = 24) CLI (n = 24) p

CE (16:0) 168.9 ± 10.3 160.2 ± 10.1 106.8 ± 10.7 *,† 0.001

CE (16:1) 96.6 ± 14.9 103.6 ± 14.6 69.4 ± 15.5 0.281
CE (17:0) 10.9 ± 0.56 9.4 ± 0.55 * 7.2 ± 0.58 *,† 0.001

CE (17:1) 8.82 ± 0.76 8.45 ± 0.75 5.37 ± 0.79 *,† 0.007

CE (17:2) 0.94 ± 0.16 0.85 ± 0.15 0.49 ± 0.16 0.152
CE (18:1) 244 ± 55 422 ± 54 302 ± 58 0.067
CE (18:2) 3,015± 176 2,791 ± 172 1,870 ± 183 *,† <0.001

CE (18:3) 119 ± 12.3 123.2 ± 12.0 83.8 ± 12.7 0.069
CE (19:2) 5.58 ± 0.64 5.82 ± 0.63 2.69 ± 0.66 *,† 0.001

CE (19:3) 0.92 ± 0.266 1.86 ± 0.26 * 0.49 ± 0.277 † 0.002

CE (20:4) 911 ± 70 892 ± 69 662 ± 73 *,† 0.041

CE (20:5) 91.9 ± 7.5 78.5 ± 7.4 59.7 ± 7.8 * 0.022
CE (22:5) 43.3 ± 2.5 46.2 ± 2.4 37.6 ± 2.6 0.069
CE (22:6) 91.3 ± 5.9 87.0 ± 5.8 71.4 ± 6.2 0.078

CE (18:1)/CE (18:2) 0.084 ± 0.02 0.169 ± 0.02 * 0.186 ± 0.02 * 0.008

Sphingomyelins 11.1 ± 0.49 10.8 ± 0.48 8.80 ± 0.51 *,† 0.007

Diglycerides 3.48 ± 0.34 4.47 ± 0.33 * 3.07 ± 0.348 † 0.014

Triglycerides 29.1 ± 3.91 40.1 ± 3.83 27.8 ± 4.06 0.055
Lysophosphatidylcholines 4.13 ± 0.24 4.44 ± 0.24 2.66 ± 0.25 *,† 0.001

Phosphatidylcholines 10.2 ± 0.65 12.2 ± 0.63 * 8.38 ± 0.67 *,† 0.001

Note: The values presented in the column “p-value” represent the overall difference between the three groups;
bold font indicates a significant difference between groups (p < 0.05); post-hoc differences in comparisons between
individual groups are denoted below as: * = significant difference from non-PAD control, p < 0.05; † = significant
difference from IC, p < 0.05.

Of the ceramides, ABI was significantly associated with Cer (40:1) (r = 0.505, p < 0.001), Cer (41:1)
(r = 0.541, p < 0.001), Cer (42:1) (r = 0.488, p < 0.001), and Cer (43:1) (r = 0.638, p < 0.001). Of the CEs,
ABI was significantly associated with CE (16:0) (r = 0.374, p = 0.001), CE(17:0) (r = 0.482, p < 0.001), CE
(17:1) (r = 0.446, p < 0.001), CE (18:2) (r = 0.447, p < 0.001), and CE (20:5) (r = 0.459, p < 0.001) (Table 7).

Table 7. Pearson correlation between ankle brachial index (ABI) and metabolites.

Metabolite/Metabolite Ratio Pearson Correlation Coefficient (r) Significance (p)

Acylcarnitine 0.378 0.001
Histidine 0.463 <0.001
Ornithine 0.277 0.017
Trytophan 0.451 <0.001

Phenylalanine/Tyrosine −0.428 <0.001
Cer (40:1) 0.505 <0.001
Cer (41:1) 0.541 <0.001
Cer (42:1) 0.488 <0.001
Cer (43:1) 0.638 <0.001
CE (16:0) 0.374 0.001
CE (17:0) 0.482 <0.001
CE (17:1) 0.446 <0.001
CE (18:2) 0.447 <0.001
CE (20:5) 0.459 <0.001

3.5. Discriminant Function Analysis: Non-PAD Control vs. PAD and IC vs. CLI

The discriminant function analysis model was able to correctly classify the non-PAD control and
PAD patients with a 93.6% accuracy. Using a cross-validation procedure to evaluate the discriminant
model performance and stability also yielded an 87.2% accuracy in patient classification. Sensitivity
and specificity are two basic quantities for measuring the accuracy of a diagnostic test. The sensitivity
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of a diagnostic test quantifies its ability to correctly identify non-PAD control subjects without the
disease and is a measure of how well the test detects non-PAD control subjects. The sensitivity of
the analysis was 73.1%. The specificity refers to the ability of a test to correctly identify subjects
with PAD. The specificity of the analysis was 94.2%. Figure 1A represents the plot of the original
discriminant function scores, and Equation (1) represents the unstandardized canonical discriminant
function coefficients:

Di = −2.539− 0.057(Carnitine) + 243.9(Hydroxypropionylcarnitine)

−449.2(Propionylcarnitine) + 1.36
(

Phenylalanine
Tyrosine

)

+0.006(Alanine) − 0.020(Glutamate).

(1)

The discriminant function analysis model correctly classified the IC and CLI patients with a
90.4% accuracy. Using a cross-validation procedure to evaluate the discriminant model performance
and stability also yielded an 84.6% accuracy in patient classification. For this model, the sensitivity
(correctly identify IC patients) was 80.8%, and the specificity (correctly identify CLI patients) was
88.5%. Figure 1B represents the plot of the original discriminant function scores, and Equation (2)
represents the unstandardized canonical discriminant function coefficients:

Di = −3.346 + 0.032(Histidine) + 5.83(Butyrylcarnitine) + 0.051(Tryptophan)

−0.865(Kynurenine).
(2)

Figure 1. Discriminant function analysis model. Note: On the basis of metabolomic parameters,
patient discriminant function scores can separate non-peripheral artery disease (PAD) control from PAD
patients (A), and intermittent claudication (IC) patients from critical limb ischemia (CLI) patients (B).

4. Discussion

We conducted a broad metabolomic profiling of small molecules and lipids and compared
metabolites between patients with IC, patients with CLI, and non-PAD controls. To our knowledge,
this is the first example of metabolomics applied to evaluate patients in the two symptomatic categories
of PAD versus controls. Compared to non-PAD controls, we found significant changes in the circulating
levels of multiple metabolites in patients with CLI and patients with IC (Table 8). Our discriminant
function analysis was able to correctly classify subjects into symptomatic PAD (both IC and CLI) vs.
non-PAD controls, as well as IC vs. CLI groups, with a 93.6% and 87.2% accuracy, respectively. We found
that a series of metabolites or metabolite ratios, including histidine, ornithine, phenylalanine/tyrosine,
hydroxypropionyl-carnitine, propenoylcarnitine, tiglylcarnitine, Cer (43:1), Cer (44:0), CE (17:0), and CE
(18:1)/CE (18:2), are significantly different in symptomatic PAD patients compared to non-PAD controls
(Table 8). Several of these metabolites were also significantly correlated with the ABI, a test which may
indicate PAD severity. These variables may therefore prove useful as diagnostic markers to identify
PAD patients among a large population [34]. The measurement of some or a combination of these
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metabolites, although not currently common in most clinical laboratories, could become a much-needed,
standard test for the early detection of PAD and may be incorporated into routine care cardiovascular
risk prediction [35]. Additionally, the levels of a number of metabolites or metabolite ratios, including
arginine, glutamine, proline, tryptophan, tyrosine, acylcarnitine, putrescine, Cer (40:1), Cer (41:1),
Cer (42:1), CE (16:0), CE (17:1), CE (18:2), CE (19:2), CE (20:4), sphingomyelins, phosphatidylcholines,
and lysophosphatidylcholines, were significantly different in CLI patients compared to IC patients
and may prove to be valuable biomarkers for indicating which patients with IC are at higher risk of
progressing to CLI. The moderate correlations between several of the ceramides and the ABI further
support this. Notably, the strongest association between any of the metabolites with the ABI was that
for Cer (43:1) (r = 0.638). It is possible that these metabolites alone or in combination can be used
to produce a high-risk profile for PAD patients, allowing a personalized approach (more aggressive
management, earlier intervention, and more frequent follow up for higher risk patients and less
aggressive for lower risk patients) to providing care for PAD patients. The utility of such a profile
should be tested in the near future as it may be able to direct the general care of PAD patients.

Table 8. List of altered metabolites in PAD.

Metabolite Class Different in CLI Higher/Lower Different in PAD Higher/Lower

Amino Acids

Arginine ↓ Histidine ↓

Glutamine ↓ Ornithine ↓

Proline ↓ Phenylalanine/tyrosine ↑

Tryptophan ↓

Tyrosine ↓

Acylcarnitines Acylcarnitine ↓ Hydroxypropionyl-carnitine ↑

Propenoylcarnitine ↑

Tigylcarnitine ↑

Biogenic amines Putrescine ↑

Ceramides Cer (40:1) ↓ Cer (43:1) ↓

Cer (41:1) ↓ Cer (44:0) ↓

Cer (42:1) ↓

Cholesteryl esters,
Sphingomyelin

phosphatidyl-cholines

CE (16:0) ↓ CE (17:0) ↓

CE (17:1) ↓ CE (18:1)/CE (18:2) ↑

CE (18:2) ↓

CE (19:2) ↓

CE (20:4) ↓

Sphingomyelins ↓

Phosphatidyl-cholines ↓

Lysophosphatidyl-cholines ↓

Note: “Different in CLI” are the metabolites or metabolite ratios that were significantly different between CLI
patients and both IC patients and non-PAD controls. “Different in PAD” are the metabolites or metabolite ratios that
were significantly different between both CLI and IC patients and non-PAD controls. ↑ represents higher and ↓
represents lower.

Several of the metabolite changes observed in this study in PAD patients are consistent with other
reports from different pathologies. For example, serum levels of arginine were significantly reduced in
CLI, which is consistent with several disorders linked to nitric oxide (NO) deficiency [36–38]. Likewise,
ornithine, a byproduct of arginine, was reduced in both IC and CLI patients. Since NO is synthesized
from L-arginine, lack of availability of this substrate is believed to be a factor that can lead to decreased
plasma NO [36]. Impaired endothelial production of NO has been demonstrated in IC patients, and this
may in fact be worse in patients with CLI [39]. Further, the ratio between serum levels of phenylalanine
and tyrosine was elevated in PAD patients (both IC and CLI), and the phenylalanine/tyrosine ratio was
inversely correlated with the ABI (r = −0.428). An elevated phenylalanine/tyrosine ratio has similarly
been shown in different conditions associated with oxidative stress and inflammation, including
acute brain ischemia [28]. This increased ratio may suggest diminished activity of the phenylalanine
hydroxylase (PAH) enzyme by oxidation as well as tetrahydrobiopterin (BH4) deficiency, an essential
cofactor of PAH [28]. Since BH4 is also a cofactor of nitric oxide synthase (NOS) and can be depleted
by oxidative stress and inflammation, this ratio may also be indicative of NO dysregulation [39,40]
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(Figure 2). Notably, oxidative stress and inflammation are hallmarks of PAD [41–44]. Several biomarkers
of oxidative stress and inflammation, including malondyaldheide (MDA), 4-hydroxynonenale (4-HNE),
isoprostanes, protein carbonyl groups, C-reactive protein (CRP), fibrinogen, tumor necrosis factor alpha
(TNF-α), interferon-gamma (IFN-γ), monocyte chemoattractant protein-1 (MCP-1), and interleukin
6 (IL-6), have all been shown to be elevated in PAD patients in both circulation and skeletal muscle,
and to increase with increasing disease stage [45].

Figure 2. Potential mechanism (oxidative stress and inflammation) operating to produce decreased
arginine and ornithine, increased phenylalanine to tyrosine ratio, and decreased nitric oxide
bioavailability in PAD. Note: Tetrahydrobiopterin (BH4), an essential cofactor of nitric oxide synthase
(NOS) and phenylalanine hydroxylase (PAH), is depleted by oxidative stress and inflammation.
Therefore, reduced BH4 may explain the decreased turnover of phenylalanine to tyrosine observed
in IC and CLI patients. Reduced BH4, as well as a lack of arginine availability, may play a role in
impairing production of NO in PAD patients, leading to endothelial dysfunction. * denotes a significant
difference from non-PAD controls and † denotes a significant difference from IC.

PAD patients also demonstrated significantly reduced levels of histidine, an amino acid with
antioxidant and anti-inflammatory properties [46]. In vitro, histidine has been shown to blunt
pro-inflammatory cytokine expression, and histidine supplementation has been used to control
inflammation in obese patients with metabolic syndrome [47]. Patients with different conditions of
enhanced oxidative stress, such as chronic kidney disease and coronary heart disease, have also been
shown to have reduced levels of histidine [46,48], suggesting that depletion of histidine may indicate
elevated oxidative stress, a condition that is well described in patients with IC and CLI [41,49,50].

CLI patients demonstrated further perturbations in amino acids not observed in IC patients that
are also consistent with reports from other diseases and disorders. For example, reduced tryptophan
levels have been associated with inflammation and immune activation, and have been shown to
predict higher mortality in cardiovascular disease [51]. Specifically, reduced tryptophan may be due to
accelerated conversion to kynurenine by indoleamine 2,3-dioxygenase (IDO1), which is activated by
cytokines, such as tumor necrosis factor-alpha (TNF-α) and interferon gamma (IFN-γ) (Figure 3) [52].
Levels of kynurenine were also higher in CLI patients compared to both ICs and non-PAD controls,
although differences were not significant statistically. In addition, glutamine levels were significantly
lower in CLI patients. Reduced levels of glutamine are thought to be indicative of skeletal muscle
catabolism [53]. Interestingly, CLI patients exhibit a severe myopathy that is characterized by myofiber
degeneration, fibrosis, and muscle atrophy [49].
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Figure 3. Potential mechanism (oxidative stress and inflammation) operating to produce decreased
tryptophan levels in CLI. Note: Accelerated conversion of tryptophan to kynurenine is induced by
inflammatory cytokines. Tryptophan is converted to kynurenine by the enzyme indoleamine 2,3
dioxygenase (IDO). IDO expression and activity are enhanced by tumor necrosis factor-alpha (TNF-α)
and interferon-gamma (IFN-γ). Elevations in these cytokines may explain an increased conversion of
tryptophan to kynurenine in CLI patients. * denotes a significant difference from non-PAD controls and
† denotes a significant difference from IC.

Several carnitine esters and members of the acyl carnitines, including hydroxypropionylcarnitine,
propionylcarnitine, and tiglylcarnitine, were significantly elevated in both IC and CLI patients
compared to non-PAD controls. During the metabolism of amino acids, carbohydrates, and fatty
acids, these substrates are converted to acyl-CoA intermediates for oxidation in the Krebs cycle.
Under functional metabolism, carnitine buffers acyl-CoA by forming acylcarnitines. However, during
metabolic stress, acyl-CoA is incompletely oxidized and accumulates, and transfer of the acyl group to
carnitine thus leads to accumulation of acylcarnitine. Therefore, accumulation of acylcarnitines can be
an indication of dysfunctional metabolism [54]. Early studies in IC patients showed that short-chain
acylcarnitines accumulate in plasma, which is inversely correlated with exercise performance [55].
In skeletal muscle tissue from patients with unilateral claudication, acylcarnitine accumulation was
specific only to the affected limb, and interestingly, accumulation of acylcarnitine was shown to be a
better indicator of exercise performance than even the ABI [56].

In patients with more severe PAD, however, a reduction in total and acylcarnitine content has been
shown [57]. This is consistent with our study, in which CLI patients also demonstrated reduced total
acylcarnitine levels, which has been thought to suggest dysfunctional fatty acid β-oxidation [58,59].
Additionally, in our study there was a weak positive association between the ABI and total acylcarnitine
(r = 0.378). The rate-limiting step in the β-oxidation of long-chain fatty acids is the conjugation of
carnitine to fatty acyl coenzyme A (coA) by the enzyme carnitine palmitoyltransferase (CPT1) [60].
Since acylcarnitine levels remain constant and only levels of free carnitine are affected by factors,
such as age and sex, low acylcarnitine levels may suggest metabolic alterations due to decreased
levels of total carnitine, reduced CPT1 activity, or decreased availability of acyl-coA [59]. Consistent
with a potentially dysfunctional fatty acid β-oxidation, muscle tissue from CLI patients demonstrates
reduced expression of oxidative phosphorylation proteins, as well as lower mitochondrial respiratory
capacity [15]. However, other carnitine esters, including hydroxypropionylcarnitine, propionylcarnitine,
and tigylcarnitine, were significantly elevated in both IC and CLI patients compared to non-PAD
controls. Therefore, the role of carnitines in PAD warrants further exploration.

91



J. Clin. Med. 2019, 8, 1463

Sphingolipids are major components of cellular membranes, critical for the fluidity and architecture
of the membrane. Sphingomyelins are a type of sphingolipid usually consisting of phosphocholine
and ceramide. The metabolites of sphingolipids, such as ceramides, are important for regulating cell
proliferation and survival, as well as the inflammatory responses [61]. In this study, levels of certain
ceramides were markedly reduced in both IC and CLI patients. Further, CLI patients demonstrated
reduced levels of sphingomyelins. Similar findings were reported for patients with sickle-cell disease,
which is associated with a progressive vasculopathy, vascular occlusion, and endothelial dysfunction,
all of which are pathophysiological aspects of PAD as well [39,62]. In contrast, however, other studies
have shown that sphingomyelin and ceramides are independent risk factors for coronary heart
disease and that higher levels are associated with atherosclerosis and the development of metabolic
disease [63–66]. Future research is needed to clarify the alternations in sphingolipid metabolism
in CLI patients. Phosphatidylcholine levels were lower in CLI patients, which is consistent with a
study in patients with atherosclerosis, where reduced phosphatidylcholine levels were correlated with
increased arterial stiffness, increased resting heart rate, and/or worsened endothelial function [67].
Interestingly, the hydrolysis of phosphatidylcholine to phosphatidic acid and choline is catalyzed
by phospholipase D (PLD), and high PLD activity is associated with oxidative stress, inflammation,
hypoxia, and atherosclerosis [68]. Finally, several cholesteryl ester species were lower in CLI patients
as well. Of note, the ratio of cholesteryl ester CE (18:1)/CE (18:2) was significantly increased in both IC
and CLI patients, which is consistent with findings in high fat diet-induced obese mice [29]. Since CE
(18:1) is considered the preferred fatty acid of ACAT, this suggests higher ACAT activity, which is
consistent with obesity and hypercholesterolemia [30].

Currently available options (risk factor management, medications, exercise therapy, and
revascularization operations) for the management of PAD are limited. There are two medications,
with only modest efficacy, approved for claudication, and operations are associated with considerable
morbidity and poor durability [69,70]. PAD patients suffer from high rates of cardiovascular events,
including stroke and myocardial infarction [71], and PAD also significantly impairs quality of life and
leads to functional impairment and decline [72]. This highlights the importance of identifying novel
targets for intervention for this population. In this study, we identified several metabolites that are
altered in symptomatic PAD patients compared to non-PAD controls while also identifying a distinct
metabolomic signature associated with only CLI [15].

One important limitation of this study is the sample size was relatively small. Thus, external
validation from a larger sample could help add to the translational impact of the study results.
Furthermore, while there is an emerging use of metabolomics in clinical settings, complexities and
challenges, for example, related to testing strategies and quality control, limit its immediate clinical
impact. Thus far, the field of metabolomics has primarily been limited to biomedical research and
biomarker discovery; however, greater considerations must be taken into account for use as a clinical
test. Therefore, this may also affect the translational impact of this study.

Another important point to note is the use of only serum may limit the generalizability of
these findings to other fluids and tissues. Specifically, during centrifugation to separate serum from
coagulated blood, platelets release proteins that include cytokines and metabolites into the serum [73].
Since anticoagulants are added before the removal of blood cells to obtain plasma, there may be
differences between human plasma and serum metabolites. However, in a large study that compared
metabolite concentrations between plasma and serum, although there were differences in the exact
concentrations between blood matrices, the changes between groups were proportional and the
correlation was high between plasma and serum [73]. This study also concluded that reproducibility
was high in both plasma and serum and that either will lead to similar results in clinical studies (as
long as the same matrix is used throughout), with serum potentially providing greater sensitivity in
biomarker studies, thus supporting our use of serum in this study [73].
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5. Conclusions

In conclusion, we identified a number of metabolites that are altered in PAD. To our knowledge,
this is the first time that a complete metabolomic profiling comparing patients with different severities of
PAD and non-PAD controls is presented. These data provide unique metabolomic fingerprints that may
be helpful in screening for the presence of PAD, and may also be useful in risk-stratifying PAD patients
and predicting their clinical outcomes. Further, these alterations provide insight into the disrupted
pathways that underlie the pathophysiology of PAD and may contribute to a better understanding of
the disease and to the development of novel therapeutic interventions for PAD patients.
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Abstract: Heart failure (HF) is a growing public health burden, with high prevalence and mortality
rates. In contrast to ischemic heart failure (IHF), the diagnosis of non-ischemic heart failure (NIHF) is
established in the absence of coronary artery disease. Angiopoietins (ANGPTs), vascular endothelial
growth factors (VEGFs) and secretory phospholipases A2 (sPLA2s) are proinflammatory mediators and
key regulators of endothelial cells. In the present manuscript, we analyze the plasma concentrations
of angiogenic (ANGPT1, ANGPT2, VEGF-A) and lymphangiogenic (VEGF-C, VEGF-D) factors
and the plasma activity of sPLA2 in patients with IHF and NIHF compared to healthy controls.
The concentrations of ANGPT1, ANGPT2 and their ratio significantly differed between HF patients
and healthy controls. Similarly, plasma levels of VEGF-D and sPLA2 activity were higher in HF as
compared to controls. Concentrations of ANGPT2 and the ANGPT2/ANGPT1 ratio (an index of
vascular permeability) were increased in NIHF patients. VEGF-A and VEGF-C concentrations did
not differ among the three examined groups. Interestingly, VEGF-D was selectively increased in IFH
patients compared to controls. Plasma activity of sPLA2 was increased in IHF and NIHF patients
compared to controls. Our results indicate that several regulators of vascular permeability and
smoldering inflammation are specifically altered in IHF and NIHF patients. Studies involving larger
cohorts of these patients will be necessary to demonstrate the clinical implications of our findings.

Keywords: angiopoietins; heart failure; VEGFs; sPLA2; IHF; NIHF

1. Introduction

Heart failure (HF) represents a growing public health burden with an estimated prevalence
in Europe and United States ranging from 0.4% to 2% [1]. Based on left ventricle ejection fraction
(EF), HF recognizes three different classes: HF with a reduced EF (HFrEF with an EF < 40%); HF
with a mild-range EF (HFmEF with an EF between 40% and 49%), and HF with a preserved EF
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(HFpEF with an EF ≥ 50%) [2]. Although classification systems for HF causes are largely debated,
within HFrEF ischemic heart disease represents the most common cause of myocardial injury and
ventricular dysfunction, leading in a significant percentage of cases to post-ischemic heart failure
(IHF). Non-ischemic HF (NIHF), which accounts for less than 50% of HFrEF cases, comprises all
the remaining heterogeneous HF etiologies ranging from valvular diseases to toxic damage, up to
metabolic conditions and genetic cardiomyopathies [3]. In a significant percentage (� 30%) of HF
patients, the etiology remains undetermined, and the syndrome is referred to as “idiopathic HF” [4].
Identification of these diverse etiologies may be obtained through a complex diagnostic workup,
frequently without a relevant therapeutic implication. Neurohormonal and inflammatory activation
are widely recognized as playing a pivotal role in HF onset and progression, irrespective of etiology [5].
Despite advances in management and therapies, the prognosis in HF patients remains poor, thus a
deeper knowledge of the molecular mechanisms involved in the complex HF pathophysiology are
needed for the identification of novel therapeutic targets and biomarkers to stratify prognosis and
drive decision-making processes [6]. To this aim, several investigations have focused their attention on
inflammatory and neurohormonal molecules.

The angiopoietin (ANGPT) family is an important group of factors, specific for vascular
endothelium, whose functions are mediated through two tyrosine kinase receptors, Tie1 and Tie2 [7].
The ANGPT-Tie ligand-receptor system exerts a key role in regulating vascular integrity [8,9]. Beside their
roles in the modulation of angiogenesis [10,11] and lymphangiogenesis [12,13], ANGPTs also regulate
inflammation in several disorders, including cardiovascular diseases [9,14,15]. Angiopoietin-1 (ANGPT1),
produced by peri-endothelial mural cells (pericytes) [16] and immune cells [17,18], is a potent agonist of
Tie2 receptor on endothelial cells [11,19]. ANGPT1 is an anti-inflammatory molecule [20] that maintains
vascular integrity [21,22]. ANGPT2, stored in Weibel–Palade bodies in endothelial cells [23], is rapidly
released in response to various stimuli [24]. ANGPT2 is considered a pro-inflammatory molecule [25,26]
and inhibits ANGPT1/Tie2 interaction [10,27], resulting in vascular instability and leakage [26].

Elevated ANGPT2 levels have been found in patients with acute coronary syndrome [28,29],
hypertension [30,31], congestive heart failure [32] and congenital heart failure [33]. ANGPT2 has been
proposed as a prognostic biomarker of adverse cardiovascular events in myocardial infarction [34] and
after percutaneous coronary intervention (PCI) [35,36]. In contrast, ANGPT1 plays a protective role in
rodent models of vascular injuries [37,38].

The vascular endothelial growth factor (VEGF) family includes VEGF-A, VEGF-B, VEGF-C,
and VEGF-D [39]. VEGFs and their receptors on blood and lymphatic endothelial cells play intricate
roles in initiating and promoting inflammatory and tumor angiogenesis [40]. VEGF-A, the most
potent proangiogenic factor [41], was first identified for its permeabilizing activity and named vascular
permeability factor (VPF) [42]. VEGF-A and VEGF-B are key regulators of systemic and cardiac
angiogenesis [39,43,44]. VEGF-C and VEGF-D are the most important modulators of inflammatory and
tumor lymphangiogenesis [45,46]. Several studies have found elevated levels of circulating VEGF-A
in patients with myocardial infarction [28,47–50]. By contrast, the roles of VEGF-A [32] VEGF-C and
VEGF-D in HF remain unclear or totally unexplored.

Phospholipases A2 (PLA2) hydrolyze the fatty acids from membrane phospholipids releasing
arachidonic acid and lysophospholipids [51–54]. Secreted or extracellular PLA2 (sPLA2) modulate
vascular permeability [55] and activate inflammatory cells [53,56,57]. Circulating levels of sPLA2

predict coronary events in patients with coronary artery disease [58] and in apparently healthy men and
women [59]. Serum sPLA2 levels also predict long-term mortality for HF after myocardial infarction [60].
Intima of coronary atherosclerotic lesions of patients with angina or myocardial infarction express
sPLA2 [61] and elevated serum levels of sPLA2 increase the risk of early atherosclerosis [62].

While some studies are available on ANGPTs, VEGF isoforms, and sPLA2 involvement in ischemic
heart disease, very little is known in the clinical setting of IHF and, to the best of our knowledge, no data are
available in NIHF. Thus, the aim of the present study is to evaluate the circulating levels of ANGPTs, VEGFs,
and sPLA2 activity in HF patients, particularly comparing the ischemic and non-ischemic etiologies.
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2. Materials and Methods

2.1. Study Population

Patients with systolic HF were enrolled at the Department of Translational Medical Sciences of
the University of Naples Federico II. Inclusion criteria were: age ≥ 18 years, diagnosis of HF from at
least six months [2], left ventricular ejection fraction (LVEF) ≤ 45%, stable clinical condition during
the month prior to inclusion, and an optimal guideline-based pharmacotherapy from at least three
months, if not contraindicated. Exclusion criteria were represented by chronic obstructive pulmonary
disease (COPD), diabetes mellitus (DM), immune disorders (rheumatoid arthritis, systemic lupus
erythematosus, systemic sclerosis, Sjögren syndrome, vasculitis, psoriatic arthritis, dermatomyositis,
ankylosing spondylitis), malignancies (also past), severe obesity as assessed through a body mass
index (BMI) more than 32 kg/m2, dialysis-dependent kidney failure, acute coronary syndromes and/or
coronary revascularization in the previous 6 months, and an inability to provide informed consent.
The control group was represented by subjects without HF and in accordance with the exclusion
criteria. All patients underwent medical history evaluation and collection of demographic/clinical
data, including age, gender, BMI, cardiovascular risk factors, and comorbidities. Clinical examination,
transthoracic echocardiography, and serum BNP determination were performed at the time of the
enrolment. The HF population was subsequently divided into two groups based on the HF etiology:
ischemic HF (IHF) or non-ischemic HF (NIHF). Ischemic etiology was established based on either
previous documented myocardial infarction and/or significant coronary artery disease with indication
of cardiac revascularization. This study was approved by the Ethics Committee of the University of
Naples Federico II (protocol number 124/17). All participants were carefully informed and signed a
written consent to participate in the study.

2.2. Blood Sampling

Blood was collected during routine diagnostic procedures, scheduled in the course of hospital
access for the determination of the main blood parameters (blood counts, biochemical. and coagulation
profile), and the remaining plasma sample was labeled with a code that was documented into a data
sheet. As mentioned above, blood samples were collected in patients under stable clinical conditions,
strictly verifying all inclusion and exclusion criteria. The samples were collected by means of a clean
venipuncture and minimal stasis using sodium citrate 3.2% as anticoagulant. After centrifugation
(2000 g for 20 min at 22 ◦C), the plasma was divided into aliquots and stored at −80 ◦C until used.
Technicians who performed the assays were blinded to the patients’ history.

2.3. Assays of ANGPTs and VEGFs

Plasma levels of ANGPT1, ANGPT2, VEGF-A, VEGF-C, and VEGF-D were measured
using commercially available ELISA kits (R&D System, Minneapolis, MN, USA) according to
the manufacturer’s instructions. The ELISA sensitivity was 156.25–10,000 pg/mL for ANGPT1,
31.1–4000 pg/mL for ANGPT2, 31.1–2000 pg/mL for VEGF-A, 62.5–4000 pg/mL for VEGF-C,
and 31.3–2000 pg/mL for VEGF-D.

2.4. Assay of Phospholipase A2 Activity

PLA2 activity in the plasma of patients and healthy controls was measured by Life
Technologies EnzChek (Milan, Italy) phospholipase A2 assay. Briefly, a PLA2 substrate
cocktail consisting of 7-hydroxycoumarinyl-arachidonate (0.3 mM), 7-hydroxycoumarinyl-linolenate
(0.3 mM), hydroxycoumarinyl 6-heptenoate (0.3 mM), dioleoylphosphatidylcholine (DOPC) (10 mM),
and dioleoylphosphatidylglycerol (DOPG) (10 mM) was prepared in ethanol. Liposomes were formed
by gradually adding 77 μL substrate/lipid cocktail to 10 mL of PLA2 buffer (50 mM Tris–HCl, 100 mM
NaCl, 1 mM CaCl2) while stirring rapidly over 1 min using a magnetic stirrer. Fluorescence (excitation at
360 nm and emission at 460 nm) was measured and specific activity [relative fluorescent units (RFU)/mL]
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for each sample was calculated. Plasma (50 μL) was added to 96-well plates, and PLA2 activity was
evaluated by adding 50 μL of substrate cocktail.

2.5. Statistical Analysis

The sample size was determined by the primary outcome, which was defined through a comparison
of ANGPT2 plasma levels between HF patients and healthy controls in a 1:1 ratio. Assuming an
alpha error equal to 5% and a statistical power equal to 80%, considering the mean concentrations of
ANGPT2 to be approximately 500 pg/mL in healthy individuals, according to previous evidence [32],
a minimum of 70 patients (35 per group) are necessary to capture as significant a 40% difference
in ANGPT2 plasma concentration between controls and HF patients. Data were analyzed with the
GraphPad Prism 7 software package. Data were tested for normality using a D’Agostino-Pearson
normality test. If normality was not rejected at the 0.05 significance level, we used parametric tests.
Otherwise, for not-normally distributed data we used nonparametric tests. Statistical analysis was
performed using a Student’s t-test or one-way ANOVA and Bonferroni’s multiple comparison test,
as indicated in the figure legends. Correlations between two variables were assessed by Spearman’s
rank correlation analysis and reported as coefficients of correlation (r). Plasma concentrations of VEGFs
and ANGPTs and activity of sPLA2 are shown as the median (horizontal black line), the 25th and
75th percentiles (boxes), and the 5th and 95th percentiles (whiskers) of HF, NIHF, and IHF patients and
controls. Statistically significant differences were accepted when the p-value was ≤0.05.

3. Results

3.1. Clinical and Demographic Characteristics of Overall Population

Table 1 summarizes the demographic and clinical characteristics of patients with IHF, NIHF,
and matched healthy controls. The overall study population comprised 43 patients suffering from
HF and 42 healthy donors, carefully selected according to inclusion/exclusion criteria. Patients with
HF were divided into two groups based on HF etiology [3]: 19 with IHF and 25 with NIHF. Both HF
groups were homogeneous in age, gender, BNP levels and LVEF. As expected, IHF and NIHF showed
higher BNP levels and lower LVEFs compared to healthy controls (Table 1).

Table 1. Demographic and clinical characteristics of patients with ischemic heart failure (IHF) or
non-ischemic heart failure (NIHF) and healthy controls.

Characteristics Healthy Controls (N = 42) IHF (N = 19) NIHF (N = 25)

Age-median years (range) 75.5 (46–98) 77 (54–87) 65 (45–87)
Gender male-no. (%) 16 (38.1) 12 (63.1) 16 (64)

BMI (kg/m2) 25.2 ± 4.1 25.4 ± 3.0 25.5 ± 4.2
Caucasian (%) 100 100 100
BNP (pg/mL) 50.6 ± 32.0 1025.8 ± 733.3 * 968.6 ± 802.2 *

Leukocytes (×103/mm3) 7.2 ± 2.5 8.6 ± 4.1 7.9 ± 3.0
GFR (mL/min) 71.2 ± 23.3 48.5 ± 24.3 69.6 ± 32.4

LVEF (%) 61.6 ± 5.8 34.3 ± 6.9 * 34.6 ± 7.4 *

Data are expressed as the mean ± standard deviation of the mean (BMI, BNP, Leukocytes, GFR, LVEF) or median
value (Age). IHF: ischemic heart failure; NIHF: non-ischemic heart failure; BNP: B-type natriuretic peptide; GFR:
glomerular filtration rate (assessed through CKD-EPI equation); LVEF: left ventricular ejection fraction. * p < 0.01
when compared to healthy controls analyzed by one-way ANOVA and Bonferroni’s multiple comparison test.

3.2. Plasma Concentrations of ANGPT1, ANGPT2, VEGF-A, VEGF-C, VEGF-D and PLA2 Activity in
Healthy Controls and HF Patients

As shown in Figure 1, lower concentrations of ANGPT1 and higher levels of ANGPT2 and
ANGPT2/ANGPT1 ratios were detected in subjects suffering from HF compared to healthy controls.
No differences were observed in plasma concentrations of VEGF-A and VEGF-C in the two groups
(Figure 2). Otherwise, HF patients presented higher concentrations of VEGF-D compared to controls.
Moreover, HF was associated with higher PLA2 activity (Figure 3).
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Figure 1. (A) Plasma concentrations of angiopoietin-1 (ANGPT1) in heart failure (HF) patients and
in healthy controls; (B) Plasma concentrations of ANGPT2 in HF patients and in healthy controls;
(C) ANGPT2/ANGPT1 ratio in HF patients and in healthy controls. Data are shown as the median
(horizontal block line), the 25th and 75th percentiles (boxes), and the 5th and 95th percentiles (whiskers)
(statistical analysis was performed by a Student’s t-test). ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Figure 2. (A) Plasma concentrations ofvascular endothelial growth factor-A (VEGF-A) in heart failure
(HF) patients and in healthy controls; (B) plasma concentrations of VEGF-C in HF patients and in
healthy controls; (C) plasma concentrations of VEGF-D in HF patients and in healthy controls. Data are
shown as the median (horizontal block line), the 25th and 75th percentiles (boxes), and the 5th and
95th percentiles (whiskers) (statistical analysis was performed by a Student’s t-test). *** p < 0.001.

Figure 3. Plasma concentrations of sPLA2 activity in HF patients and in healthy controls. Data are
shown as the median (horizontal block line), the 25th and 75th percentiles (boxes), and the 5th and
95th percentiles (whiskers) (statistical analysis was performed by a Student’s t-test). **** p < 0.0001.

3.3. Plasma Concentrations of ANGPT1, ANGPT2 and Their Ratio in Patients With IHF and NIHF

The concentrations of ANGPT1 were significantly reduced in NIHF compared to controls
(Figure 4A). By contrast, the plasma concentrations of ANGPT2 were selectively increased only in
NIHF compared to healthy donors (Figure 4B). Similarly, the ANGPT2/ANGPT1 ratio, a parameter of
vascular permeability [63], was also increased only in NIHF patients compared to controls (Figure 4C).
Importantly, no difference emerged between IHF group and healthy controls in the ANGPT2/ANGPT1
ratio, whereas there was a significant difference between the ANGPT2/ANGPT1 ratio in NIHF vs.
IHF (Figure 4C). There were no differences in ANGPT1 or ANGPT2 between male and female values
in both controls and patients. Moreover, the age of patients and the concentrations of the different
mediators examined did not correlate.

3.4. Plasma Concentrations of VEGF-A, VEGF-C, and VEGF-C in Patients with IHF and NIHF

VEGF-A is a powerful permeability [42] and angiogenic mediator [41]. Elevated concentrations of
VEGF-A have been found in patients with acute myocardial ischemia [28,47–50]. By contrast, the role of
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VEGF-A in chronic heart failure remains unclear [32]. We found that the mean plasma concentrations
of VEGF-A were essentially similar in patients with different types of HF and controls (Figure 5A).

Figure 4. (A) Plasma concentrations of angiopoietin-1 (ANGPT1) in ischemic (IHF) and non-ischemic
(NIHF) patients, and in healthy controls; (B) plasma concentrations of ANGPT2 in IHF and NIHF
patients, and in healthy controls; (C) ANGPT2/ANGPT1 ratio in IHF and NIHF patients, and in healthy
controls. Data are shown as the median (horizontal block line), the 25th and 75th percentiles (boxes),
and the 5th and 95th percentiles (whiskers) (statistical analysis was performed by one-way ANOVA
and Bonferroni’s multiple comparison test). * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 5. (A) Plasma concentrations of VEGF-A in IHF and NIHF patients and in healthy controls;
(B) plasma concentrations of VEGF-C in IHF and NIHF patients and in healthy controls; (C) plasma
concentrations of VEGF-D in IHF and NIHF patients and in healthy controls. Data are shown
as the median (horizontal block line), the 25th and 75th percentiles (boxes), and the 5th and
95th percentiles (whiskers) (statistical analysis was performed by one-way ANOVA and Bonferroni’s
multiple comparison test). * p < 0.05

VEGF-C and VEGF-D are known to play a major role as lymphangiogenic factors acting on VEGF
receptor 3 (VEGFR3) on lymphatic endothelial cells (LECs) [64,65]. More recently, it has been shown
that these factors are produced by human cardiac mast cells [43] and, under certain circumstances,
can exert a protective effect in cardiovascular disorders [66,67]. In addition, it has been demonstrated
that VEGF-C and VEGF-D can exert different effects [45]. The mean plasma concentrations of VEGF-C
did not differ in patients with different HF types and controls (Figure 5B). In contrast, the plasma
concentrations of VEGF-D were increased in IHF patients compared to healthy controls (Figure 5C).
There were no differences in VEGF-A, VEGF-C, and VEGF-D concentrations between male and female
values in either controls and patients. Moreover, the age of patients and the concentrations of VEGFs
examined did not correlate.

3.5. Plasma Concentrations of sPLA2 Activity in Patients With IHF and NIHF

sPLA2 modulates vascular permeability [55] and promotes inflammation [52,53,56]. Circulating
sPLA2 levels increase the risk of early atherosclerosis [62] and predict long-term mortality of HF after
myocardial infarction [60]. Figure 6 shows that plasma activity of sPLA2 activity was significantly
increased in both groups of HF patients compared to healthy controls. There was no differences in
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sPLA2 activity between male and female values in both controls and patients. Moreover, the age of
patients and the concentration of sPLA2 activity did not correlate.

Figure 6. Plasma concentrations of sPLA2 activity in IHF and NIHF patients and in healthy controls.
Data are shown as the median (horizontal block line), the 25th and 75th percentiles (boxes), and the
5th and 95th percentiles (whiskers) (statistical analysis was performed by one-way ANOVA and
Bonferroni’s multiple comparison test). ** p < 0.01; *** p < 0.001.

3.6. Correlations between ANGPT1 or ANGPT2 Plasma Concentrations and sPLA2 Activity in Patients with
IHF and NIHF

As shown in Figure 7, there was an inverse correlation between plasma concentrations of
ANGPT2 and ANGPT1 (Figure 7A) and sPLA2 activity and ANGPT1 (Figure 7B) in NIHF patients.
Furthermore, a positive correlation between PLA2 activity and ANGPT2 was detected in NIHF
(Figure 7C). No correlation was observed between sPLA2 activity and the ANGPT2/ANGPT1 ratio
in NIHF.

Figure 7. (A) Correlations between the plasma concentrations of ANGPT2 and ANGPT1 in NIHF patients;
(B) correlation between circulating sPLA2 activity and the concentration of ANGPT1 in NIHF patients;
(C) correlation between the plasma concentration of sPLA2 activity and ANGPT2 in NIHF patients;
(D) correlation between the plasma concentration of sPLA2 activity and the ANGPT2/ANGPT1 ratio in
NIHF patients. Spearman’s correlation coefficients (r) were calculated and are shown in the panels.
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Contrariwise, no correlations were observed among the plasma concentrations of ANGPT1 and
BNP, ANGPT2 and BNP, and sPLA2 activity and BNP in NIHF patients. Similarly, no correlations were
found between plasma concentrations of ANGPT1, ANGPT2, and sPLA2 activity vs. LVEF in patients
with IHF or NIHR.

4. Discussion

To the best of our knowledge, this is the first study reporting significant and distinct alterations of
plasma concentrations from three different classes of proinflammatory mediators that are essential
for vascular development, integrity and remodeling (i.e., angiopoietins, VEGFs, and secretory
phospholipase A2) in patients with two forms of HF (i.e., ischemic and non-ischemic).

ANGPTs bind to and activate the Tie2 receptor on endothelial cells [9,27]. ANGPT1, produced
by periendothelial mural cells [16] acts as a vascular stabilizer by affecting the connections between
endothelial cells and the cytoskeleton [68]. In contrast, ANGPT2, produced by blood endothelial
cells [23], is rapidly released from Wiebel–Palade bodies in response to various stimuli [24]. ANGPT2
also binds to Tie2 [27] and antagonizes ANGPT1-mediated Tie2 phosphorylation, thereby inducing
vascular instability and leakage [25,26,69]. In addition, ANGPT2 is an important permeability [63,70]
and proinflammatory mediator [16].

Elevated circulating levels of ANGPT2 have been reported in acute coronary syndromes [28,29],
and this mediator has been proposed as a negative prognostic marker after myocardial infarction [34]
and PCI [35,36]. ANGPT2 is associated with a greater risk of cardiovascular mortality in the general
population [71], as well as with higher mortality in patients suffering from myocardial infarction
and cardiogenic shock [29,72]. A recent report demonstrates that ANGPT2 is highly expressed in
endothelial cells at the border of the infarct area after ischemic injury in mice [15]. In the remodeling
phase after myocardial infarction, endothelial- and macrophage-derived ANGPT2 promotes abnormal
vascular remodeling and exacerbates inflammation. In contrast, ANGPT1 plays a protective role in
preclinical models of vascular injury [37,38] and exerts anti-inflammatory effects [20].

Our study shows that HF is associated with reduced ANGPT1 plasma concentrations, increased
ANGPT2 levels, and an increased ANGPT2/ANGPT1 ratio as compared with healthy controls.
Of importance, different alterations of ANGPT1 and ANGPT2 expression have been detected in
patients with IHF and NIHF. For instance, plasma levels of ANGPT1 are significantly decreased
only in NIHF, but not in IHF patients compared to controls. Contrarywise, circulating levels of
ANGPT2 are increased in NIHF, but not in IHF patients compared to healthy donors. Moreover,
the ANGPT2/ANGPT1 ratio, an index of vascular permeability [63], was exclusively increased only in
NIHF patients.

We did not find a correlation between plasma concentrations of ANGPT1 or ANGPT2 and BNP
in either IHF or NIHF patients. In contrast, a recent study reported a significant correlation between
serum concentrations of ANGPT2 and NT-proBNP in more than 200 patients that had undergone
diagnostic cardiac catheterization [73]. Several explanations can justify these apparently different
results. The latter study included patients with (54%) or without coronary artery disease, as well as
with comorbidities (e.g., diabetes, hypertension) that may have influenced the results. In our study,
the population of IHF and NIHF participants was selectively included, and patients with comorbidities
were not selected. Although the two examined cohorts were rather small, the patients examined in our
study were very homogeneous for the principal clinical and demographic features.

Our results may have clinical implications for patients suffering from HF. First, if confirmed
in larger cohorts, the evaluation of plasma concentrations of ANGPT1, ANGPT2, and their ratio
may be useful in the identification of different pathophysiological patterns underlying ischemic and
non-ischemic HF. Second, the unique role of the ANGPTs/Tie2 signaling pathway in vascular stability
suggests that it could serve as a target for therapeutic intervention in diseases whose pathophysiology
comprises the alteration of vascular integrity [27], such as HF. Recently, it has been demonstrated that
ANGPT2 inhibition, through an anti-ANGPT2 blocking antibody, substantially alleviated autoimmune
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inflammation [70]. Importantly, specific ANGPT2 deletion or the use of an anti-ANGPT2 antibody
markedly reduced cardiac hypoxia, proinflammatory macrophage polarization, adverse vascular
remodeling, and the consequent progression of HF after myocardial infarction in mice [15]. The results
of the latter study contribute to elucidating the roles of ANGPT2 in the pathogenesis of post-ischemic
cardiovascular remodeling. Finally, these fascinating experimental results designate ANGPT2 as a
promising therapeutic target to prevent/ameliorate HF.

VEGF-A is a powerful permeability factor [42] and a potent proangiogenic and proinflammatory
mediator [41,74]. Although several clinical studies have found elevated circulating levels of VEGF-A
in myocardial infarction [28,47–50], the role of this mediator in HF still remains poorly elucidated. Our
results show that, differently from acute vascular injuries, plasma levels of VEGF-A are not altered
in the overall HF population or in either IHF or NIHF patients. Thus, our results suggest that this
mediator could play different roles in an acute vs. chronic setting of myocardial ischemia.

VEGF-C and VEGF-D are major lymphangiogenic factors produced by human macrophages [52,75]
and cardiac mast cells [43]. In a mouse model of HF, VEGF-C and VEGF-D were upregulated in the
early stages of disease, with levels returning afterwards to baseline [76]. Levels of VEGF-C have been
reported as elevated in patients with ischemic or non-ischemic cardiomyopathy [77]. An increased
level of VEGF-D was found in an animal model of ischemic cardiomyopathy [78] as well as in human
atherosclerotic lesions [79]. Recent evidence indicates that lymphangiogenesis [66] and VEGF-C
improve cardiac functions after experimental myocardial infarction [80]. Our results indicate that
the plasma concentrations of VEGF-C were similar in patients with HF (IHF and NIHF) and controls.
Interestingly, the circulating concentrations of VEGF-D were increased in HF patients compared
to controls, but significant differences were exclusively detected in IHF patients. The differential
alterations of VEGF-C and VEGF-D in these patients is intriguing but not surprising. In fact, recent
evidence demonstrates that VEGF-C and VEGF-D can differently modulate the immune system [45].
The possible role of VEGF-D in HF patients deserves further investigations.

PLA2 activity was found increased in plasma from both groups of HF patients compared to
healthy controls. PLA2 modulates endothelial cell migration and vascular permeability in vitro
and in humans [53,55–57,81]. Previous studies have demonstrated that circulating levels of sPLA2

predict coronary events in patients with coronary artery disease [58], as well as in apparently
healthy men and women [59]. Moreover, serum sPLA2 levels also predicts readmission for HF after
myocardial infarction [60]. More recently, elevated circulatory levels of sPLA2 were associated with
risk of early atherosclerosis [62]. Our study is, to our knowledge, the first to demonstrate that high
plasma concentrations of PLA2 activity can be found in HF patients, both with an ischemic and
non-ischemic etiology.

Along with the epidemiologic transition of global population, the pathophysiology of HF has
changed over time. According to the Framingham Heart Study, hypertension represented the most
frequently associated condition in HF patients, irrespective of LVEF [82]. It is widely recognized that
coronary heart disease represents the predominant cause of HFrEF [83]. Coronary stenosis-dependent
cardiomyocyte hypoxia, through inadequate oxygen supply to metabolic needs and leading to
ventricular dysfunction, may be the result of both acute and chronic cardiac ischemia. Indeed, in acute
coronary syndromes, a sudden drop in myocardial perfusion rapidly determines cardiomyocyte
injury. In the setting of chronic ischemia there is often an imbalance between coronary blood flow and
augmented demand due to progressive atherosclerosis, especially under stress. This leads over time to
hibernation, stunning, and secondary myocardial remodeling, resulting in reduced cardiac output [84].

NIHF pathophysiology is more heterogeneous due to several etiologic factors that are sometimes
concurrent. The most relevant causes of NIHF are represented by primary valvular diseases,
arterial hypertension, microbial cardiomyopathy, DM, toxic agents (drugs or alcohol), and genetic
cardiomyopathies. Once all the listed factors have been excluded, idiopathic HF is the resulting
diagnosis [85]. In NIHF there is a primary injury in the cardiomyocyte structure and function that
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manifests in cell apoptosis and a consequent substitution with fribotic tissue, without alteration in
coronary flow.

However, independently from ischemic or non-ischemic etiology, all patients suffering from systolic
HF present reduction of LVEF, maladaptive LV remodeling, and similar clinical presentations including
dyspnea and hydro-saline retention. Our results identify an HF-dependent impact on the expression
levels of several vascular permeability and inflammatory mediators, with different patterns in the clinical
setting of NIHF and IHF that potentially reflect the above-mentioned pathophysiological differences.

Several immune cells produce sPLA2 [86–88], ANGPTs [15,17,18,24,70,89], VEGF-A [43,52,74,90],
and VEGF-C/VEGF-D [52,74,91]. In this study, we did not address the issue of the contribution of
different cells to the increased plasma levels of these powerful inflammatory mediators observed in
patients with IHF or NIHF. ANGPT2 appears to be a potential therapeutic option in experimental heart
failure [15]. Future studies with the aim of identifying the cellular sources of these powerful mediators
could lead to the identification of novel and selective therapeutic targets in IHF and NIHF patients.

The limited number of subjects enrolled represented the main limitation of the present investigation.
However, it is important to point out that in order to identify specific differences between NIHF and
IHF the study protocol included stringent exclusion criteria to reduce potential interference with the
inflammatory and angiogenic patterns explored in the study. Indeed, very common comorbidities such
as COPD, DM, immune disorders, malignancies, and severe obesity were excluded from the study.
As a consequence, the patients examined were very homogeneous, but rather small. The results of this
preliminary study will have to be extended in a future multicenter trial examining larger cohorts of
IHF and NIHF patients.

5. Conclusions

In the present study we demonstrated that the ANGPT system is selectively modulated in NIHF
patients, with an increased ANGPT2/ANGPT1 ratio compared to IHF and controls, whereas VEGF-D
was exclusively augmented in IHF patients. In contrast, sPLA2 activity was increased in both IHF and
NIHF patients compared to healthy controls. To the best of our knowledge this represents the first
evidence reporting that several regulators of vascular permeability and inflammation is specifically
altered in patients with IHF and NIHF, paving the way for the identification of new molecular
mechanisms underlying HF pathophysiology and novel therapeutic targets.
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ACE angiotensin-converting enzyme
ANGPT angiopoietin
ARB angiotensin receptor blocker
BMI body mass index
BNP B-type natriuretic peptide
COPD chronic obstructive pulmonary disease
DM diabetes mellitus
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DOPC dioleoylphosphatidylcholine
DOPG dioleoyphosphatidylglycerol
EF ejection fraction
GFR glomerular filtration rate
HF heart failure
IHF ischemic heart failure
LVEF left ventricular ejection fraction
NIHF non-ischemic heart failure
PLA2 phospholipase A2
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
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Abstract: Statins are a cornerstone in the pharmacological prevention of cardiovascular disease.
Although generally well tolerated, a small subset of patients experience statin-related myotoxicity
(SRM). SRM is heterogeneous in presentation; phenotypes include the relatively more common myalgias,
infrequent myopathies, and rare rhabdomyolysis. Very rarely, statins induce an anti-HMGCR positive
immune-mediated necrotizing myopathy. Diagnosing SRM in clinical practice can be challenging,
particularly for mild SRM that is frequently due to alternative aetiologies and the nocebo effect.
Nevertheless, SRM can directly harm patients and lead to statin discontinuation/non-adherence, which
increases the risk of cardiovascular events. Several factors increase systemic statin exposure and
predispose to SRM, including advanced age, concomitant medications, and the nonsynonymous
variant, rs4149056, in SLCO1B1, which encodes the hepatic sinusoidal transporter, OATP1B1. Increased
exposure of skeletal muscle to statins increases the risk of mitochondrial dysfunction, calcium signalling
disruption, reduced prenylation, atrogin-1 mediated atrophy and pro-apoptotic signalling. Rare variants
in several metabolic myopathy genes including CACNA1S, CPT2, LPIN1, PYGM and RYR1 increase
myopathy/rhabdomyolysis risk following statin exposure. The immune system is implicated in both
conventional statin intolerance/myotoxicity via LILRB5 rs12975366, and a strong association exists
between HLA-DRB1*11:01 and anti-HMGCR positive myopathy. Epigenetic factors (miR-499-5p,
miR-145) have also been implicated in statin myotoxicity. SRM remains a challenge to the safe and
effective use of statins, although consensus strategies to manage SRM have been proposed. Further
research is required, including stringent phenotyping of mild SRM through N-of-1 trials coupled to
systems pharmacology omics- approaches to identify novel risk factors and provide mechanistic insight.

Keywords: statin; pharmacogenomics; muscle toxicity; mitochondria; prenylation; immune system

1. Introduction

Statins are oral hypolipidaemic drugs and amongst the most widely prescribed medications
worldwide [1]; in the United Kingdom (UK) alone, ~7 million patients take a statin [2]. The first agent,
mevastatin (ML-236B), was identified from Penicillium citrinum [3], but was never marketed due to
adverse effects. Lovastatin (LVT), isolated from Aspergillus terreus, received its marketing authorisation
in 1987 and was the first statin approved [4]. LVT also naturally occurs in certain foodstuffs including
red yeast rice [5] and oyster mushrooms [6].

Statins are the first line hypolipidaemic drug class for managing cardiovascular (CV) disease
(CVD), although ezetimibe, fibrates, bile acid sequestrants, and parenteral proprotein convertase
subtilisin/kexin type 9 (PSCK9) inhibitors are also used in specific situations. In the UK, atorvastatin
(ATV) 20 mg and 80 mg daily are the current first line guideline-recommended statins for primary and

J. Clin. Med. 2020, 9, 22; doi:10.3390/jcm9010022 www.mdpi.com/journal/jcm115



J. Clin. Med. 2020, 9, 22

secondary CVD prevention, respectively [7]. However, due to historic prescribing, simvastatin (SVT)
remains the most commonly prescribed statin in the UK, followed by ATV [8].

Statins competitively inhibit 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR),
the rate limiting enzyme for de novo cholesterol synthesis in the mevalonate pathway (Figure 1).
In response, a compensatory upregulation in hepatic low-density lipoprotein (LDL) receptor cell
surface expression occurs [9], leading to a reduction in circulating LDL cholesterol (LDL-C) by
~30–63%, depending on statin and dose. Statins also reduce triglycerides (~20–40%) and raise
high-density lipoprotein-cholesterol (HDL-C) (~5%) to a modest extent [10]. Large meta-analyses of
statin randomized controlled trials (RCTs) have concluded that each 1 mmol/L reduction in LDL-C
with statin therapy is associated with a 22% reduction in the rate of major CV events (coronary deaths,
myocardial infarctions, strokes and coronary revascularisations) [11].

Beyond lowering cholesterol, statins have been associated with a range of beneficial pleiotropic
effects including anti-inflammatory, antioxidant and immunomodulatory effects, inhibition of platelet
activation, regulation of pyroptosis, and increased plaque stability [12–14]. For example, statins mediate
a dose-dependent decrease in C-reactive protein [15], may impact renal function [16,17], and attenuate
postpartum cardiovascular dysfunction in a rat preeclampsia model [18]. The mechanisms underlying
these effects are incompletely understood. However, decreases in other products of the mevalonate
pathway following statin-mediated HMGCR inhibition, including isoprenoid intermediates, dolichols,
heme A and coenzyme Q10 (CoQ10,) (Figure 1), are thought to play a role [12].

Figure 1. Statin inhibition of the mevalonate pathway.

Seven statins are currently licensed: ATV, fluvastatin (FVT), LVT, pitavastatin (PIT), pravastatin
(PVT), rosuvastatin (RVT), and SVT. Statins can be sub-divided into: (i) those administered as the
therapeutically inactive lactone (LVT, SVT) versus those administered as active acid statin (ATV, FVT,
PVT, PIT, RVT); (ii) those that undergo extensive metabolism by the phase I cytochrome P450 (CYP)
system (ATV, FVT, LVT, SVT) versus those excreted predominantly unchanged (PIT, PVT, RVT), and
(iii) of the extensively metabolised statins, those primarily biotransformed by CYP3A4/5 (ATV, LVT,
SVT) or CYP2C9 (FVT). Table 1 provides an overview of the different statins.
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There is notable interindividual variability in response to statin therapy with patients experiencing
variable cholesterol lowering efficacy, recurrent CV events [1,15], and a 45-fold variation in statin
plasma concentrations [49]. Importantly, a small subset of patients experience statin adverse drug
reactions (ADRs), including statin-related myotoxicity (SRM), new-onset diabetes mellitus [50], and
elevated liver transaminases [51,52]. Adverse effects on energy levels and exertional fatigue [53] and
reduced exercise capacity [54] have been reported, but not confirmed [55]. Similarly, there have been
post-marketing case reports of statin-induced memory loss and confusion, although overall, statins are
not currently thought to cause cognitive dysfunction [56,57].

It is important to study SRM because, firstly, it can directly harm patients [58,59]. Secondly,
despite the unequivocal CVD benefit of statins, statin discontinuation and non-adherence rates are high;
~43% of primary prevention and ~24% of secondary prevention patients become statin non-adherent
after a median of ~24 months [60]. Muscle pain increases the likelihood of statin non-adherence and
discontinuation [61] which, importantly, increases the risk of major CV events and mortality [62,63].

2. SRM Definitions

SRM is heterogeneous in presentation (Figure 2) and so case definitions vary between studies.
Therefore, a recent effort has standardised nomenclature and classified SRM into seven distinct
phenotypic categories [64]:

SRM 0 represents asymptomatic elevations in serum creatine kinase (CK) < 4 × the upper limit of
normal (ULN);

SRM 1 and 2 are common myalgias (aches, cramps and/or weakness) with no (SRM 1) or minor
CK elevations (< 4 × ULN, SRM 2);

SRM 3 represents increasingly infrequent myopathy with CK > 4 × but < 10 × ULN;
SRM 4 is severe myopathy with CK > 10 × but < 50 × ULN;
SRM 5 constitutes rare but potentially life-threatening rhabdomyolysis with either CK > 10 ×

ULN, muscle symptoms and renal impairment, or CK > 50 × ULN, and;
SRM 6 consists of very rare anti-HMGCR positive immune-mediated necrotizing myopathy, which

persists despite statin cessation [64].

Figure 2. Classification of statin-related myotoxicity phenotypes.
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Classification and estimated frequencies are based on Alfirevic et al., 2014 [64], except the myalgia
frequency which is from Parker et al., 2013 [65].

Whilst these categories will standardise research, they are perhaps less meaningful as diagnostic
criteria in clinical practice. The National Lipid Association (NLA) defines statin intolerance as the
“inability to tolerate at least two statins: one statin at the lowest starting daily dose and another
statin at any daily dose, due to either objectionable symptoms (real or perceived) or abnormal
laboratory determinations, which are temporally related to statin treatment and reversible upon
statin discontinuation [66].” The European Atherosclerosis Society (EAS) states “the assessment of
statin-associated muscle symptoms includes the nature of muscle symptoms, increased CK levels and
their temporal association with initiation of therapy with statin, and statin therapy suspension and
re-challenge [67].”

3. SRM Clinical Presentation

SRM constitutes the most commonly reported statin adverse event, comprising approximately
two-thirds of all adverse events [68]. The most common muscular symptoms are pain, heaviness,
stiffness and cramps with or without subjective weakness [58,69]. Symptoms involving leg muscles
(thighs, calves) are most frequent, although back, neck, shoulder and generalised muscular symptoms
have also been described [58,69]. Tendonitis-associated pain has been reported [58]. Approximately
40% of patients with SRM note a potential trigger; most commonly, unusual physical exertion or a new
medication [58]. Muscular pains are intermittent in three quarters of SRM patients, and constant in
one quarter [58].

SRM is most common during the first year of treatment [70] with a median time to onset of one
month [51]; over 80% of patients report not experiencing similar symptoms before statin treatment [58].
The muscular symptoms in the majority of SRM cases (~70–80%) are sufficiently intense to disrupt
everyday activities [58,69]; this includes statin persistence and so, can present as MACE. The rarer
severe myopathies and rhabdomyolysis can directly lead to hospitalisation.

4. SRM Frequency

Amongst licensed statins, the frequency of SRM appears highest with SVT, followed by ATV,
and is lowest with FVT [58]. However, the true incidence of SRM is uncertain, occurring in 1.5–5%
of participants in RCTs (relative to placebo groups) [71], compared to ~10–33% in observational
studies [61,72]. This variability is potentially attributable to a range of factors, including different
myotoxicity definitions and follow up procedures, lead-in periods, inclusion of different patient groups,
and treatment blinding [73]. There is consensus that statins increase the risk of severe myopathy
and rhabdomyolysis [50]. Of note, cerivastatin (CVT) was voluntarily withdrawn in 2001 because of
52 cases of fatal rhabdomyolysis [74]. However, the variability in reported SRM rates has sparked
significant disagreement and controversy over the underlying benefit-risk profile of statins, particularly
in patients at the lower end of the CVD risk spectrum [75].

The greater difficulty lies in determining the aetiology of the commoner milder musculoskeletal
symptoms, and in particular, whether they are attributable to a statin and/or concurrent condition(s)
(e.g., viral illnesses). On the one hand, the frequency of muscle-related adverse events did not
differ between patients on ATV 10 mg daily or placebo in the large double-blind ASCOT-LLA RCT
(n = 10,180), but became significantly more common in patients taking ATV 10 mg daily (1.26% per
annum) compared to placebo (1.00% per annum) in the subsequent open label non-blinded extension
phase [76]. This observation was attributed to the nocebo effect. On the other hand, a six-month
double-blind RCT conducted in 420 healthy volunteers administered ATV 80 mg daily or placebo
found increased myalgia amongst the subjects on ATV compared to the placebo group (9.4% vs.
4.6%, respectively, p = 0.05) [65]. Moreover, N-of-1 (single-patient) placebo-controlled trials involving
patients with a history of SRM have reported that ~30–40% experience subsequent muscle-related
events only on statin and not placebo [77,78]. This suggests that the muscle symptoms experienced
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by a third of symptomatic patients are likely statin-induced, whilst the remainder are probably not.
The challenge is how to distinguish patients with true SRM from those with myalgia due to other causes.

5. SRM Pathogenesis

Several SRM risk factors have been identified and mechanisms proposed, but there is not yet
a unified pathophysiological understanding. Nevertheless, two inter-dependent mechanisms are
implicated: 1. increased statin systemic exposure due to clinical and pharmacogenomic factors, which
increase skeletal muscle exposure, and 2. intracellular skeletal myocyte entry and disruption of muscle
function (Figure 3).

Figure 3. An integrated overview of processes implicated in statin myotoxicity.

6. Factors Associated with Statin Pharmacokinetics and Myotoxicity

The absorption, distribution, metabolism and elimination (ADME) pharmacokinetic (PK)
characteristics of the different statins are listed in Table 1. Multiple clinical and pharmacogenomic
factors have been associated with statin PK, and a subset also with SRM. These are reviewed below,
with particular focus placed on the pharmacogenomic associations.

6.1. Clinical Factors

The clinical factors associated with statin PK and SRM are listed in Supporting Information Table S1,
and Table 2, respectively. Several, but not all, identified clinical risk factors for SRM are associated
with increased statin exposure (Table 2). Increasing dose increases statin exposure. Increasing age
correlates with modestly greater statin exposure, except for FVT and RVT [29,43]. Women generally
have modestly higher exposure to most statins, except for RVT and ATV. Whilst there is no difference
in mean RVT exposure between genders [79], women have modestly lower circulating ATV levels
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compared to men [21], attributable to higher hydroxylation metabolism. Patients of Asian ancestry have
an approximate 1.5–1.9-fold increase in median RVT exposure compared to Caucasian patients [80],
and so the US Food & Drug Administration (FDA) recommends that Asian patients start with just 5 mg
RVT daily [43]. All statins are predominantly excreted in faeces and so hepatic impairment can result
in several fold increased exposure to several statins (e.g., ATV, FVT) [21,29], although the influence
on RVT is more modest [81]. The association between alcoholism and SRM [82] may be partially
mediated by alcohol-induced hepatic impairment and reduced body mass leading to increased statin
exposure, although alcohol itself also causes myopathy [83]. Renal impairment is only associated with
increased statin exposure for statins that are at least 10% renally excreted, with little impact on ATV or
FVT [21,84]. Thus, the maximum effect of renal impairment is a 3-fold increase in RVT exposure [43].
Importantly, increasing dose, older age, female sex, low body mass index (BMI), liver disease and renal
impairment have all been associated with SRM [64].

Table 2. Clinical risk factors of statin-related myotoxicity.

Category Risk Factor Reference

Demographics
Advanced age (>80 years old) [51,82]

Female gender [51,85]
Low body mass index [73,82]

Ethnicity
Black African [70]

Caribbean
Co-morbidities

Alcohol abuse [82]
Chronic kidney disease [51,82,86,87]

Chronic liver disease [70,88]
Diabetes mellitus [88,89]

Hypertension [90]
Hypothyroidism [88]

Vitamin D deficiency [91–93]
Personal/family factors

Physical exercise [58,94,95]
Personal or family history of muscle pain [58]

Diet
Grapefruit juice (CYP3A inhibition) [96]

Drugs
Higher statin dose [70,73,97]

Corticosteroids [88]
CYP3A inhibitors (particularly for ATV, LVT, SVT)—e.g.,
amiodarone, ciclosporin, clarithromycin, erythromycin,

protease inhibitors (e.g., indinavir, ritonavir)
[98–104]

CYP2C9 inhibitors † (for FVT)—e.g., fluconazole [105]
OATP1B1 inhibition—e.g., gemfibrozil, ciclosporin [99]

Adapted from Alfirevic et al., 2014 [64]. † = in renal transplant patients and limited to the subgroup carrying CYP2C9* 2 or * 3.

6.2. Pharmacogenomic Factors that Affect Statin Pharmacokinetics

A broad overview of the major enzymes and transporters generally involved in statin disposition
is provided in Figure 4. Multiple genes alter statin PK, as summarised in Supporting Information
Table S2; key genes are CYPs, UGTs (uridine 5′-diphospho-glucuronosyltransferases), SLCO1B1 (solute
carrier organic anion transporter family member 1B1) and the efflux transporters ABCB1 (adenosine
triphosphate (ATP)-binding cassette subfamily B member 1) and ABCG2, which are reviewed below.
Table 3 lists studies that have investigated SRM pharmacogenomics. Overall, of the statin PK genes
investigated, only SLCO1B1 rs4149056 has been consistently associated with SRM.
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Figure 4. A general schema for statin disposition.

This figure shows the enzymes and transporters that can be involved in the first pass metabolism
of different statins [19,24,38,106–108]. ATV, LVT, and SVT are hydroxylated by CYP3A4/5, and FVT
by CYP2C9. Statin lactonization is mediated by UDP-glucuronosyltransferases. OATP1B1 is central
to the hepatic uptake of statins, although other transporters can be involved. BCRP and/or P-gp
are important in the intestinal and biliary efflux of statins, alongside other transporters. The major
enzymes/transporters discussed further in this review are underlined.
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6.2.1. CYP Phase 1 Hydroxylation

Metabolism is responsible for the clearance of 70% of the top 200 used drugs [142], a subset
of 12 of the 57 putatively functional CYPs within the human CYP superfamily carry out 75% of
drug biotransformations [143], and CYP3A metabolises the largest number of different drugs [142].
ATV, LVT and SVT are themselves extensively metabolised by CYP3A, with greater contributions
from CYP3A4 than CYP3A5 [144]. Although no common missense variants are known for CYP3A4,
the intronic variant, rs35599367 (*22, 522-191C > T), is associated with reduced CYP3A4 hepatic
mRNA and enzymatic activity [145]. CYP3A4*22 increases the formation of non-functional CYP3A4
alternate splice variants with partial intron six retention, specifically in human liver but not small
intestine [146]. CYP3A4*22 is present with a minor allele frequency (MAF) of ~5% in Europeans, but
is low/rare (~1%) in African and Asian populations [147]. CYP3A4*22 is associated with reduced
ATV hydroxylation [148] and ethnicity-restricted increases in SVT/SVT acid concentrations [48].
Although nuclear receptors are highly conserved [149], a single nucleotide polymorphism (SNP)
within peroxisome proliferator-activated receptor-α (PPARA), rs4253728, has also been associated with
reduced human hepatic CYP3A4 protein levels [148] and reduced metabolism of ATV [148] and likely
SVT [150].

CYP3A5*3 is a loss of function allele defined by rs776746 (6986G > A), which introduces a cryptic
mRNA splice site resulting in a non-functional truncated protein [151], and has MAFs of ~18%, 69%
and 94% in African, Asian and European populations, respectively [147], indicating allelic reversal.
CYP3A5*3/*3 has been associated with increased SVT and ATV L exposures [152,153].

Increased exposures to LVT [154,155] and SVT [156] have been tentatively reported in association
with CYP2D6 reduction/loss-of-function alleles (e.g., *5, *10, *14). However, in vitro studies have not
identified LVT/SVT as CYP2D6 substrates [47,157,158], which puts these CYP2D6-LVT/SVT associations
into doubt. Carrying CYP2C9*3 has been associated with increased exposures to FVT and PIT, but not
RVT or SVT (Table S2). CYP2C9*2 was not associated with FVT exposure [159]. CYP2C9*2 and *3 are
both reduction-of-function nonsynonymous variants that reduce xenobiotic metabolism by ~30–40%
and ~80–90%, respectively [160]. The MAF of CYP2C9*3 is 7%, 4% and rare in Caucasian, Asian, and
African populations, respectively.

Variants in CYP3A4/5 and CYP2D6 have been inconsistently associated with SRM or statin
tolerability in some candidate gene studies [121–123] but not others [85,118,125]. Carrying CYP2C9*2

or *3 may increase the risk of FVT adverse events (mainly myotoxicity), particularly when also
receiving a CYP2C9 drug inhibitor [105]. However, all patients in this FVT study were renal transplant
recipients [105], and so the generalisability of these findings remains unknown. None of these genes
have yet been identified in SRM genome-wide association studies (GWAS) [86,115,141]. Thus, whilst
CYP genetic variants are linked to altered statin exposure, their relationship with SRM remains uncertain.

6.2.2. UGT1A3 Phase 2 Glucuronidation

The UGT family is involved in phase II drug metabolism and consists of subfamilies UGT1A,
UGT2A and UGT2B [161]. UGTs catalyse glucuronidation, typically transforming small lipophilic
molecules into more hydrophilic metabolites, which are easier to excrete. Statin lactonization can
occur either non-enzymatically at low intestinal pH [162], conceivably via a coenzyme A-dependent
process [163], or via an unstable acyl glucuronide intermediate that undergoes spontaneous cyclization
to a lactone analyte [164]. Statin lactone species are considered more myotoxic than their acid
counterparts [165]. Depending on the statin, UGT1A3, 1A1 and UGT2B7 can be involved in acyl
glucuronidation [19]. However, UGT1A3 has been consistently shown to have the highest in vitro statin
lactonization rates [19]. UGT1A3*2 is associated with increased UGT1A3 hepatocyte protein expression
and *2/*2 volunteers have higher exposures of both ATV lactone and 2-hydroxy ATV lactone [161,166].
The common low expression UGT1A1 dinucleotide tandem repeat promoter polymorphism, *28,
has been associated with both decreased area under the ATV lactone concentration-time curve (AUC) [167]
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and increased lactonization [161]; this discrepancy is likely attributable to the extensive linkage
disequilibrium within the UGT1A locus—for example, between UGT1A1*28 and UGT1A3*2 [161].

UGT1A1/1A3 variants have been sequenced to investigate CVT myotoxicity, but no association was
identified [115]. To date, they have not been included in SRM candidate gene studies, nor identified in
SRM GWAS.

6.2.3. SLCO1B1 Influx Transporter

SLCO1B1, located on chromosome 12p12.2, encodes organic anion-transporting polypeptide
1B1 (OATP1B1), which is a major hepatocyte-specific sinusoidal influx xenobiotic transporter.
The nonsynonymous SNP, rs4149056 (521T > C, p.V174A), in exon five results in decreased intrinsic
OATP1B1 transport activity [168]. The rs4149056 MAF is approximately 1%, 8% and 16% in African,
Asian and European populations, respectively [147]. Importantly, rs4149056 521CC homozygosity has
been associated with increases in statin AUC of 286% (LVT acid) [169], 221% (SVT acid) [170], 208%
(PIT) [171], 144% (ATV) [172], 91% PVT [173], and 65% (RVT) [172]. However, rs4149056 has not been
associated with FVT [173] or parent LVT [169] and SVT exposures [170].

Importantly, rs4149056 was identified in a seminal GWAS to be strongly associated with myopathy
in 85 cases compared to 90 controls, all of whom were on SVT 80mg daily [86]. The odds ratio (OR)
for myopathy in 521CC versus 521TT patients was 16.9 (95% confidence interval (CI) 4.7, 61.1), and a
gene-dose trend was evident with an OR of 4.5 (95% CI 2.6–7.7) per C allele [86]. In patients on 40 mg
SVT daily, the myopathy relative risk remained but was halved to ~2.6 (95% CI 1.3–5.0) per C allele,
in keeping with a dose-related ADR [86]. This association between SVT myopathy and rs4149056 has
been replicated [89,174] and confirmed in recent large meta-analyses [110,116]. Furthermore, rs4149056
has also been linked to milder adverse outcomes encompassing myalgia, prescription reductions
and/or minor biochemical (e.g., CK) elevations indicative of SVT intolerance [69,85,113,175].

In adsition to SVT, historical cases of CVT-related rhabdomyolysis have been associated with
rs4149056 [115]. Furthermore, a recent whole-exome sequencing endeavour reported that SLCO1B1

rs4149056 is associated with statin myopathy (mainly SVT or CVT cases), which reached multiple
testing significance when limited to patients not on a fibrate; however, no novel rare coding signals were
detected [111]. Intriguingly, SLCO1B1 rs4149056 has been recently associated with RVT myotoxicity
(a composite of myalgias to rhabdomyolysis) in Han Chinese patients [109,176], although it was not
previously associated with myalgias in patients of European descent receiving RVT [112]. A recent
meta-analysis, largely including these studies, further suggested an association between rs4149056 and
RVT myotoxicity [116]. Given the increased RVT exposure reported in Asian compared to Caucasian
patients, which is partially but not completed explained by ABCG2 rs2231142 (see Section 6.2.4) [80],
Asian patients are perhaps more sensitive to further SLCO1B1-mediated increases in RVT exposure.

Overall, it has been suggested that rs4149056 might be relevant for severe myopathy (e.g., CK >
10 × ULN) due to several statins, with an effect size likely greatest for SVT (or LVT) and lowest for FVT,
based upon the degree to which the rs4149056 minor C allele increases exposure to each statin [110].
Nevertheless, rs4149056 has not yet been clearly associated with PVT myotoxicity [85,116], and whilst
an association between rs4149056 and ATV myotoxicity has been suggested [85,113] or reported [114],
several other studies found no evidence [89,110,116,174,176–178]. Reasons for ongoing uncertainty
regarding the role of rs4149056 in ATV myotoxicity include fewer ATV cases in studies (especially
cases on high dose ATV) [89] and ATV appears less intrinsically myotoxic than SVT [165], as well as
the impact of rs4149056 on exposure being smaller for ATV than SVT acid [172]. The latter is plausibly
because ATV utilises OATP1B3, 2B1 and 1A2, as well as OATP1B1, for hepatocyte uptake [25].

In summary, the influence of rs4149056 on myotoxicity risk is clear for SVT, but incompletely
resolved for the other licensed statins. Importantly, the FDA revised the SVT product label to reduce SVT
80 mg use because of the elevated myotoxicity risk [179]. Furthermore, the Clinical Pharmacogenetics
Implementation Consortium (CPIC) guidelines recommend a lower SVT starting dose or an alternative
statin, alongside consideration of routine CK surveillance, in patients already known to carry at least
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one 521C allele [180]. The Dutch Pharmacogenetic Working Group (DPWG) has published guidance for
SLCO1B1 rs4149056 and both SVT and ATV [181]. The DPWG SVT guideline first line recommendation
is an alternate statin in 521C carriers, whilst the ATV guidance only recommends an alternate statin in
521C carriers with additional SRM clinical risk factors [181].

6.2.4. ABCB1 and ABCG2 Efflux Transporters

ABCB1 and ABCG2 are both members of the superfamily of ATP-binding cassette (ABC)
transporters and encode the efflux transporters P-glycoprotein (P-gp) and breast cancer resistance
protein (BCRP), respectively. Both P-gp and BCRP are located in the apical (luminal) membrane of
enterocytes and the canalicular membrane of hepatocytes, as well as other locations including the
blood–brain barrier [182] and placenta [183,184]; they have broad substrate specificity.

ABCB1 has three common SNPs, rs1128503 (1236T-C, synonymous), rs2032582 (missense, 2677T-G)
and rs1045642 (synonymous, 3435T-C); TTT homozygotes have ~55–60% increased exposure to both
ATV and SVT acid [185]. The ABCB1 T alleles have been associated with symptom-independent
elevated CK levels [117] and muscle symptoms [118,119] in some candidate gene studies, but not with
prescribing changes suggestive of statin intolerance [121], nor in SRM GWAS [110,115].

The nonsynonymous ABCG2 SNP, rs2231142 (421C > A, p.Q141K), has MAFs of 1%, 10–29% and
9% in African, Asian, and European populations, respectively [147]. The 421AA genotype has been
associated with a 2.4-fold increased exposure to RVT, ~2-fold increased exposures to ATV, FVT, and
SVT, but no increased exposures to PIT or PVT [108]. Interestingly, carrying rs2231142 421A has been
associated with an increased risk of myotoxicity with ATV [120], and in renal transplant recipients
receiving FVT [105]. Both of these studies were small case control candidate gene studies and have not
been confirmed in GWAS, although SRM GWAS analyses have included relatively few FVT cases to
date [86,110,111,115].

6.3. Drug–Statin Interactions

Drug–statin interactions are common, can lead to several fold increases in statin exposure, and
are established SRM risk factors. Ciclosporin is a potent inhibitor of CYP3A4 [186] and several
transporters including OATP1B1, OATP1B3, OATP1B2, ABCG2, and P-gp [99,187], and universally
increases systemic exposure of all statins (Table S1). Gemfibrozil and its glucuronide metabolite inhibit
CYP2C8 and OATP1B1 and increase statin acid levels (except FVT). Importantly, ciclosporin and
gemfibrozil are strongly associated with SRM [99]. CYP3A inhibitors (e.g., amiodarone, itraconazole,
clarithromycin) consistently increase the systemic exposure of the CYP3A-metabolised statins (ATV,
LVT, SVT) and are significant SRM risk factors [98,99]. Similarly, grapefruit juice, which inhibits CYP3A,
has been linked to SVT rhabdomyolysis [96]. The novel cytomegalovirus viral terminase inhibitor,
letermovir, increased ATV AUC by over 200%, attributable to inhibition of OATP1B1/3 and CYP3A, and
is expected to increase exposure to other statins too [188]. Several antiretroviral drugs increase statin
exposure through inhibition of CYP3A and/or OATP1B1, including protease inhibitors (e.g., lopinavir,
saquinavir, tipranavir) and pharmacokinetic enhancers (e.g., ritonavir, cobicistat) [189]. As stated
above, CYP2C9 inhibitors (e.g., fluconazole) may interact with CYP2C9*2 or *3 carriage to increase
FVT myotoxicity [105]. Beyond PK interactions, other drugs themselves linked with myotoxicity,
including corticosteroids and colchicine, may also augment the risk of SRM [88,190]. In recognition
of the importance of these interactions, specific recommendations for the management of clinically
significant statin–drug interactions have been published [190].

7. Statin Uptake into Skeletal Muscle

Elevated systemic statin exposure plausibly increases intra-myocyte statin concentrations. Statin
myocyte entry is likely facilitated by transporters, with statins being substrates for several sarcolemmal
transporters. These include OATP2B1, multidrug resistance-associated protein (MRP) 1, MRP4, MRP5
and MCT4 (monocarboxylate transporter-4) [24,191]. Interestingly, the minor allele of the SLCO2B1
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nonsynonymous variant, rs12422149 (935G >A, p.R312Q), has been associated with increased SVT acid
plasma clearance in population PK modelling [150], and with statin (mainly SVT) myalgia in a small
candidate gene study (n = 19) [69]; both of these findings are potentially consistent with increased
statin muscle uptake. It is also noteworthy that lipophilic statins (ATV, SVT) preferentially accumulate
in skeletal muscle relative to hydrophilic statins (PVT, RVT) [192], which may help explain the greater
myotoxicity of lipophilic statins [165]. The tissue distribution of transporters may also partially account
for the lack of statin cardiomyotoxicity [191].

8. Statin-Induced Myocyte Dysfunction

Several mechanisms of myotoxicity have been proposed, as outlined below. Studies that
investigated the role of muscle-related gene variants in SRM are detailed in Table 3.

8.1. Exercise

Physical exercise has been reported to trigger and exacerbate SRM [58]. Following the Boston
marathon, runners taking a statin had higher CK rises than runners not on a statin [193]. Interestingly,
increasing age was associated with higher CK elevations after the marathon only in those on a
statin [193]. In professional athletes with hypercholesterolaemia, only 20% could tolerate a statin long
term despite re-challenges with alternate statins and doses [194]. Thus, exercise and statins together
can potentiate muscle adverse events [195]. Nevertheless, a systematic review has reported that the
literature is inconsistent on whether statins objectively reduce exercise capacity and performance [55].
Interestingly, whilst the circulating levels of three muscle-specific microRNAs (miR-1, miR-133a,
miR-206) increased after running a marathon irrespective of statin use, the circulating level of a fourth
muscle microRNA, miR-499-5p, only increased 24 h after the marathon in runners taking a statin [196].
Follow-up studies in cultured C2C12 myotubes confirmed that extracellular miR-499-5p increases only
when carbachol-induced muscle contraction is combined with statin exposure [196]. These observations
suggest a role for epigenetics in statin-potentiated muscle injury, and suggest a biomarker for identifying
patients with exercise-exacerbated SRM. Nevertheless, this biomarker requires replication. Lastly, these
microRNA observations are from marathon runners and not necessarily applicable to more common,
moderate exercise. Intriguingly, it has been suggested by some rodent studies that graduated exercise
training can improve muscle tolerance to statin exposure [197,198]. Therefore, the findings that exercise
to different degrees may either exacerbate or protect against SRM suggests that further work is required
in this area to provide patients with clear advice on what to do in terms of exercise and statin use.

8.2. Pre-Existing Neuromuscular Disorders

Statin therapy can adversely interact with underlying neuromuscular disorders to exacerbate
symptoms in patients with diagnosed disorders, or unmask previously asymptomatic disorders [199].
Clinical conditions exacerbated or unmasked by statin exposure include myasthenia gravis,
dermato/polymyositis, inclusion body myositis, motor neuron disease, and MELAS (mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes) [200–202]. MELAS is a rare mitochondrial
disease generally associated with mutations in MT-TL1 (mitochondrially encoded tRNA leucine 1,
also known as TRNL1) and reported patients adversely affected by statin exposure had the MT-TL1

A3243G mutation [201,202]. In such cases, symptoms (muscle-related or otherwise) often persist after
statin cessation [129,203], which is an indication for further investigations in those patients not already
known to have a neuromuscular disorder.

Patients with untreated hypothyroidism, which causes hypercholesterolaemia and hypothyroid
myopathy, are at an increased risk of SRM. This SRM can resolve following statin discontinuation,
or persist until thyroid hormone replacement [204,205].

Several metabolic myopathies have been associated with SRM, and often, patients were
asymptomatic and unaware of the myopathy before starting statin treatment [130]. It is thought
that these conditions increase susceptibility to SRM through reducing the ability of skeletal muscle
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to compensate to statin-induced myotoxic effects. Metabolic myopathies with an identified genetic
mutation that has subsequently been found in patients presenting with SRM include: adenosine
monophosphate deaminase (AMPD1) deficiency (formerly myoadenylate deaminase deficiency) [129],
carnitine palmitoyltransferase 2 (CPT2) deficiency [129], glycogen storage diseases II (Pompe disease;
GAA deficiency) [133], V (McArdle disease, PYGM deficiency) [129] and IX (muscle phosphorylase
b kinase (PHKA1) deficiency) [131], malignant hyperthermia (RYR1, CACNA1S) [135,136], recurrent
childhood myoglobinuria (LPIN1 mutation) [134], and type I (DMPK) [130] and II (CNBP) [132]
myotonic dystrophy. In addition, immune-mediated rippling muscle disease presenting after statin
exposure has been reported [206], and mitochondrial myopathies presenting as rhabdomyolsis have
been unmasked following statin treatment, although mitochondrial genetic mutations were not
identified in these cases [130,207].

By way of example, the carrier frequency for McArdle disease was 12-fold higher in a cohort of
patients with lipid lowering (predominantly statin)-induced myopathy, compared to general population
controls [129]. One patient that developed muscular complaints only after CVT was homozygous
for PYGM 49XX, a genotype of McArdle disease [129]. McArdle disease is an autosomal recessive
disease due to complete deficiency of myophosphorylase (PYGM) activity. Myophosphorylase is a
cytoplasmic enzyme involved in glycogenolysis; myophosphorylase deficiency limits muscle oxidative
phosphorylation most likely due to impaired substrate delivery to mitochondria [208]. The roles
of other select myopathy genes (CPT2, RYR1, CACNA1S) are covered in more detail in the relevant
sections below. Overall, a background of carrying variants or incomplete penetrance of metabolic
myopathies appears to sensitive individuals to statin myotoxicity.

8.3. Mitochondrial Impairment

An important role for mitochondrial impairment in SRM is indicated by the case
reports [130,202,207] and series [129] that identified underlying mitochondrial dysfunction in patients
with (non-resolving) SRM. For example, CPT2 is located within the mitochondrial inner membrane
and undertakes oxidation of long-chain fatty acids in mitochondria alongside CPT1. The carrier
frequency of CPT2 variants associated with CPT2 deficiency was higher in SRM patients compared
to controls [129]. CPT2 deficiency is an autosomal recessive disorder and a patient with genetically
confirmed CP2 deficiency (113LL) was also identified in this study. This patient did have pre-existing
symptoms, exacerbated by CVT [129]. Importantly, in vitro transcriptomic analysis has demonstrated
that CPT2 is amongst the top 1% of genes whose mRNA levels are perturbed by 75 drugs (including
statins) that can cause rhabdomyolysis [209].

In vitro studies have demonstrated that the statin lactone species are markedly more myotoxic
than statin acids, and SVT lactone and FVT lactone are more myotoxic than ATV lactone and PVT
lactone [165]. Following ATV re-challenge, patients with previous SRM had higher systemic exposures
to ATV lactone and 4-hydroxy ATV lactone (plus increased 2-hydroxy and 4-hydroxy ATV metabolite
levels) compared to healthy controls [210]. Lactones have been shown to strongly inhibit (up to 84%)
mitochondrial complex III and reduce respiratory capacity within in vitro myoblasts [192]. Furthermore,
Q0 of complex III was identified in silico to be an off-target binding site for statin lactones (but not statin
acids) [192]. These observations were verified in muscle biopsies from SRM patients, in which complex
III enzyme activity was reduced by 18% [192]. Interestingly, CVT lactone showed the greatest degree
of complex III inhibition [192], in keeping with its pronounced rhabdomyolysis risk [74]. In contrast,
a recent study in healthy male volunteers found no major differences in mitochondrial respiratory
capacity after two weeks of daily SVT (80 mg) or PVT (40 mg). However, this study did find a trend
for increased sensitivity to the complex I-linked substrate, glutamate, after SVT treatment, which
might be an early indicator of adverse effects on skeletal muscle [211]. Moreover in primary human
skeletal muscle cells (myotubes), SVT has been shown to impair respiration at mitochondrial complex
I, increase mitochondrial oxidative stress through generation of reactive oxygen species (mitochondrial
superoxide and hydrogen peroxide), and result in myotube apoptosis [212]. Other studies have
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reported that statin exposure does not affect the mitochondrial membrane potential [192,213,214], and
so statins are unlikely to act as a mitochondrial uncoupler. Lastly, a recent in vitro study has reported
that CVT-induced muscle mitochondrial dysfunction is associated with decreased intracellular miR-145
and increased pro-apoptotic gene expression (APAF1, CASP10); enforced miR-145 expression reduced
the apoptotic cell population. However, this study was in a rhabdomyosarcoma cell line and requires
replication [215].

Overall, the evidence strongly supports mitochondrial dysfunction in SRM pathogenesis. However,
further clarity and unification on the mechanisms are required.

8.4. HMGCR Pathway Mediated Effects

Statin inhibition of HMGCR perturbs the mevalonate pathway (Figure 1). Whilst this perturbation
has been linked to possible beneficial pleiotropic effects [12], importantly, the decreases in CoQ10,
protein prenylation, and cholesterol itself have all also been implicated in SRM.

8.4.1. Coenzyme Q10 Depletion

CoQ10 is an important cofactor in mitochondrial respiration [216]. Primary CoQ10 deficiency
is a clinically and genetically heterogeneous condition, considered autosomal recessive, and has
been associated with isolated myopathy, encephalopathy, nephrotic syndrome, cerebellar ataxia and
severe infantile multisystemic disease [217]. In patients on statins, reduced circulating CoQ10 is
routinely observed [216] and a modest decrease in muscle CoQ10 has been suggested in some [218]
but not other studies [211,219]. COQ2 encodes para-hydroxybenzoate-polyprenyl transferase, and
defective COQ2 has been associated with primary CoQ10 deficiency, which can improve with early
CoQ10 supplementation [220]. COQ2 variants, and in particular rs4693075 (1022C > G), have been
investigated; some candidate gene studies [114,127], but not others [89], have reported an association
with SRM. Importantly, a recent meta-analysis of RCTs found that CoQ10 supplementation likely does
not reduce SRM, although larger trials are required to confirm this conclusion [221]. One possible
explanation for this null result is that the Q0 site of mitochondrial complex III is involved in the transfer
of electrons from CoQ10 to cytochrome c, and Q0 is also the off-target binding site for statin lactones
(Section 8.3) [192]. Therefore, statins appear to both reduce circulating CoQ10 and compete for its
pharmacodynamic (PD) target; thus CoQ10 supplementation alone may insufficiently counteract both
statin actions.

8.4.2. Reduced Protein Prenylation

Farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) are both downstream
metabolites of mevalonate, and facilitate post-translational prenylation of multiple proteins [222]. GGPP,
rather than FPP, is consistently implicated in in vitro statin myotoxicity [213,223–225]. Experimental
evidence has suggested that the statin-mediated decrease in GGPP reduces myotube ATP levels [213],
blocks prenylation of small GTPases including Rab [213,224,226] and RhoA [225], induces atrogin-1
expression [227], and stimulates apoptosis [213,225]. The possible pathways that culminate in apoptosis
include RhoA mis-localisation from the cell membrane to the cytoplasm (examined in fibroblasts) [225],
inhibition of AKT (protein kinase B) phosphorylation and activation [228] likely via both statin-mediated
ATP depletion through mitochondrial dysfunction and loss of Rab1 activity [229], and dose-dependent
caspase-3 activation [225].

8.4.3. Cholesterol Depletion

The depletion of cholesterol itself has been posited as an aetiological factor in SRM pathogenesis.
Slight skeletal muscle damage has been found by electron microscopy in skeletal muscle biopsies
from asymptomatic statin-treated patients, with a characteristic pattern involving T-tubular system
breakdown and sub-sarcolemmal rupture [230]; cholesterol extraction could reproduce these findings
in vitro in skeletal muscle fibres [230]. Nevertheless, although statins inhibit de novo cholesterol

132



J. Clin. Med. 2020, 9, 22

production in C2C12 myotubes, total intracellular cholesterol pools remain unchanged [219].
Furthermore, the PCSK9 inhibitors, alirocumab and evolocumab, even more potently reduce LDL-C than
statins, but do not currently appear to increase muscle-related adverse events [231,232]. This suggests
that SRM is more statin-specific than cholesterol-specific.

8.5. Atrogin-1 Upregulation

The F-box protein, atrogin-1, is a tissue-specific ubiquitin protein E3 ligase that appears central to
mediating the proteolysis associated with muscle atrophy observed in multiple diseases, including
diabetes and renal failure [233]. Atrogin-1 expression is significantly higher in muscle biopsies
from patients with SRM, and atrogin-1 knock down in zebrafish embryos prevented LVT-induced
myotoxicity [234]. Moreover, it has been shown that SVT-mediated inhibition of AKT phosphorylation
is associated with upregulation of atrogin-1 mRNA [229].

8.6. Calcium Signalling Disruption

RYR1 (chromosome 19) and RYR3 (chromosome 15) mediate the release of stored calcium ions from
skeletal muscle sarcoplasmic reticulum, and thereby, play a role in triggering muscle contraction [235].
Deleterious RYR1 variants are associated with anaesthesia-induced malignant hyperthermia, central
core disease [236] and multi-minicore disease [237]. CACNA1S encodes the alpha-1 subunit of the
L-type calcium channel (the dihydropyridine receptor) which associates with RYR1 in skeletal muscle,
and CACNA1S mutations are associated with malignant hyperthermia and hypokalaemic periodic
paralysis. Importantly, disease-causing mutations or variants in RYR1 and CACNA1S have been found
to be more frequent in statin myopathy patients than controls [135,136]. Furthermore, muscle biopsies
from patients with SRM express significantly higher RYR3 mRNA and have more severe structural
damage, including intracellular T-tubular vacuolisation, than both statin-naïve and statin tolerant
controls [238].

A recent study that examined statin-treated human and rat muscle tissue identified that statin
treatment causes dissociation of the stabilising protein, FKBP12, from RYR1 in skeletal muscle, and
this is associated with increased unwarranted calcium release sparks [197]. In vitro evidence further
suggested that uptake of calcium by mitochondria stimulates reactive oxygen/reactive nitrogen species
generation that, in turn, act on RYR1 to maintain and/or exacerbate this calcium release from the
sarcoplasmic reticulum. Nevertheless, although the calcium sparks were associated with upregulation
of pro-apoptotic signalling markers (caspase-3 and the proportion of TUNEL positive nuclei), statin
treatment had no impact on muscle force production [197], and so other susceptibility factors are
likely required for myotoxicity to manifest. In rats, running wheel exercise normalised FKBP12-RYR1
binding, which suggests a mechanism by which graduated exercise may improve statin tolerance.
Statin treatment also had minimal effect on calcium sparks from statin-treated rat cardiac tissue [197].

Lastly, the intronic variant, rs2819742 (1559G > A), in RYR2 (chromosome one) was suggestively
associated with CVT severe myopathy by GWAS [115]. The minor A allele was associated with reduced
myopathy risk (OR 0.48, 95% CI 0.36, 0.63, p = 1.74 × 10−7) [115]. Similarly, a small candidate gene
study (n = 19) also identified the G allele of RYR2 rs2819742 to be significantly more common in statin
myalgia cases to statin-tolerant controls, in keeping with the GWAS finding [69]. However unlike
RYR1/RYR3, RYR2 is expressed mainly in cardiac muscle tissue and deleterious RYR2 mutations are
associated with ventricular arrhythmias [239]. Therefore, the relevance of RYR2 rs2819742 to SRM
remains unclear.

8.7. Glycine Amidinotransferase (GATM)

A genome-wide expression quantitative expression loci (eQTL) analysis in lymphoblastoid cell
lines derived from 480 clinical trial subjects identified rs9806699 as a cis-eQTL for GATM, which
interacted with in vitro SVT exposure such that it was a significantly stronger eQTL under SVT-exposed
versus control conditions [126]. GATM is involved in creatine synthesis, and phosphorylation of
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creatine by CK is a major mechanism for muscle energy storage. The GATM locus was associated with
a reduced incidence of statin myopathy in two separate populations (combined SVT, ATV, PVT) with a
meta-analysis OR for rs1719247 of 0.60 (95% CI 0.45–0.81, p = 6.0 × 10−4) [126]. Several subsequent
SRM studies of SRM have not replicated this finding [110,111,240–242], although a recent candidate
gene study of RVT myotoxicity in Han Chinese patients found a similar marginal protective effect of
the GATM rs9806699 minor allele (p = 0.024) [109]. The lack of replication raises questions about the
role of GATM in SRM; functional studies of GATM in human primary muscle cells may help resolve
the discordant results.

8.8. Immunologically-Mediated Statin Myopathy

8.8.1. LILRB5

A GWAS of serum CK levels found strong signals with the muscle CK (CKM) gene and a missense
variant, rs12975366 (D247G), within leukocyte immunoglobulin-like receptor subfamily B member
5 (LILRB5) [243]; these results were replicated in statin users and non-users [243]. Subsequently,
D247 homozygosity has been associated with an increased risk of statin intolerance (a definition not
reliant on CK), and replicated in two of three separate cohorts of patients with either myalgia on RVT,
or statin myopathy (meta-analysis OR 1.34, 95% CI 1.16-1.54, p = 7 × 10−5) [139]. CK levels were
included as a covariate, where appropriate. Subgroup analysis in the included RCT interestingly
showed that, whilst D247 homozygosity was associated with myalgia with both placebo and RVT,
those carrying 247G only had an increased myalgia risk if on RVT. Thus, whilst D247 homozygosity
might confer an overall greater risk of myalgia, statin-induced myalgia appears associated with 247G.
A randomized cross-over experimental medicine study to further investigate this drug-gene interaction
is being undertaken [244]. Although the exact aetiology is unknown, the immune system is involved
in the repair of skeletal muscles and the influx of Foxp3 + T regulatory cells are crucial to muscle
regeneration [245]; interestingly, LILRB5 D247 may associate with FOXP3 expression [139].

8.8.2. HLA-DRB1*11:01

Interestingly, several research groups previously noted that symptoms and CK elevation in a
few patients with SRM persist and/or progress after statin discontinuation, and furthermore, these
patients benefit from immunosuppressive therapy [246–248]. These features are consistent with an
autoimmune phenomenon. In 2011, it was reported that these patients, as well as a minority without
prior statin exposure (less than 10% in myopathy patients ≥ 50 years old), are positive for anti-HMGCR
autoantibodies [249]. Muscle biopsies often show necrotizing myopathy with minimal lymphocytic
infiltration [137,250], and so anti-HMGCR positive myopathy is recognised as a distinct subtype of
immune-mediated necrotizing myopathy [251]. Pharmacogenomic studies have provided further
evidence of an autoimmune aetiology. Importantly, HLA-DRB1*11:01 has been significantly associated
with anti-HMGCR positive myopathy [137,138], and the ORs for the presence of HLA-DRB1*11:01 in
anti-HMGCR myopathy white or black patients, compared to controls, have been estimated to be ~25
and ~57, respectively [138]. HLA-DRB1*11:01 has also been associated with the development of anti-Ro
antibodies in neonatal lupus. Although the underlying aetiology of immune-mediated necrotizing
myopathy remains incompletely resolved, a potential role for anti-HMGCR in its pathogenesis is
suggested: muscle HMGCR expression is upregulated in anti-HMGCR positive myopathy patients [249],
circulating anti-HMGCR levels correlate with CK concentration and disease activity [252], and
anti-HMGCR can impair muscle regeneration and induce muscle atrophy [253].

8.9. Pain Perception

A family history of muscular symptoms with or without statin exposure increases the risk of
SRM [58,69]. A candidate gene study in 195 statin-treated patients, of whom 51 experienced at least
probable myalgia, found that rs2276307 and rs1935349 in the 5-hydroxytryptamine (5-HT, serotonin)
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receptor genes (HTR), HTR3B and HTR7, respectively, were significantly associated with myalgia
score [140]. This suggests that variants that may produce individual differences in pain perception
might play a role in statin-taking patients’ reports of muscle pain [140]. No 5-HT-related candidate SNP
was associated with serum CK level [140], suggesting that the associations are with pain perception
rather than the extent of muscle breakdown. Nevertheless, these associations have not been replicated
in SRM GWAS analyses [86,110,115], although these GWAS analyses used CK elevation (muscle
breakdown) within their case definition [86,110,115]. Moreover, these associations were not identified
in a small (n = 19) candidate gene study of statin myalgia [69]. Overall, an assessment in a larger cohort
with statin myalgia cases will help finalise the relevance of these findings.

8.10. Muscle Transcriptomics

The multifaceted and complex pathogenesis of SRM has been underlined by a recent study that
compared muscle transcriptomic profiles in 26 cases of strictly phenotyped statin myalgia undergoing
statin re-challenge (75% re-developed muscle symptoms) to 10 statin-tolerant controls, with most
taking SVT [69]. A robust separation in skeletal muscle differentially expressed genes was found that
highlighted the roles of mitochondrial stress, cell senescence and apoptosis, localised activation of
a pro-inflammatory immune response, and altered cell and calcium signalling mediated by protein
prenylation and Ras-GTPase activation, in statin myalgia [69]. For example, the insulin/IGF/PI3K/AKT
signalling network was the top perturbed canonical pathway. Within this network, calmodulin
(CALM) was upregulated [69]. CALM is a calcium sensing protein that interacts with RYR1, and the
calcium-calmodulin complex inhibits RYR1 [254]. Alternatively, inositol 1, 4, 5-triphosphate receptor 2
(ITPR2) can medicate calcium release from the sarcoplasmic reticulum [255], and was downregulated
within this network [69]. These differential patterns of regulation likely influence calcium signalling
and are conceivably an adaptive response to the increased RYR1-mediated calcium release sparks
identified following statin-dependent FKBP12 dissociation from RYR1 (described in Section 8.6) [197].
The two most strongly upregulated genes were antisense RNA to the HECT domain E3 ubiquitin
protein ligase 2 (HECTD2-AS1) and uncoupling protein 3 (UCP3). HECTD2 is pro-inflammatory,
whilst UCP3 is a mitochondrial anion carrier protein posited to protect against oxidative stress [69].
Although atrogin-1 ubiquitin E3 ligase was not differentially expressed in this study, several genes of
the ubiquitin ligase pathway (including HECTD2) did feature prominently in this study [69].

8.11. Vitamin D

The vitamin D family are a group of fat-soluble secosteroids that are instrumental in the regulation
of calcium and phosphate levels, and bone mineralisation; the most important forms in humans are
cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2). The major natural source of vitamin
D is via the conversion of 7-dehydrocholesterol (endogenously synthesised from cholesterol) to
cholecalciferol by UV-B light, although ergocalciferol and cholecalciferol can also be obtained from
plant and animal-derived dietary sources, respectively [256]. Vitamin D is inactive and so undergoes
sequential hydroxylation, first to 25-hydroxycholecalciferol/25-hydroxyergocalciferol, which are the
major circulating forms but also inactive, and then to 1, 25-dihydroxycholecalciferol (calcitriol)/1,
25-dihydroxyergocalciferol (collectively 1, 25(OH)2D) that constitute the biologically active vitamin D
species [256]. 1,25(OH)2D acts through the vitamin D receptor, which is located in multiple tissues
including bone, kidney, intestine, parathyroid glands and skeletal muscle, to mediate genomic and
faster non-genomic actions [256,257].

There is controversy regarding the impact of statins on vitamin D level [258]. Nevertheless, 1,
25(OH)2D induces CYP3A4 [259,260] and consistent with this finding, the oral availability and systemic
exposure of the CYP3A4 substrate, midazolam, trends higher in winter than summer [261]. Similarly,
vitamin D supplementation reduces ATV exposure [262]. However, paradoxically, low vitamin D levels
may blunt lipid-lowering response to ATV, perhaps because vitamin D derivatives can also inhibit
HMGCR [256]. Vitamin D deficiency causes osteomalacia/rickets, as well as muscle weakness and
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myopathy. Importantly, a meta-analysis has confirmed that plasma vitamin D levels are significantly
lower in statin-treated patients with myalgia, compared to those without [93]. Furthermore, several
(non-randomized) clinical studies have reported that vitamin D supplementation effectively reduces
incident SRM in patients previously statin intolerant undergoing re-challenge, particularly when
previously low vitamin D levels are documented to become normalised [91,263–265]. Based on these
findings, a double-blind adequately powered RCT is now required.

9. Management of SRM

As statins are widely prescribed, mild SRM is commonly encountered in clinical practice,
although statin rhabdomyolysis remains rare. For a patient presenting with SRM, an initial CK
level should be taken. During the consultation, the EAS recommend an evaluation of clinical risk
factors for SRM (Table 2), other causes of muscular complaints (e.g., polymyalgia rheumatica), and
to review the indication for statin therapy, particularly in those at low CVD risk [67]. The benefits
and risks of continuing, temporarily suspending, and discontinuing statin treatment need to be
weighed up. Additional patient counselling involves discussion about the nocebo effect and
complimentary therapeutic lifestyle changes (e.g., smoking cessation, blood pressure control, adopting
the Mediterranean diet) [67,266]. There is no gold-standard diagnostic method nor a validated
questionnaire for SRM, although a myalgia clinical index score has been proposed by the NLA [267].
Nevertheless, the majority of patients that discontinue statin treatment after a statin-related event can
subsequently tolerate some form of statin therapy if re-challenged [268]. In patients with SRM and an
ongoing statin indication, temporary statin withdrawal is often appropriate, followed by one or more
statin re-challenges (post washout), which can aid causality assessment. Re-challenges can use the
same statin (at same dose), an alternate statin at usual dose, lower doses (with potential up-titration),
and/or intermittent (non-daily) dosing using a high intensity statin with a long half-life (e.g., ATV,
RVT) [67]. The aim should be to treat with the maximum tolerated dose required for the indication [7].
Patients should also be informed that any statin at any dose lowers CVD risk [7]. Nevertheless, whilst
less intense approaches such as intermittent dosing are tolerated in at least 70% of patients, they lead
to a variable and likely lower proportion of patients reaching LDL-C goals [269], which should also be
discussed. In those that do not reach LDL-C goals, non-statin lipid lowering therapy can be considered
in combination with the maximally tolerated statin dose or as monotherapy; available options include
ezetimibe, a fibrate, or PCSK9 inhibitor. If considering fibrate therapy, fenofibrate is preferred, and
gemfibrozil should be avoided because of its interaction with statins to increase rhabdomyolysis
risk [67]. Alirocumab and evolocumab have demonstrated cardiovascular benefit in clinical outcomes
trials [231,270]. Moreover, in statin-intolerant patients, these PCSK9 inhibitors are tolerated by > 80%,
reduce LDL-C by 45–56%, and have fewer muscular adverse events than ATV re-challenge [232,271].
Nevertheless, the costs of PCSK9 inhibitors remain high. As a consequence, this often limits their use
to select patients with severe dyslipidaemia [272], and is prohibitive for broader adoption in CVD
prevention [273].

Recently, bempedoic acid has shown promise in patients unable to tolerate more than low-dose
statin therapy. Bempedoic acid is a novel oral agent under development that inhibits ATP citrate lyase,
and a phase 3 RCT showed it reduced LDL-C by 28.5% more than placebo, without a greater rate of
muscle-related events. Of note, ATP citrate lyase is upstream of HMGCR, but bempedoic acid is a
prodrug that requires very-long chain acyl-CoA synthetase-1 (ASCV1L) for bioactivation. ASCV1L
is expressed predominantly in the liver and so it is plausible that the limited active bempedoic acid
in muscle will reduce any potential for myotoxicity. It is also noteworthy that a large multicentre
implementation initiative is pre-emptively genotyping patients starting one of 39 drugs for over
45 pharmacogenomic variants, and prospectively determining the incidence of ADRs compared to
standard care [274]. For patients starting SVT (or ATV) with at least one SLCO1B1 rs4149056 minor
allele, the DPWG recommendations are provided to them and their healthcare team [274].
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10. Conclusions

Despite the development of PCSK9 inhibitors, and ongoing development of novel promising
therapeutics including bempedoic acid [275] and inclisiran [276], the undoubted efficacy, affordability,
availability, and widespread experience with statins ensure they will likely remain the cornerstone of
lipid lowering therapy for the foreseeable future. Thus, understanding and mitigating SRM remains
clinically relevant. The majority of SRM is mild and ceases quickly after statin cessation. In patients in
whom symptoms persist, a non-statin related diagnosis is most likely, although an unmasked metabolic
myopathy, or immune-mediated anti-HMGCR positive myopathy, should also be considered. SRM can
cause direct patient harm, and the links between muscular symptoms, suboptimal statin utilisation,
and increased MACE are clear [61–63]. Several factors that increase systemic statin exposure are
associated with SRM, including higher statin dose, advanced age, drug-drug interactions and, for SVT,
SLCO1B1 rs4149056. Increased systemic statin (lactone) exposure, in turn, predisposes to downstream
deleterious effects on skeletal muscle. The most important appear to be mitochondrial dysfunction,
calcium signalling disruption and reduced prenylation, whose sequelae include atrogin-1 mediated
atrophy, apoptosis, and likely reduced immune-mediated muscle regeneration.

At present, our potential to predict SRM is limited. The parsimonious ‘QStatin’ model for
statin moderate-severe myopathy [70] has been developed, which includes new statin use, ethnicity,
co-morbidities (liver disease, hypothyroidism, diabetes mellitus) corticosteroids, age and BMI,
although its area under the receiver operator curve of ~0.7 is modest [88]. The implementation
of SLCO1B1 rs4149056 testing [274] may help improve predictive power. Whilst the association
between HLA-DRB1*11:01 and anti-HMGCR positive myopathy is notably strong, HLA-DRB1*11:01

will likely be insufficient to predict this condition alone given its rarity, but HLA-DRB1*11:01 may have
utility in excluding the diagnosis.

Overall, further research is critically needed to identify, validate and integrate novel risk factors for
the different SRM phenotypes to improve predictive capability and harmonise understanding of SRM
pathogenesis. We propose that the integration of strict clinical phenotyping to identify statin-induced
myalgia through the N-of-1 trial paradigm [277], with systems pharmacology omics-based approaches,
should be beneficial. Replication of the miR-499-5p and miR-145 signals is needed. The interactions
between exercise and vitamin D status with statin use warrant further study. Increased research is
also needed into the gut microbiome, as it has recently been shown to be significantly perturbed by
statins [278,279] and might module statin response [280]. Much has been done; much work remains.
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Abstract: ApoCIII and triglyceride (TG)-rich lipoproteins (TRL), particularly, large TG-rich
lipoproteins particles, have been described as important mediators of cardiovascular disease (CVD)
risk. The effects of sustained consumption of dietary fructose compared with those of sustained
glucose consumption on circulating apoCIII and large TRL particles have not been reported. We
measured apoCIII concentrations and the TG and cholesterol content of lipoprotein subfractions
separated by size in fasting and postprandial plasma collected from men and women (age: 54± 8 years)
before and after they consumed glucose- or fructose-sweetened beverages for 10 weeks. The subjects
consuming fructose exhibited higher fasting and postprandial plasma apoCIII concentrations than the
subjects consuming glucose (p < 0.05 for both). They also had higher concentrations of postprandial
TG in all TRL subfractions (p < 0.05, effect of sugar), with the highest increases occurring in the largest
TRL particles (p < 0.0001 for fructose linear trend). Compared to glucose consumption, fructose
consumption increased postprandial TG in low-density lipoprotein (LDL) particles (p < 0.05, effect
of sugar), especially in the smaller particles (p < 0.0001 for fructose linear trend). The increases of
both postprandial apoCIII and TG in large TRL subfractions were associated with fructose-induced
increases of fasting cholesterol in the smaller LDL particles. In conclusion, 10 weeks of fructose
consumption increased the circulating apoCIII and postprandial concentrations of large TRL particles
compared with glucose consumption.

Keywords: sugar; atherosclerosis risk factors; lipoprotein fractions; TG-rich lipoproteins; clinical
studies; LDL; lipid and lipoprotein metabolism; nutrition/carbohydrates

1. Introduction

The incidence and prevalence of undesirable health outcomes including obesity, type-2 diabetes,
cardiovascular disease (CVD), and metabolic syndrome are increasing in developing and developed
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countries alike, with CVD being the number one cause of death globally [1]. Dietary habits affect
cardiometabolic risk [2], but we lack a full understanding of how dietary patterns influence the
development of undesirable lipid profiles that lead to metabolic diseases. Understanding the
mechanisms that link specific dietary components and patterns to atherogenic dyslipidemia will
promote the implementation of dietary policies to reduce CVD risk.

We earlier reported the results from a 10-week intervention trial with women and men (age:
54 ± 8 years; body mass index (BMI): 29.1 ± 2.9 kg/m2 (mean ± SD)) who consumed 25% of their energy
requirement from fructose- or glucose-sweetened beverages [3]. Despite comparable weight gain in
both groups, fructose consumption promoted lipid dysregulation, while glucose consumption did
not [3]. Compared with glucose, the consumption of fructose increased the circulating concentrations
of postprandial triglycerides (TG), remnant-like particle lipoprotein (RLP)-TG, and RLP-cholesterol
(chol), as well as those of fasting total chol, low-density lipoprotein (LDL)-chol, apolipoprotein B
(apoB), small dense LDL-chol (sdLDL-chol), and oxidized LDL [3]. Subjects consuming fructose also
exhibited increased postprandial hepatic de novo lipogenesis (DNL) and decreased insulin sensitivity
compared with subjects consuming glucose [3].

We and others have suggested that these results are mediated by the preferential and unregulated
metabolism of fructose in the liver [4–7]. Hepatic fructose overload leads to upregulated DNL [3,8–10],
reduced fat oxidation [8,9,11], and increased liver fat content [8,9,12], which are associated with
increased synthesis and secretion of TG-rich VLDL1 (very low density lipoprotein) [13]. At high
concentrations, VLDL1 becomes the favored substrate of cholesteryl ester transfer protein (CETP) [14]
that catalyzes lipid transfer between lipoproteins. This leads to TG enrichment of LDL. TG-enriched
LDL particles are the preferential substrate for the lipolytic action of hepatic lipase, which leads to
smaller, denser particles [15]. However, whether sustained fructose consumption causes an increase
in large TRL or TG enrichment of LDL particles has not been determined. Furthermore, apoCIII has
been implicated as a major mediator of the metabolic processes that increase CVD risk [16,17] by
causing reduced lipoprotein flux through clearance pathways and increased flux through the lipolysis
pathways that lead to sdLDL [17]. In support of this, it was recently reported that the increase in
LDL particle size caused by a weight loss intervention and the decrease in LDL particle size caused
by a high-carbohydrate (32.5% of energy as complex, 32.5% as simple) dietary intervention, were
both inversely correlated to the changes in apoCIII concentrations [18]. While it has been shown
that consumption of both fructose [8,19] and fructose-containing sugar [20] leads to increased plasma
apoCIII concentrations, it is not known if this effect is general for all carbohydrates or specific to fructose.
Therefore, our objective was to determine the effects of sustained consumption of fructose-sweetened
compared with glucose-sweetened beverages on fasting and postprandial circulating apoCIII and the
TG-enrichment of large lipoproteins and LDL. We analyzed apoCIII concentrations and the TG and
chol content of 20 lipoprotein fractions separated by size in fasting and postprandial plasma collected
before and after intervention from subjects who consumed glucose- or fructose-sweetened beverages
for 10 weeks [3].

2. Experimental Section

As previously reported [3], this was a matched, parallel-arm, dietary intervention study that
consisted of three phases: (1) a two-week inpatient baseline period during which the subjects consumed
an energy-balanced diet; (2) an eight-week outpatient intervention period during which the subjects
consumed 25% of daily energy requirement as either glucose- (n = 15) or fructose-sweetened (n = 17)
beverages, divided into three servings, along with their usual ad libitum diet; and (3) a two-week
inpatient intervention period during which the subjects consumed 25% of their daily energy requirement
as the assigned sugar-sweetened beverage along with an energy-balanced diet (Figure 1). Daily energy
requirement was calculated by the Mifflin equation ([21]), with an adjustment of 1.3 for the days
of the 24 h blood collections and an adjustment of 1.5 for the other days. Subjects resided in the
University of California, Davis, (UCD), Clinical and Translational Science Center’s Clinical Research
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Center (CCRC) during the two-week baseline and two-week intervention inpatient periods of the
study (Figure 1). Energy-balanced breakfast accounted for 25% of the subjects’ energy requirement,
lunch for 35%, and dinner for 40%. The baseline diet consisted of 55% of energy as mainly complex
carbohydrate, 30% fat, and 15% protein. Intervention meals mimicked the respective baseline meals in
all but the carbohydrate composition, which consisted of 30% complex carbohydrate and 25% glucose-
or fructose-sweetened beverages. During the eight-week outpatient intervention period, the subjects
were instructed to drink three servings of the assigned beverages, one with each meal, and to refrain
from drinking other sugar-containing beverages including fruit juices. We have previously reported
that during the eight-week outpatient period, both groups gained comparable amounts of body weight
(approximately 1.4 kg) [3].

Figure 1. Study design and dietary protocol. CCRC: Clinical and Translational Science Center’s Clinical
Research Center.

Subjects: Participants were recruited through newspaper advertisements and underwent a
telephone and an in-person interview with medical history, a complete blood count, and a serum
biochemistry panel to assess eligibility. Inclusion criteria included age 40–72 years and BMI 25–35 kg/m2,
with a self-report of stable body weight during the prior six months. Women were post-menopausal on
the basis of a self-report of no menstruation for at least one year. Exclusion criteria included: evidence
of diabetes, renal or hepatic disease, fasting serum TG concentrations >400 mg/dL, hypertension
(>140/90 mg Hg), and surgery for weight loss. Also excluded were individuals who smoked, reported
exercise of more than 3.5 h/week at a level more vigorous than walking, or having used thyroid,
lipid-lowering, glucose-lowering, anti-hypertensive, anti-depressant, or weight loss medications.
Diet-related exclusion criteria included habitual consumption of more than one sugar-sweetened
beverage/day or more than two alcoholic beverages/day. All experimental procedures were in
accordance with the Helsinki Declaration and approved by the UCD Institutional Review Board. All
subjects provided informed written consent to participate in the study. Thirty-nine subjects enrolled
in the study, and experimental groups were matched for gender, BMI, and fasting TG and insulin
concentrations. Seven subjects (three in the glucose group, four in the fructose group) failed to
complete the study due to inability/unwillingness to comply with the protocol or due to personal or
work-related conflicts. The baseline anthropometric and metabolic parameters of the subjects were
previously reported [3] and were equal between the experimental groups. The mean age, BMI, and
baseline fasting plasma TG concentration of all subjects was 53.7 ± 1.4 years, 30.8 ± 1.0 kg/m2, and
145.2 ± 12.3 mg/dL, respectively.

After 10 days of energy-balanced feeding, 24 h serial blood collections were conducted during
baseline (0 week) and the 10th week of intervention (10 week). Meals were served at 9:00 a.m.,
1:00 p.m. and 6:00 p.m. The plasma from the three fasting samples (8:00 a.m., 8:30 a.m., 9:00 a.m.) was
pooled, as was the plasma from three postprandial blood samples (10:00 p.m., 11:00 p.m., 11:30 p.m.).
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We chose 10:00–11:30 p.m. as the postprandial time-points because it was during this period that
fructose had the most marked effects on TG concentrations compared with glucose during our previous
study [22]. The 0-week and 10-week fasting and postprandial plasma samples from 31 of the 32 subjects
(insufficient plasma obtained from one subject in the fructose group) were classified and quantified for
chol and TG concentrations in 20 subfractions by high-performance liquid chromatography at Skylight
Biotech (LipoSEARCH; Skylight Bio-tech Inc., Akita, Japan) to examine the lipoprotein profiles by
subclass [23–25]. The subfractions were termed TRLp1-7, LDLp1-6, and HDLp1-7, respectively, and
were classified by particle diameter (Table 1). The results pertaining to the HDLp1-7 subfractions are
not reported in this paper. Apolipoprotein CIII (apoCIII) was measured in the same pooled samples
used to determine fasting (8:00, 8:30, 9:00 a.m.) and postprandial (10:00, 11:00, 11:30 p.m.) lipoproteins.
The concentrations were assessed with a Polychem Chemistry Analyzer (PolyMedCo Inc., Cortlandt
Manor, NY, USA) with reagents from MedTest DX.

The effects of 2-, 8- and 10-week glucose and fructose consumption on the plasma concentrations
of fasting and postprandial TG and apoB100, and fasting total, LDL, high-density lipoprotein (HDL),
and sdLDL-chol were previously reported [3].

Statistical Analysis: Differences in the percent changes (delta Δ) in the TRL, LDL fractions (Table 2),
and apoCIII (Figure 2) were analyzed with a generalized linear two-factor (sugar and gender) method.
The percent changes of chol and TG in TRL (chylomicron, VLDL) and LDL subfractions at 10 weeks
compared to baseline (Figures 3 and 4) were analyzed by three-factor (sugar, subfraction size, gender),
mixed procedures (PROC MIXED) repeated measures (subfraction size) ANOVA (SAS 9.4). Significant
within-group changes from baseline for the individual subfractions were identified by least-squares
means (LS means) of the percent changes significantly different from zero. Trend contrasts were
used to identify linear relationships between particle size and glucose or fructose consumption. The
symbols designating a significant effect of ANOVA factors are consistent for Figures 2–4: a = sugar, b =
particle size, c = gender, d = sugar × size, f = fructose-induced linear trend, g = glucose-induced linear
trend. Pearson’s correlation coefficients were calculated for the changes of total postprandial TG, total
and subfraction TRL TG, fasting and postprandial apoCIII, and total fasting LDL and LDLp3-6 chol
(SAS 9.4). The data are presented as mean ± SEM.

Figure 2. Percent (%) changes (10 weeks vs. 0 weeks) of apoCIII in the serum of subjects consuming
glucose- (n = 15) or fructose-sweetened beverages (n = 16) for 10 weeks. a p < 0.05 effect of sugar,
least squares (LS) means different from zero; *** p < 0.001, LS means different from zero—change from
baseline. Data shown as mean ± SEM.
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Table 2. Total fasting (FST) and postprandial (PP) TG and cholesterol concentrations in TRL and LDL
fractions before and after consumption of glucose- and fructose-sweetened beverages for 10 weeks.

Glucose Fructose

0 weeks 10 weeks % change 0 weeks 10 weeks % change

Lipoprotein TG (mg/dL)

TRL TG–FST 116.4 ± 17.3 122.8 ± 16.6 14.3 ± 6.0 * 107.3 ± 14.5 111.9 ± 15.4 7.2 ± 6.8
TRL TG–PP 138.3 ± 19.4 149.8 ± 18.9 11.4 ± 6.1 134.2 ± 18.8 180.9 ± 22.4 42.9 ± 8.3 aa,****

LDL TG–FST 24.7 ± 2.3 26.1 ± 2.2 6.3 ± 6.3 23.7 ± 2.5 26.8 ± 2.9 13.9 ± 5.3 ****
LDL TG–PP 27.3 ± 2.7 30.6 ± 2.2 8.8 ± 4.4 * 28.5 ± 2.9 33.2 ± 3.1 18.6 ± 3.1 ****

Lipoprotein Chol (mg/dL)

TRL Chol–FST 51.3 ± 43.7 46.3 ± 5.3 −4.1 ± 3.0 46.7 ± 4.0 47.9 ± 4.7 2.6 ± 3.8
TRL Chol–PP 48.1 ± 4.3 46.4 ± 6.1 −2.7 ± 3.6 43.4 ± 4.5 49.8 ± 4.7 16.3 ± 5.1 aa,***

LDL Chol–FST 90.4 ± 3.3 96.1 ± 3.9 7.0 ± 3.7 84.3.0 ± 5.3 101 ± 7 19.3 ± 2.9 a,****
LDL Chol–PP 86.0 ± 3.9 90.3 ± 3.4 7.1 ± 2.6 ** 82.1 ± 5.0 94.3 ± 6.1 14.7 ± 1.9 a,****

a p < 0.05, aa p < 0.01, effect of sugar. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, LS mean of % change
different than zero. Mean ± SEM.

Figure 3. Percent (%) changes (10 weeks vs. 0 weeks) of fasting (A) and postprandial (B) TG and
fasting (C) and postprandial (D) chol in TRL subfractions (chylomicrons (CM) and very low density
lipoprotein (VLDL)) in subjects consuming glucose- (n = 15) or fructose-sweetened beverages (n = 16)
for 10 weeks. a p < 0.05, aa p < 0.01, effect of sugar; b p < 0.05, bb p < 0.01, bbb p < 0.001, effect of particle
size, c p < 0.05, effect of gender, d p < 0.05, effect of sugar x size; f p < 0.05, fff p < 0.00, ffff p < 0.0001
for fructose-induced lineal trend, g p < 0.05, gg p < 0.01 for glucose-induced lineal trend. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, LS means different from zero—within-group change from
baseline. Data shown as mean ± SEM. Note the differences in scales.
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Figure 4. Percent (%) changes (10 weeks vs. 0 weeks) of fasting (A) and postprandial (B) TG and
fasting (C) and postprandial (D) chol in LDL subfractions in subjects consuming glucose-sweetened
beverages (n = 15) or fructose-sweetened beverages (n = 16) for 10 weeks. a p < 0.05, aa p < 0.01, effect
of sugar; b p < 0.05, bb p < 0.01, effect of particle size; cccc p < 0.0001, effect of gender, d p < 0.05, effect of
sugar × size, f p < 0.05; ffff p < 0.0001 for fructose-induced lineal trend, g p < 0.05 for glucose-induced
lineal trend. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, LS means different from zero—within
group change from baseline. Data shown as mean ± SEM. Note the differences in scales.

3. Results

Figure 2 shows the percent changes of plasma apoCIII concentrations after glucose or fructose
intervention. Fasting and postprandial apoCIII levels increased in subjects consuming fructose
compared with subjects consuming glucose (p < 0.05 for both fasting and postprandial, effect of sugar).

The baseline fasting and postprandial contents of chol and TG were not significantly different
between the groups in any of the TRL or LDL subfractions (Table 1). The baseline and intervention
values and percent changes in the overall TRL and LDL fractions are shown in Table 2. The subjects
consuming fructose had increased postprandial levels of chol and TG in both overall particle fractions.
In addition, chol and TG were increased in fasting LDL fractions after fructose consumption. In
the glucose group, fasting TRL TG and postprandial LDL TG and chol levels increased after the
intervention compared to baseline. The fructose-induced increases were significantly higher than those
induced by glucose for postprandial TG in TRL, postprandial chol in TRL and LDL, and fasting chol
in LDL.

The percent changes of TG and chol (week 10 compared to baseline) in the TRL subfractions are
shown in Figure 3. The two sugars induced opposite linear trends for the changes of fasting TG within
the TRL subfractions (Figure 3A: p < 0.05, sugar × size; p < 0.05, both fructose and glucose linear trend).
The subjects consuming glucose had increased TG content in the larger TRL particles (TRLp2–4), while
those consuming fructose had increased TG content only in the smallest particles (TRLp7). The same
opposing linear trends occurred for fasting chol in TRL (Figure 3C: p < 0.001, fructose linear trend;
p < 0.05, glucose linear trend). In the postprandial state, the subjects consuming fructose had increased
TG content in all TRL subfractions, with the highest changes in the largest TRL subfractions. This
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increase exhibited a highly significant linear trend (Figure 3B; p < 0.0001, fructose linear trend) in the
opposite direction of the fasting trend. The effects of glucose consumption on postprandial TG content
in the TRL subfractions were significantly lower, (p < 0.05, effect of sugar; p < 0.05 effect of sugar x
size), with only TRLp1 and 2 showing a significant increase. The postprandial changes in TRL chol
content (Figure 3D) paralleled the changes in TRL TG. The increases induced by fructose showed the
same linear trend (p < 0.0001 for linear trend) and were higher than those induced by glucose (p < 0.01,
effect of sugar).

The percent change at 10 weeks compared with baseline of fasting and postprandial chol and
TG in the six LDL subfractions are shown in Figure 4. The fructose-induced increases of fasting TG
content in LDL were comparable among the subfractions and were not significantly higher than those
induced by glucose (Figure 4A). In contrast to the fasting state (Figure 4A), the fructose-induced
increases in postprandial LDL TG were higher than those induced by glucose (p < 0.05, effect of sugar,
effect of sugar x size) and displayed a highly significant linear trend with higher increases in the
smaller particles (Figure 4B; p < 0.0001). Compared with glucose, fructose consumption significantly
increased fasting chol content in the LDL subfractions, especially in the smaller subfractions (small
dense (sd)LDL) (Figure 4C; p < 0.01, effect of sugar). The changes were higher in men than in women
(Figure 4C; p < 0.0001, effect of gender). In the postprandial state, both sugars increased LDL TG and
chol content, but the increases were higher and more significant in subjects consuming fructose than
in subjects consuming glucose (Figure 4B-TG: p < 0.05, effect of sugar; p < 0.05, effect of sugar × size;
Figure 4D-chol: p < 0.05, effect of sugar).

In order to compare the relationships of postprandial TG-rich particles and apoCIII to fasting
sdLDL-chol, we performed regression analysis. Table 3 lists the regression coefficients and p-values for
the relationships between the changes of fasting and postprandial apoCIII, total TG, total TLR TG, and
TG in each TRL subfraction and the changes of total fasting LDL chol and fasting chol in the small LDL
particles (LDLp3–6). In subjects consuming fructose, postprandial apoCIII correlated with total fasting
LDL-chol (p < 0.03), while the individual TRL subfractions and total TG did not. There were significant
associations (all p < 0.05) between the increase in fasting LDLp3–6 chol (sdLDL-chol) and the increase
in postprandial apoCIII and postprandial TG in TRLp2 and TRLp3 in subjects consuming fructose, but
not in subjects consuming glucose. In multivariate regression that included both postprandial apoCIII
and TRLp2 or TRLp3, the significance of both were attenuated (apoCIII and TRLp2 p = 0.16 and p =

0.13; apoCIII and TRLp3 p = 0.20 and p = 0.20). There were significant positive correlations between
postprandial apoCIII and total TRL TG (p < 0.0001) and between postprandial apoCIII and TRLp2 or
TRLp3 TG (p < 0.05 for both).

Table 3. The relationship of percent change of postprandial total, TRL subfraction TG, and fasting and
postprandial apoCIII to the absolute increase of total fasting LDL and LDLp3–6 cholesterol.

Total FST LDL Cholesterol FST LDLp3-6 Cholesterol

Glucose
P Value

Fructose
P Value

Glucose
P Value

Fructose
P Value

r r r r

Total TG–PP 0.03 0.91 0.21 0.44 −0.13 0.65 0.21 0.43
Total TRL TG–PP 0.04 0.88 0.01 0.97 −0.14 0.64 0.28 0.29

TRLp1 TG–PP −0.07 0.82 −0.08 0.77 −0.21 0.47 0.40 0.12
TRLp2 TG–PP 0.02 0.94 −0.04 0.88 −0.23 0.42 0.53 0.04
TRLp3 TG–PP 0.10 0.72 0.01 0.96 0.03 0.91 0.51 0.05
TRLp4 TG–PP 0.06 0.83 0.07 0.78 −0.04 0.88 0.39 0.14
TRLp5 TG–PP 0.08 0.78 0.06 0.84 −0.09 0.75 0.33 0.21
TRLp6TG–PP 0.04 0.88 −0.17 0.53 −0.14 0.63 0.16 0.54
TRLp7 TG–PP −0.07 0.82 −0.27 0.30 −0.22 0.44 −0.06 0.82
ApoCIII FST −0.27 0.36 0.44 0.09 −0.37 0.20 0.44 0.09
ApoCIII PP −0.32 0.26 0.53 0.03 −0.48 0.08 0.51 0.04

r: Pearson’s correlation coefficient; FST: fasting state; PP: postprandial state. Bold: indicates significance (p < 0.05).
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4. Discussion

In the present study, we explored differences between circulating apoCIII and the TG and chol
composition of lipoprotein fractions in subjects consuming glucose- or fructose-sweetened beverages
for 10 weeks. The changes in apoCIII and in the patterns of TG and chol within the different lipoprotein
fractions varied markedly between the two groups, despite their consuming standardized inpatient
diets for 10 days prior to both baseline and 10-week intervention blood collections. The intervention
diets differed solely in the composition of the beverages, specifically, in the type of added sugar, i.e.,
glucose or fructose.

ApoCIII is associated with increased CVD risk through various mechanisms, and several studies
suggest it to be a robust and reliable predictor of CVD risk [26,27]. Our data show fasting and
postprandial apoCIII levels increased after fructose consumption compared with the levels after
glucose consumption. To the best of our knowledge, this is the first study to report increased
responses of circulating apoCIII to fructose consumption compared with glucose consumption. The
results suggest that the previously reported increases of plasma apoCIII concentrations in human
subjects consuming fructose [8] or fructose-containing sugar [20] are specific to fructose rather than
to carbohydrate in general. A possible explanation for these results may involve insulin, which is a
negative transcriptional regulator of apoCIII expression [28]. We have previously reported that the two
sugars had highly significant and opposite effects on circulating insulin, with glucose consumption
increasing, and fructose consumption decreasing 24 h area under the curve (AUC) and post-meal
insulin responses [29]. Cell culture experiments showed apoCIII expression is induced by glucose via
hepatocyte nuclear factor 4 alpha (HNF-4α) and carbohydrate-responsive element-binding protein
(ChREBP) [30] and is reduced by insulin via Forkhead Box O1 (FOXO1) [28]. This regulation takes
place in the liver but not in the intestine, which are the two main sites of apoCIII expression [31]. Thus,
it is possible that the failure of glucose consumption to increase circulating apoCIII is due to insulin’s
negative feedback on hepatic apoCIII transcription. Fructose also activates ChREBP [32,33]. This
activation, in the absence of negative feedback by insulin on apoCIII transcription [34], may explain the
increased levels of circulating apoCIII after fructose consumption compared with glucose consumption.

It has been recently reported that apoCIII is the strongest predictor of hypertriglyceridemia
in a large cohort of rhesus primates and that inhibition of apoCIII by RNA interference lowered
fructose-induced hypertriglyceridemia [35]. ApoCIII may affect the lipid metabolism by promoting
hepatic DNL and VLDL1 production [27,34,36–40] and by interfering with hepatic clearance of TRL
through masking apoB/apoE receptors [16,17,41,42]. Both processes lead to increased and sustained
TRL levels in the circulation, which are associated with CVD development and progression [43,44].
Therefore, to investigate the effects of fructose on the fasting and postprandial levels of TRL and other
indicators of CVD risk, we measured TG and chol in lipoprotein particles separated by size. The subjects
consuming glucose had increased fasting TG in large TRL particles, while those consuming fructose
had increased fasting TG in small TRL particles. Thus, if our study only investigated the changes that
occurred in the fasting state, these results could lead to the suggestion that consumption of glucose is
associated with CVD risk to a larger extent than consumption of fructose. However, the postprandial
changes induced by the two sugars in the TG content of the TRL subfractions differed dramatically
from the changes in the fasting state with regard to the direction of the linear trend, the magnitude
of the increases, and the differential effects of the beverages. Overall, they clearly demonstrate that,
compared with glucose consumption, the consumption of fructose increased postprandial TG content
in all TRL subfractions, with the increases being most marked in the largest particles. Given that people
spend up to 18 h per day in a nonfasted state [45], these results from samples collected postprandially
are likely to be more relevant to CVD risk than the fasting results. Furthermore, epidemiology studies
provide evidence that non-fasting TG is a more reliable index of CVD risk than fasting TG [46,47].
Compared with glucose, fructose also increased postprandial chol content in the TRL subfractions, with
the increases being most marked in the largest particles. This too may promote CVD risk. A prospective

161



J. Clin. Med. 2019, 8, 913

study on 90,000 individuals showed a dose-dependent effect of non-fasted remnant cholesterol on later
ischemic heart disease and myocardial infarction [48].

The prominently increased postprandial TRL TG and chol in the subjects consuming fructose may
result from impaired TRL clearance or increased TRL synthesis—or a combination of both. As stated
above, apoCIII could be involved in TRL clearance and/or increased TRL synthesis. Other possible
mechanisms not involving apoCIII include a direct effect of fructose overload on the upregulation of
hepatic DNL. We have previously reported that postprandial hepatic DNL was significantly increased
in the subjects consuming fructose compared to those consuming glucose [3]. Also, it has been
suggested, although the available evidence to date is limited, that disruption of enterocyte lipid
metabolism may make a meaningful contribution to the hypertriglyceridemia often associated with
fructose consumption [49,50]. Fructose feeding has been shown to increase chylomicron synthesis
in enterocytes via upregulated DNL and reduced apoB48 degradation in a hamster model of insulin
resistance [49]. Impaired TRL clearance could be mediated by decreased lipoprotein lipase (LPL)
activity [3], which catalyzes the lipolysis of TG from TRL in the circulation. ApoCII is an important
cofactor for LPL activation [51,52] and could be involved in the in differential effects of the two
beverages on TRL clearance; however, the effects of fructose compared with those of glucose on apoCII
have yet to be investigated.

We previously reported that sdLDL cholesterol was increased in the subjects consuming fructose
compared with those consuming glucose [3], and the current data confirm this. The high levels of
apoCIII may be involved in generating sdLDL by inhibiting lipoprotein clearance pathways and
promoting the lipolytic conversion of TRL, IDL, and LDL to smaller, denser LDL particles [17]. However,
the traditional view on the generation of sdLDL involves cholesteryl ester transfer protein (CETP)
-mediated TG transfer from TRL to LDL [15,53,54]. Supportive of this, our results showed an increase
in the TG content of all LDL subfractions during the postprandial period after fructose consumption
compared to glucose consumption. TG-enriched LDL has reduced affinity for the LDL receptor and a
longer residence time in the circulation compared to LDL with normal TG content [55]. It is therefore
exposed to hepatic lipase, which lyses TG. Accordingly, the LDL particles from subjects consuming
fructose were less enriched with TG in the fasting state than in the postprandial state (p < 0.001 for all
individual LDL subfractions, paired t tests). At the same time, these fasting particles had increased
cholesterol content compared to the LDL particles from subjects consuming glucose, especially in the
smaller particles (LDLp3-6).

Regression analyses showed associations between the changes in fasting sdLDL-chol and
postprandial apoCIII and large particle TRLs (TRLp2 and TRLp3) only in subjects consuming fructose.
The results are in agreement with the hypothesis that increased and sustained concentrations of
large TRL particles lead to lipoprotein changes that result in the formation of sdLDL-chol [15,56,57]
and the possibility that apoCIII has a major role in mediating these metabolic processes [17]. A
recent intervention trial showed apoCIII was positively associated with sdLDL formation after a
high-carbohydrate diet that contained equal amounts of complex and simple carbohydrate [18]. Here,
we expand on these results showing that the elevation of apoCIII and its association with sdLDL
formation occurred after fructose, but not glucose, consumption. The results showing that apoCIII also
correlated with the changes in total LDL-chol may suggest that apoCIII impairs clearance of all LDL
particles. In contrast, neither TRLp2 nor TRLp3 correlated with total LDL-chol. Possibly, the effects
of TRLp2 and TRLp3 were more specific to LDLp3–6 because they mediated higher TG-enrichment
in LDLp3-6 than in LDLp1 (p = 0.003–0.04) or p2 (p = 0.003–0.06, all comparisons, paired t tests)).
However, the attenuated effects of both apoCIII and TRLp2 or TRLp3, when included in the same
multi-regression analysis, suggests that their effects on the increase in fasting chol in LDLp3–6 are
mediated by dependent pathways.

Elevated levels of sdLDL have been described as independent predictors of cardiovascular events
in patients with non-coronary atherosclerosis [58–60] and also of cardio- and cerebro-vascular events
in patients with metabolic syndrome [59]. Increased sdLDL, along with elevated levels of TRL,
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LDL cholesterol, oxidized LDL, and apoB and low levels of HDL-chol constitute the ‘atherogenic
dyslipidemia complex’, a feature of type 2 diabetes and the metabolic syndrome [61]. The subjects
consuming fructose-sweetened beverages for 10 weeks exhibited adverse changes in all components of
the ‘atherogenic dyslipidemia complex’, excepting lowered HDL-chol concentrations. As previously
reported, plasma HDL concentrations were unchanged at 10 weeks in the subjects consuming fructose-
or glucose-sweetened beverages [3].

A limitation to our study is the selective inclusion of older and overweight subjects, which may
limit our findings to this group. However, as this demographic is increasing and already at a high risk
for CVD, our reported findings are valuable even if younger and healthier subjects react differently to
sugar consumption. The modest sample size limited the exploration of gender effects, which should be
studied further with increased subject numbers. Finally, this study does not investigate the effects of
sugar-sweetened beverage consumption as they are commonly consumed in this country, with regard
to both the amount of sugar consumed and the types of sugars consumed. Self-reported intake data
suggest that only 13% of the US population consumes >25% of energy from added sugars (41), and the
majority of the added sugar is not pure fructose or glucose, but rather high fructose corn syrup (HFCS)
(55% fructose, 45% glucose) and sucrose (50% fructose, 50% glucose). However, the study of fructose
and glucose separately allowed us to demonstrate that fructose increases circulating apoCIII compared
to glucose, thus, it is the likely mediator of the increases in apoCIII induced by a high-carbohydrate
diet [18] or HFCS-sweetened beverages [20].

Furthermore, mechanistic insights gleaned from investigations of fructose compared to glucose
are relevant to explaining the observed increases in postprandial TG, fasting and/or postprandial
apoCIII, LDL-chol, sdLDL, and apoB observed in subjects consuming HFCS or sucrose-sweetened
beverages [12,20,62,63].

5. Conclusions

The results from this study demonstrate that consumption of fructose increases fasting and
postprandial plasma concentrations of apoCIII compared with the consumption of glucose and support
the involvement of apoCIII in the development of sdLDL and CVD risk [17]. The results also show that
fructose markedly increases large TRL particles and the TG-enrichment of LDL in the late postprandial
period, which may also affect the development of sdLDL and CVD risk [3,15,56,57]. As the adverse
effects of fructose compared with glucose occurred after 10 days of controlled dietary conditions,
the results do not support the often-repeated belief that “a calorie is a calorie” independent of its
source. While more research is required to determine the levels of fructose-containing sugar that can
be consumed without increased risk, it is prudent to advise patients at risk for CVD to refrain from
drinking beverages sweetened with fructose-containing sugars.
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Abstract: Background: PPARα is a transcriptional factor that controls the expression of genes
involved in fatty acid metabolism, including fatty acid transport, uptake by the cells, intracellular
binding, and activation, as well as catabolism (particularly mitochondrial fatty acid oxidation) or
storage. PPARA gene polymorphisms may be crucial for maintaining lipid homeostasis and in this
way, being responsible for developing specific training-induced physiological reactions. Therefore,
we have decided to check if post-training changes of body mass measurements as well as chosen
biochemical parameters are modulation by the PPARA genotypes. Methods: We have examined the
genotype and alleles’ frequencies (described in PPARA rs1800206 and rs4253778 polymorphic sites) in
168 female participants engaged in a 12-week training program. Body composition and biochemical
parameters were measured before and after the completion of a whole training program. Results:
Statistical analyses revealed that PPARA intron 7 rs4253778 CC genotype modulate training response
by increasing low-density lipoproteins (LDL) and glucose concentration, while PPARA Leu162Val
rs1800206 CG genotype polymorphism interacts in a decrease in high-density lipoproteins (HDL)
concentration. Conclusions: Carriers of PPARA intron 7 rs4253778 CC genotype and Leu162Val
rs1800206 CG genotype might have potential negative training-induced cholesterol and glucose
changes after aerobic exercise.

Keywords: human performance; aerobic training; genetic predisposition; lipid metabolism; glucose
tolerance; VO2max; mitochondria activity; cholesterol levels

1. Introduction

PPARα is a transcriptional factor that controls the expression of genes involved in fatty acid
metabolism, including fatty acid transport, uptake by the cells, intracellular binding, and activation,
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as well as catabolism (particularly mitochondrial fatty acid oxidation) or storage [1]. PPARα is
expressed at moderate levels, mainly in the liver and skeletal muscles, but also in the heart, kidney,
brown fat, and large intestine [2–4]. PPARα-dependent transcriptional activity results from a direct
interaction of the nuclear receptor with its ligands [5]. The primary natural PPARα ligands are
unsaturated fatty acids that directly bind to the PPARα via ligand binding domain (LBD) and enable its
heterodimerization with the retinoid X receptor (RXR)-α. Such PPAR:RXR complex binds via PPARα
DNA binding domain (DBD) to the PPRE (peroxisome proliferator response element) sequence in
the promoter region of target genes [6]. In comparison with the unsaturated fatty acids, saturated
fatty acids are poor PPAR ligands [7]. Moreover, synthetic compounds, such as hypolipidemic agents,
prostaglandin 12 analogs, leukotriene B4 analogs, leukotriene D4 antagonist, carnitine palmitoyl
transferase I (CPT1) inhibitors, fatty acyl-CoA dehydrogenase inhibitors, can activate PPAR [8–10].
It is worth noting that an alternative activation pathway of PPAR:RXR may also occur through ligand
binding to RXR [11,12]. In addition to ligand-dependent activation, PPARα may also be regulated by
insulin-induced trans-activation that occurs through the phosphorylation of two mitogen-activated
protein (MAP) kinase sites at positions 12 and 21 located in the activation function (AF)-1-like domain
within PPARα receptor [13].

The PPARA gene has been mapped on the human chromosome 22 (locus 22q12-q13.1) and
comprises a total of eight exons encoding PPARα protein [14]. Within the entire gene, several
polymorphic sites have been identified, with the most studied variant, a missense mutation C/G
(rs1800206), resulting in Leu162Val amino acids substitution. This polymorphic site is located in the
exon 5 of the PPARA gene that encodes the second zinc finger of the DNA binding domain in the
PPARα protein. Despite the fact that Leu to Val is a conservative change, this amino acids substitution
has functional consequences on protein activity, because the 162 position is next to a cysteine which
coordinates the zinc atom and, at the same time, Leu162Val is located upstream of a region determining
the specificity and polarity of PPARα binding to different PPREs [15]. In vitro experiments revealed
that PPARα isoform with Val in the 162 position has increased PPRE-dependent transcriptional activity
compared with the PPARα isoform with Leu in the same position when treated with the PPARα
ligand [16]. Interestingly, observed differences were ligand concentration-dependence: At higher
concentrations of the ligand, the 162Val variant’s transactivation activity was five-fold greater as
compared with Leu162 variant [17]. In addition, in vivo observations confirmed that Leu162Val
polymorphism exerts an effect on plasma lipoprotein–lipid profile. Carriers of the minor G allele
(for Val in the 162 position) compared with homozygotes of the C allele (for Leu162) had significantly
higher concentrations of plasma total and low-density lipoproteins (LDL)-apolipoprotein B as well
as and LDL cholesterol [18]. In Type II diabetic patients, G allele carriers had higher levels of total
cholesterol, high-density lipoproteins (HDL) cholesterol, and apoAI [16]. Moreover, G allele carriers
were characterized by a better response to lipid-lowering drugs, showing a greater lowering effect
with regard to total cholesterol and non-HDL-cholesterol than C allele homozygotes treated with the
same drug [19]. Furthermore, other studies revealed that Leu162Val polymorphism influences the
conversion from impaired glucose tolerance to type 2 diabetes [20] as well as being associated with
progression of coronary atherosclerosis and the risk of coronary artery disease [21].

The second polymorphic site that has been studied in many contexts is a C/G substitution
in PPARA intron 7 (rs4253778). It was described for the first time in 2002 in the publications
focused on genetic modulators influencing the progression of coronary atherosclerosis and the risk of
coronary artery disease [21] as well as left ventricular growth [22]. It has been revealed that PPARA

rs4253778 polymorphism influences human left ventricular growth observed in response to exercise
and hypertension: The C allele carriers had significantly higher left ventricular mass. Moreover,
the observed effect was additive: CC homozygotes had a 3-fold greater, and GC heterozygotes had a
2-fold greater increase in left ventricular mass than G allele homozygotes [22]. Taking into account that
one of the molecular adaptations described in the hypertrophied heart is reduced PPARα activity [23]
and, at the same time, an increase in glucose utilization and a decrease in fatty acid oxidation (FAO) is
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observed [24,25], it has been hypothesized that the PPARA intron 7 C allele affects PPARα function
and is connected with downregulation of the expression of mitochondrial FAO enzymes, leading to
reduced FAO and impaired cellular lipid homeostasis [22]. Study with diabetic patients has confirmed
that C allele carriers are characterized by reduced the lipid-lowering response to fenofibrate treatment
in comparison with GG homozygotes [26]. Next, studies with athletes representing different sports
disciplines revealed that GG homozygotes were more prevalent in the groups of endurance-type
athletes engaged in prolonged aerobic exertion [27,28], while the C allele was frequently observed
in power-oriented athletes who were involved in shorter and very intense anaerobic exertion [29].
These results were partly explained by muscle biopsies showing the association between PPARA

rs4253778 polymorphism and fiber type composition, particularly the correlation between G allele
and increased proportion of type I (oxidative) fibers as well as the association of the C allele with
the propensity to skeletal muscle hypertrophy, and a facilitation of glucose utilization in response to
anaerobic exercise [29].

All the aforementioned facts suggest that PPARA polymorphisms may be crucial for maintaining
lipid homeostasis and in this way, be responsible for developing specific training-induced physiological
reactions. Therefore, we have decided to check if post-training changes of body composition
measurements, as well as chosen biochemical parameters (LDL, HDL, glucose), are modulated
by the PPARA genotypes. To test this hypothesis, we have examined the genotype and alleles’
frequencies (described in PPARA rs1800206 and rs4253778 polymorphic sites) in female participants
engaged in a 12-week training program.

2. Experimental Section

2.1. Ethics Statement

The procedures followed in the study were conducted ethically according to the principles of the
World Medical Association Declaration of Helsinki and ethical standards in sport and exercise science
research. The study was approved by the Ethics Committee of the Regional Medical Chamber in
Szczecin (Approval number 09/KB/IV/2011). All participants were given a consent form and a written
information sheet concerning the study, providing all pertinent information (purpose, procedures,
risks, and benefits of participation). The experimental procedures were conducted in accordance with
the set of guiding principles for reporting the results of genetic association studies defined by the
Strengthening the Reporting of Genetic Association studies (STREGA) Statement [30].

2.2. Participants

Out of 201 recruited Polish Caucasian women (range 19–24 years) we have obtained 182 full sets
of pre-training and post-training body composition and biochemical data in those who completed
a 12-week training program. From these 182 participants, the genetic material was isolated and
168 samples (age 21.6 ± 1.3 years, body mass 60.6 ± 7.6 kg, 21.6 ± 2.4) were successfully genotyped for
PPARA rs1800206 and rs4253778. None of the included individuals had engaged in regular physical
activity in the previous 6 months. The level of physical activity over the last 6 months has been
estimated in every participant according to Global Physical Activity Questionnaire (GPAQ) as well as
the individual recording of the subject’s own activity, such as direct observation and activity diaries [31].
They had no history of any metabolic or cardiovascular diseases. Participants were nonsmokers and
refrained from taking any medications or supplements known to affect metabolism. Before the training
phase, all participants were included in a dietary program and had received an individual dietary plan.
For every participant, the Basal Metabolic Rate (BMR) as well as the Physical Activity Level (PAL,
calculated as the ratio of Total Energy Expenditure (TEE) to BMR), was defined. Every participant was
asked to keep a balanced diet customized for the individual’s PAL coefficient and body mass according
to nutrition standards described for the Polish population [32] during the study and for 2 months before
the study. The participants were asked to keep a food diary every day. Weekly consultations were
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held in which the quality and quantity of meals were analyzed and, if necessary, minor adjustments
were made. The nutrition and general lifestyle conditions for all participants during the training
phase were considered as similar. During the last weekly session before the 12-week training program,
the participants underwent the graded exercise VO2max test and body composition screen.

2.3. Training Intervention

Maximum heart rate (HRmax) was calculated directly in every subject by a continuous graded
exercise test on an electronically braked cycle ergometer (Oxycon Pro, Erich JAEGER GmbH, Hoechberg,
Germany) which was performed to determine their aerobic capacity (VO2max). The heart rate (HR) at
each step of the training program was measured in every subject using HR personal monitoring devices
(Polar T31 straps and CE0537 Watches, Lake Success, NY, USA) with customized setup. The training
stage was preceded by a week-long familiarization stage, when the examined women exercised 3 times
a week for 30 min, at an intensity of about 50% of their HRR (HR Reserve) calculated according to the
Karvonen formula. After the week-long familiarization stage, proper training has started. Each training
unit consisted of a warm-up routine (10 min), the main aerobic routine (43 min), and stretching and
breathing exercise (7 min). The main aerobic routine was a combination of two alternating styles—low
and high impact as described by Zarebska et al. [33–35]. Low impact style comprised movements
with at least one foot on the floor at all times, whereas high impact styles included running, hopping,
and jumping with a variety of flight phases [36]. Music of variable rhythm intensity (tempo) was
incorporated into both styles. A 12-week program of low–high impact aerobics was divided as follows:
(1) 3 weeks (9 training units), 60 min each, at about 50–60% of HRR, music tempo 135–140 BPM (beats
per min), (2) 3 weeks (9 training units), 60 min each, at 55–65% of HRR, music tempo 135–140 BPM,
(3) 3 weeks (9 training units), 60 min with the intensity of 60–70% of HRR, music tempo 140–152 BPM,
and (4) 3 weeks (9 training units), 60 min with an intensity of 65–75% of HRR, music tempo 140–152
BPM. All 36 training units were administered and supervised by the same instructor.

2.4. Body Composition Measurements

Body mass and body composition were assessed by the bioimpedance method (body’s inherent
resistance to an electrical current) with the use of the electronic scale “Tanita TBF 300M” (Horton Health
Initiatives, Orland Park, IL, USA) as described by Zarebska et al. [33]. The device was plugged in and
calibrated with the consideration of the weight of the clothes (0.2 kg). Afterward, data regarding age,
body height, and sex of the subject were inserted. Then, the subjects stood on the scale with their bare
feet on the marked places without leaning any body part. The device analyses body composition based
on the differences in the ability to conduct electrical current by body tissues (different resistance) due
to different water content. Body mass and body composition measurements were taken with the use
of the electronic scale “Tanita” are as follows: total body mass (kg), fat free mass (FFM, kg), fat mass
(kg), body mass index (BMI = body mass (kg)/(body height (m))2, in kg.m−2), tissue impedance (Ohm),
total body water (TBW, kg), and basal metabolic rate (BMR, kJ).

2.5. Biochemical Analyses

Fasting blood samples were obtained in the morning from the elbow vein before the start of the
aerobic fitness training program and repeated at the 12th week of this training program (after the
36th training unit). Compete blood samples (taken before and after 12-week training period) were
obtained for 182 participants. The analyses were performed immediately after the blood collection,
as described by Leońska-Duniec et al. [37]. Blood samples from each participant were collected in 2 tubes.
For biochemical analyses, a 4.9 mL·S-Monovette tube with ethylenediaminetetraacetic acid (K 3 EDTA;
1.6 mg EDTA/mL blood) and separating gel (SARSTEDT AG and Co., Nümbrecht, Germany) were
used. Blood samples for biochemical analyses were centrifuged 300× g for 15 min at room temperature
to receive blood plasma. All biochemical analyses were conducted using Random Access Automatic
Biochemical Analyzer for Clinical Chemistry and Turbidimetry A15 (BIO-SYSTEMS S.A., Barcelona,
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Spain). Blood plasma was used to determine lipid profile: triglycerides (TGL), total cholesterol,
high-density lipoproteins (HDL) and low-density lipoproteins (LDL) concentrations. Plasma TGL and
total cholesterol concentrations were determined using a diagnostic colorimetric enzymatic method
according to the manufacturer’s protocol (BioMaxima S.A., Lublin, Poland). The manufacturer’s
declared intra-assay coefficients of variation (CV) of the method were <2.5% and <1.5% for the
TGL and total cholesterol determinations, respectively. HDL plasma concentration was determined
using the human anti-β-lipoprotein antibody and colorimetric enzymatic method according to the
manufacturer’s protocol (BioMaxima S.A.). The manufacturer’s declared intra-assay CV of the method
was <1.5%. Plasma concentrations of LDL were determined using a direct method according to the
manufacturer’s protocol (PZ Cormay S.A., Lomianki, Poland). The manufacturer’s declared intra-assay
CV of the method was 4.97%. All analysis procedures were verified with the use of a multi-parametric
control serum (BIOLABO S.A.S, Maizy, France), as well as control serum of normal level (BioNormL)
and high level (BioPathL) lipid profiles (BioMaxima S.A.).

2.6. Genetic Analyses

The buccal cells donated by the subjects were collected in Resuspension Solution (GenElute
Mammalian Genomic DNA Miniprep Kit, Sigma-Aldrich Chemie Gmbh, Munich, Germany) with
the use of sterile foam-tipped applicators (Puritan, Holbrook, NY 11741, USA). DNA was extracted
from the buccal cells using a GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich
Chemie Gmbh, Munich, Germany) according to the manufacturer’s protocol. DNA isolates were
evaluated for quantity, quality, and integrity of DNA using the spectrophotometer BioPhotometer Plus
(Eppendorf, Wesseling-Berzdorf, Germany). Only 168 isolates passed the evaluation and were used for
subsequent genotyping.

To discriminate PPARA I7 rs4253778 (G>C) as well as Leu162Val rs1800206 (C>G) alleles, TaqMan
Pre-Designed SNP Genotyping Assays were used (Applied Biosystems, Waltham, MA, USA) (assay
IDs: C___2985251_10 and C___8817670_20, respectively) including primers and fluorescently labeled
(FAM and VIC) MGBTM TaqMan probes to detect alleles. All samples were genotyped in duplicate on
a StepOne Real-Time Polymerase Chain Reaction (RT-PCR) instrument (Applied Biosystems, Waltham,
MA, USA) as previously described [37]. PCR products were then subjected to Endpoint-genotyping
analysis using an allelic discrimination assay at StepOne Software v2.3 (Applied Biosystems, Carlsbad,
CA, USA) to measure the relative amount of allele-specific fluorescence (FAM or VIC), which leads
directly to the determination of individual genotypes. Genotypes were assigned using all of the data
from the study simultaneously.

2.7. Statistical Analyses

Allele frequencies were determined by gene counting. An χ2 test was used to test the
Hardy–Weinberg equilibrium. To examine the hypothesis that the PPARA I7 rs4253778 polymorphism
modulate training response, we conducted a repeated measure 2 × 3 ANOVA for genes and
2 × 2 ANOVA for alleles comparison with one between-subject factor (PPARA I7 rs4253778 genotype:
GG vs. GC vs. CC, GG vs. GC + CC, GG + GC vs. CC) and one within-subject factor (time: before
training versus after training) for twelve dependent variables. To examine the hypothesis that PPARA

Leu162Val rs1800206 modulate training response, we conducted a repeated measure of 2 × 2 ANOVA.
Kolmogorov–Smirnov test was used to check for data normality, Mauchly’s test for data sphericity,
and a post hoc Tukey test was applied when interaction was significant and was used to perform
pair-wise comparisons. The effect size (partial eta squared–η2) of each test was calculated for all
analyses and was classified according to Larson-Hall [38], where η2: 0.01, 0.06, 0.14 were estimated for
small, moderate, and large effect, respectively. All statistics were performed in STATISTICA software
(version 13; StatSoft, Tulsa, OK, USA) with the level of statistical significance set at p < 0.05.
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3. Results

PPARA I7 rs4253778, as well as Leu162Val rs1800206 genotypes, conformed to Hardy–Weinberg
equilibrium (p = 0.887 and p = 0.572, respectively) and phenotype outcomes were normally distributed,
with no disruption of sphericity (Supplementary File S1). The genotyping error was assessed as 1%,
while the call rate (the proportion of samples in which the genotyping provided unambiguous reading)
exceeded 95%.

The ANOVA showed genotype× training interactions in PPARA I7 rs4253778 for LDL (F1, 165 = 5.12,
p = 0.025, η2 = 0.03) (Table 1), where post hoc test showed that LDL increased in PPARA I7 rs4253778
CC homozygotes after training intervention (79.17 ± 14.16 vs. 95.48 ± 15.35 mg/dL), which did not
appear in other genotypes (Figure 1). ANOVA in PPARA I7 rs4253778 allele × training interactions
showed differences in LDL (F1, 166 = 4.59, p =.034, η2 = 0.03), where post hoc analyses showed that
CC homozygotes and not G allele carriers increased the LDL concentration after training intervention
(Table 1).

Figure 1. Changes in plasma low-density lipoproteins (LDL) concentrations measured before and after
the completion of the 12-week training program in carriers of different PPARA I7 rs4253778 genotypes.
The values are mean ± SD.

Other PPARA I7 rs4253778 genotype × training interactions were found in glucose plasma
concentrations (F2, 165 = 3.99, p = 0.02, η2 = 0.05) (Table 1), where post hoc showed that carriers of
GG and GC genotypes decreased glucose concentration over the period of training (78.83 ± 10.20 vs.
76.44 ± 10.21 and 77.62 ± 8.92 vs. 73.34 ± 9.28, respectively, mg/dL), while for CC homozygotes were
characterized by the opposite effect of training and demonstrated a significant increase of glucose
concentration (70.50± 7.76 vs. 78.17± 12.58 mg/dL) (Figure 2) (Table 1). Furthermore, ANOVA in PPARA
I7 rs4253778 allele × training interactions showed differences in glucose concentration (F1, 166 = 6.68,
p = 0.011, η2 = 0.06), where post hoc showed that G allele carriers decreased glucose concentration and
CC homozygotes increased glucose concentration (Table 1).
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Figure 2. Changes in plasma glucose concentrations measured before and after the completion of
the 12-week training program in carriers of different PPARA I7 rs4253778 genotypes. The values are
mean ± SD.

HDL plasma concentration resulted in statistical differences in PPARA Leu162Val rs1800206
genotype (F1, 166 = 22.68, p < 0.001, η2 = 0.12) and training interactions (F1, 166 = 6.30, p = 0.013,
η2 = 0.04) (Table 2), where post hoc showed that HDL decreased in both PPARA Leu162Val rs1800206
genotypes (CC and CG) in the course of training (65.12 ± 13.51 vs. 61.78 ± 13.48 and 64.82 ± 11.83 vs.
54.03 ± 12.08, respectively) (Figure 3) and this training decrease was bigger in CG genotype (only G
allele carriers) when compared to CC homozygotes (Table 2). There were no other effects of training or
PPARA Leu162Val rs1800206 genotypes observed in dependent variables.

Figure 3. Changes in plasma high-density lipoproteins (HDL) concentrations measured before and after
the completion of the 12-week training program in carriers of different PPARA Leu162Val rs1800206
genotypes. The values are mean ± SD.
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Table 2. The PPARA Leu162Val rs18000206 genotypes and response to training.

Variable
CC (n = 154) CG (n = 14)

p Values for Main
Effects

Before Training After Training Before Training After Training Genotype Training

Body mass (kg) 60.57 ± 7.69 59.90 ± 7.58 60.77 ± 7.37 59.21 ± 7.13 0.063 0.052

BMI (kg/m2) 21.55 ± 2.46 21.34 ± 2.39 22.03 ± 2.16 21.58 ± 2.39 0.0.64 0.099

BMR (kJ) 6055.80 ± 328.86 6021.35 ± 317.31 6058.43 ± 304.72 5991.64 ± 304.76 0.064 0.303

Tissue impedance
(Ohm) 548.23 ± 62.99 535.32 ± 62.33 568.21 ± 71.46 549.93 ± 64.19 0.233 0.582

FM (kg) 14.73 ± 5.09 13.85 ± 5.10 15.63 ± 4.89 13.98 ± 5.34 0.098 0.163

FFM (kg) 45.77 ± 3.19 46.20 ± 3.25 44.79 ± 3.20 45.24 ± 3.15 0.716 0.090

TBW (kg) 33.52 ± 2.60 33.86 ± 2.41 32.81 ± 2.36 33.13 ± 2.32 0.096 0.950

Total cholesterol
(mg/dL) 170.99 ± 24.67 169.36 ± 27.58 158.78 ± 23.55 158.07 ± 21.24 0.690 0.876

TGL (mg/dL) 80.86 ± 32.29 85.12 ± 35.55 73.14 ± 31.12 67.71 ± 22.64 0.900 0.294

HDL (mg/dL) 65.12 ± 13.51 61.78 ± 13.48 64.82 ± 11.83 54.03 ± 12.08 0.001 0.013

LDL (mg/dL) 89.60 ± 21.69 90.55 ± 23.39 79.43 ± 23.59 90.43 ± 26.16 0.259 0.587

Glucose (mg/dL) 78.41 ± 9.74 75.32 ± 10.02 75.36 ± 10.59 77.71 ± 10.67 0.795 0.053

The values are mean ± SD; p values (analyzed by two-way mixed ANOVA test) for genotype × training interaction;
BMI–body mass index; BMR–basal metabolic rate; FM–fat mass; FFM–fat free mass; TBW–total body water;
TGL–triglycerides; HDL–high-density lipoproteins; LDL–low-density lipoproteins.

Our statistical analyses revealed that PPARA intron 7 rs4253778 polymorphism modulate training
response in reference to plasma LDL and glucose concentration, while PPARA Leu162Val rs1800206
polymorphism interacts with HDL concentration. Taken together, our results supply additional
information about the potential role played by genetic variants described in the PPARA gene in
training-induced biochemical changes.

4. Discussion

This study aimed to check if post-training changes of body mass measurements, as well as chosen
biochemical parameters observed in physically active women, are modulated by specific genotypes.
The verified hypothesis assumed that in the presence of specific genotypes and alleles in the PPARA

gene would influence the post-training response observed in biochemical parameter changes in the
course of the 12-week training program. Taking onto account PPARA intron 7 (rs4253778) genotype
× training interactions, there were two statistically significant effects: for LDL and glucose plasma
concentrations. For all genotypes, a slight increase in LDL level was observed. However, the rise of LDL
concentration reached the highest point in intron 7 CC homozygotes when compared to G allele carriers.
Moreover, the CC homozygotes were characterized by an unexpected increase in glucose plasma
concentration, while in GC and GG participants, the reverse trend of decreasing glucose concentration
was noted. It is commonly expected that LDL, as well as glucose plasma levels, would decrease after
regular physical activity [39]. However, more detailed analyses revealed that beneficial changes of the
lipid profile are achieved only when the intensity of training is moderate (the exercises are performed
below the anaerobic threshold), while the training above the anaerobic threshold intensity may not
lead to such healthy effects; what is more it may even reverse these beneficial trends in the context
of plasma lipid concentrations [40]. A meta-analysis of studies on the impact of aerobic training on
plasma HDL concentration revealed that the minimum duration of aerobic exercises necessary for
achieving the beneficial effect of HDL level elevation is about 120 minutes per week, which is an
equivalent of 900 kcal energy expenditure [41]. In the exercise protocol used in our study, we had
about 180 min exercises per week, and the intensity of the exercises was gradually increased from 50%
to 60% to 65% to 75% heart rate reserve. Each training unit consisted of a warm-up, the main aerobic
routine, and the ending phase, including stretching and a breathing exercise [33–35]. The structure
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of the main routine that was a combination of two alternating styles of low and high intensity may
resemble interval training, in which the high-intensity workouts are similar to anaerobic exercises,
while low-intensity sets correspond to a restitution phase. The summary volume of aerobic exercises
probably was not enough to achieve the expected beneficial changes in the lipid profile and glucose
level, especially in PPARA intron 7 CC homozygotes.

The functional role of PPARA intron 7 polymorphism was suggested for the first time in the
prospective study of healthy middle-aged men in the United Kingdom [21] as well as in the study
of male British Army recruits undergoing a 10-week physical training program [22]. It has been
demonstrated that intron 7 C allele is associated with progression of atherosclerosis [21] and is positively
correlated with left ventricular growth in response to exercise [22]. Based on the results of the studies
showing that hypertrophied heart is characterized by reduced PPARα activity [23] and, in the same time,
downregulation of the expression of mitochondrial FAO enzymes [25] with accompanying increases in
expression of genes encoding glycolytic enzymes [24], it has been speculated that intron 7 C allele is
responsible for lowering the expression of the PPARA gene and in this way, is indirectly connected
with downregulation of the expression of key metabolic enzymes, leading to impairment of cellular
lipid and glucose homeostasis. Another issue is, of course, the question of how the polymorphism
located in the non-coding region influences the gene’s expression. One possible answer could be that
PPARA intron 7 alleles are not direct casual variants, but are rather in linkage disequilibrium with an
unidentified polymorphism (within the PPARA gene or in its regulatory region) that alters encoded
protein levels and, as a consequence, may change the expression of PPARα target genes [27,29,42,43].
There is also a hypothesis that, considering this SNP location, the PPARA intron 7 polymorphism may
change and disrupt a microRNA site [44].

Considering that the proper expression of the PPARA gene, necessary for maintaining the
appropriate level of PPARα protein, is crucial for regulation of carbohydrate/lipid metabolism, and that
the intron 7 C allele may affect this expression process, it is may be expected that the lipid profile and
glucose levels would be altered in C allele carriers. Indeed, our results seem to confirm this assumption
because we have observed that LDL and glucose levels in CC homozygotes were different from the
normal range, with the surprising effect of a post-training increase of plasma glucose concentration as
well as the highest rise of LDL levels observed in CC participants. These results suggest that PPARA

intron 7 CC genotype may be in the group of disadvantageous factors responsible for developing
unexpected post-training effects. Probably the CC homozygotes should undergo a different training
program with increased volume of aerobic exercises to achieve the expected beneficial results.

When PPARA Leu162Val (rs1800206) genotype × training interactions were taken into account,
only one statistically significant effect was observed: for post-training changes of HDL levels. In the
case of both recorded measurements in these SNP genotypes (CC and CG) we have observed a slight
decrease of HDL levels. However, this lowering effect was more pronounced in G allele carriers,
in which at least half of the PPARα protein amount comprised the Val amino acid in the 162 position.
It is worth noting that rs1800206 GG homozygotes are very rare in the human population, in our study,
there were no such individuals in the whole study group.

The C→G substitution, described as PPARA rs1800206 polymorphism, is placed within the coding
region of the gene, what makes it functional “by definition”, causing an amino acid change in the
162 position (Leu162Val) that is located within DNA binding domain (DBD) of the PPARα protein [18].
DBD is directly involved in the interaction between the PPARα transcription factor and PPRE sequences
in the promoter region of target genes [6]. Detailed in vitro analyses revealed that PPARα constructs
with Val amino acid in the 162 position is activated by the endogenous ligands to a lesser extent
when compared with “wild type” PPARα with Leu amino acid residue in the same localization [45].
The PPARα Leu form, that is produced in CC homozygotes, is considered as an active form of this
transcriptional factor, displaying a higher transcriptional activity [45] and being able to stimulate the
expression of the genes encoding β-oxidation enzymes more efficiently, which cause the shift of the
metabolic balance toward catabolic pathways [46,47].
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In vivo studies have shown that Leu162Val polymorphism is associated with total plasma
cholesterol [16,48,49], LDL [18,49], HDL [16], as well as apolipoprotein B (apoB) [18,48,49],
apolipoprotein A-I (apoA-I) [16], and apolipoprotein C-III (apoC-III) [49] concentrations. Moreover,
Leu162Val is involved in diabetes and arteriosclerosis progression [16,20,21]. To be more specific,
the studies of diabetic patients and non-diabetic subjects revealed that the rs1800206 G allele (also
designed as the 162Val allele) carriers were characterized by higher levels of plasma total cholesterol,
LDL, and apoB levels in comparison with CC homozygotes [18]. The large population-based study
confirmed that the presence of the rs1800206 G allele is correlated with higher levels of total cholesterol,
LDL, apoB, and apoC [49]. Moreover, the study of men with metabolic syndrome showed that the
frequency of the rs1800206 G allele was higher in subjects having simultaneously abdominal obesity,
hypertriglyceridemia, and low HDL levels. The same study demonstrated that carriers of the G
allele were characterized by higher plasma apoB and triglyceride (TG) levels and the presence of G
allele was associated with components of metabolic syndrome [50]. In another relative large-scale
study of middle-aged whites, the G allele was also correlated with an increase in fasting levels of
serum lipids [51]. In a controlled dietary intervention trial, in which saturated fat was replaced with
either monounsaturated fat or carbohydrate in isoenergetic diets, the effects of PPARA Leu162Val
genotypes in the determination of plasma lipid concentrations were assessed. The results of this
study revealed that Leu162Val variants influence plasma LDL cholesterol concentration, especially
being a determinant of small dense LDL (sdLDL) [52]. It has been confirmed in several independent
studies showing that rs1800206 CC homozygotes are characterized by a larger LDL particle with
reduced density and by an increased general proportion of large LDL particles in the total cholesterol
pool [53,54]. Such larger and more buoyant LDL particles are less prone to oxidation processes
which create protecting conditions in case of atherosclerosis progression, while small dense LDLs are
considered as risk factors of atherosclerosis and coronary artery disease [55,56]. Studies in patients
demonstrated that fibrate ligands of PPARα can reduce production of sdLDL, so in carriers of the less
active PPARα Val form (that is produced in rs1800206 G allele carriers), activation by dietary ligands
could result in a shift to a higher proportion of sdLDL [47,57].

All the aforementioned studies led us to the suggestion that the PPARA rs1800206 G allele
(producing PPARα protein with Val amino acid in the 162 position) may be associated with developing
in its carriers the adverse effects in the context of lipid metabolism. Our results, at least in part, confirm
this hypothesis, because the unfavorable post-training effects expressed by an increase of the HDL level
was pointed out most firmly in GC heterozygotes, while in CC homozygotes these disadvantageous
changes were significantly restricted.

We are aware that our study has some limitations. The first issue of almost every genetic
association study has a proper number of participants in the study group. In our case, this could also
be a problem, and we see the need for replicating our results in another, preferably larger, population.
Especially, PPARA I7 rs4253778 CC genotype was rare (n = 6) and might cause statistical bias. On the
other hand, this rs4253778 CC genotype has been rare in previous studies on the Caucasian population,
where it was shown to influence physical condition level [58,59]. The second question is whether the
analyzed PPARA polymorphisms are true causative factors or perhaps only in linkage disequilibrium
with variants directly engaged in developing a specific trait. This problem has been brought up in
many studies, and in most cases, the conclusion is that the variation within the PPARA gene does not
influence any physiological traits alone. Thus, it should be underlined that PPARA diversity probably
accounts for only a small portion of phenotypic variability, due to the polygenic character of the traits
connected with body mass and biochemical parameters measured in our experiment, implying that
multiple gene-environment interactions may contribute to the observed differential effects.

5. Conclusions

The results obtained in the current study support our initial hypothesis and suggest that PPARA

intron 7 rs4253778, as well as Leu162Val rs1800206 variants, play a role in differentiating the beneficial
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effects of physical activity between the specific genotype carriers. We have demonstrated that harboring
a specific PPARA intron 7 rs4253778 as well as Leu162Val rs1800206 genotypes may be associated with
different post-training changes of measured biochemical parameters. We have observed the surprising
effect of a post-training increase of plasma glucose concentration as well as the highest rise of LDL
levels in rs4253778 CC participants, which led us to the suggestion that rs4253778 C allele may affect
the lipid profile and glucose levels. On the other hand, we have also indicated that some individuals
may benefit from being an rs1800206 CC homozygote because in such participants the unfavorable
training effects were significantly restricted.

The information obtained in this study can be used as an additional source of precise information
about a person undertaking physical effort, determining at the molecular level its inherent metabolic
characteristics. Potentially, such information may help design individualized forms of training and
more effective optimization and control of the obtained post-training or other treatment effects. Due to
the importance of the polymorphic forms analyzed in PPARA gene in the etiology of many human
diseases, they can be used as a molecular tool of pro-health prophylaxis, helpful in estimating the risk
of disorders, such as obesity.
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Abstract: Drugs of abuse are associated with stroke, especially in young individuals. The major classes
of drugs linked to stroke are cocaine, amphetamines, heroin, morphine, cannabis, and new synthetic
cannabinoids, along with androgenic anabolic steroids (AASs). Both ischemic and hemorrhagic stroke
have been reported due to drug abuse. Several common mechanisms have been identified, such
as arrhythmias and cardioembolism, hypoxia, vascular toxicity, vascular spasm and effects on the
thrombotic mechanism, as causes for ischemic stroke. For hemorrhagic stroke, acute hypertension,
aneurysm formation/rupture and angiitis-like changes have been implicated. In AAS abuse, the effect
of blood pressure is rather substance specific, whereas increased erythropoiesis usually leads to
thromboembolism. Transient vasospasm, caused by synthetic cannabinoids, could lead to ischemic
stroke. Opiates often cause infective endocarditis, resulting in ischemic stroke and hypereosinophilia
accompanied by pyogenic arthritis, provoking hemorrhagic stroke. Genetic variants are linked to
increased risk for stroke in cocaine abuse. The fact that case reports on cannabis-induced stroke
usually refer to the young population is very alarming.
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1. Introduction

1.1. Stroke Definitions

According to the World Health Organization, a stroke is defined as ‘a clinical syndrome consisting
of rapidly developing clinical signs of focal (or global in case of coma) disturbance of cerebral function
lasting more than 24 h or leading to death with no apparent cause other than a vascular origin’. On the
other hand, a transient ischemic attack (TIA) presents the signs and symptoms of a stroke, but without
tissue damage and the symptoms usually resolve within 24 h [1,2]. A stroke can be defined as a
rupture or blockage of an artery of the brain, which results in bleeding into the brain parenchyma or in
decreased blood supply and ischemic damage to specific brain areas respectively [3].

1.2. Epidemiology of Illicit Drugs of Abuse Use and Stroke

The use of psychoactive substances has been known for thousands of years: From the ingestion
of plant derivatives, such as the mushroom Psilocybe hispanica used in religious rituals performed
6000 years ago, to the abuse of synthetic drugs, such as heroin that was first synthesized in 1874 by
C. R. Alder Wright, an English chemist working at St. Mary’s Hospital Medical School in London.
Nowadays, substance abuse constitutes a major social and medical problem. According to the World
Drug Report 2017, issued by the United Nations Office on Drugs and Crime, the number of estimated
drug users worldwide has increased by 23% in 11 years, reaching 255 million individuals in 2015.
At the same time, drug users with various health disorders, such as lung or heart disease, mental health
diseases, infectious diseases, stroke and cancer, reached 29.5 million in 2015, with an increase of 13.5%
compared to 2006. The number of deaths attributed to drug abuse has also significantly increased.
Out of the total registered deaths due to drug abuse, 67.5% are attributed to amphetamine use, 49.7%
to cocaine, 29.6% to opioids and the remaining 23% to other drugs [4].

Stroke is the second leading cause of death in the world, responsible for 5.7 million deaths every
year, which is expected to reach approximately 7.8 million by 2030 [5–8]. Moreover, stroke is the leading
cause of major disability. A timely diagnosis by computed tomography (CT) and, depending on the
circumstances, by CT angiography and CT perfusion is necessary to assure effective management [3,7].

1.3. Classic Concept of Stroke Pathophysiology

A stroke occurs when blood circulation of the brain is disturbed. There are two types of strokes:
Ischemic stroke/transient ischemic attack (TIA) and hemorrhagic stroke. Brain tissue destruction is
caused by different mechanisms with multifactorial character in the two types of strokes.

Ischemic stroke represents the loss of brain function caused by a decreased blood flow and
consequently reduced oxygen supply to the affected brain tissue [9].

The knowledge of the latest physiopathological mechanisms in ischemic stroke is important for the
development of new pharmacotherapies. Recent experimental studies in mice with transient middle
cerebral artery occlusion (tMCAO) have shown the involvement of the Von Willebrandt factor (vWF)
which interacts with and binds to the GPI platelet glycoprotein and the collagen receptor GP VI [10].
This vWF–GPIb axis combined with activated coagulation factor XII triggers the thrombo-inflammatory
cascade in acute ischemic stroke [10,11]. In this thrombo-inflammatory process, platelets interact with
T cells, which aggravate ischemia-reperfusion injury after recanalization [10,11]. However, targeting
stroke-related neuroinflammation with anti-inflammatory drugs may be used with caution in order to
detect any potential adverse effects to be avoided [11].
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Numerous other pathophysiological studies performed on patients with ischemic stroke demonstrated
hemostatic abnormalities such as low serum levels of coagulation factor VII, FVII-activated antithrombin
complex, tissue factor and increased serum levels of tissue factor-bearing microparticles (MPs-TF) [12,13].

In hemorrhagic stroke the neuronal injury is supplemented by the compressive effect exerted by
the hematoma, the systemic inflammatory response, the neuronal toxicity of the hemoglobin and the
effect thrombolysis inside the intracerebral thrombus [14,15].

A key role in controlling stroke mortality lies in controlling the so-called modifiable stroke risk
factors [3]. There are several risk factors for stroke including age, gender, hypertension, diabetes mellitus,
dyslipidemia, atheromatosis, thrombophilia, atrial fibrillation, sick sinus syndrome, patent foramen
ovale or family history of cardiovascular events, hyperhomocysteinemia as well as lifestyle habits, such
as low physical activity, obesity, tobacco smoking, poor diet, and alcohol consumption [3,5,6,8,16–18].
Controlling blood pressure and blood glucose levels, using statins for elevated blood lipid levels and
reducing the use of oral contraceptives, along with lifestyle changes, can drastically reduce the risk for
stroke [5].

Drugs of abuse are also associated with stroke, especially in younger individuals. It has been shown
that drug users, between 15 and 44 years old, were 6.5 times more likely to have a stroke compared
with non-users [19]. The major classes of drugs linked to stroke are cocaine, amphetamines, heroin,
morphine, cannabis, and the new synthetic cannabinoids, along with androgenic anabolic steroids,
which are widely used both by professional and recreational athletes but also by the general public.

This article aims to review epidemiological evidence related to drug abuse-associated stroke and
elucidate the possible underlying mechanisms of stroke induced by different classes of drugs of abuse.

2. Stroke Linked to Illicit Drugs of Abuse

In general, drugs of abuse can provoke stroke either by causing direct damage to cerebral vessels
or indirectly, by affecting other organs, such as the liver (affecting blood coagulation pathways) or the
heart, thus negatively affecting cerebral circulation [20,21]. There are substance-specific mechanisms
involved. For example, stimulants such as amphetamines, cocaine and their derivatives are associated
with both types of stroke, acute ischemic (cerebral infarcts) and hemorrhagic (intracerebral hemorrhages,
subarachnoid hemorrhages), where the involved mechanisms differ [21,22].

The increase in blood pressure, caused by stimulants, could lead to a cerebral vessel rupture or
aneurysm rupture and a subsequent hemorrhagic stroke. On the other hand, acute ischemic stroke
can be attributed to stimulant-induced cerebral vasoconstriction, which reduces blood flow, promotes
platelet aggregation and accelerates atherosclerosis and cardiac disturbances [21].

The pathophysiology of stroke, related to drugs of abuse, will be discussed hereafter separately
for each class identified.

2.1. Amphetamines and Amphetamine Derivatives

Amphetamines are weak bases, chemically similar to natural neurotransmitters, adrenaline,
and dopamine. They are synthetic sympathomimetics, which are used as mental stimulants. Their use
has increased significantly, mainly because of the euphoria they induce [23]. Amphetamine derivatives
include 3,4-methylenedioxymeth-amphetamine (MDMA), N-ethyl-3,4-methylenedioxyamphetamine
(MDEA), 3,4-methylenedioxy-amphetamine (MDA) and methylenedioxymethylpropyl-amphetamine
(MDMPA).

2.1.1. Mechanisms of Actions of Amphetamines and Amphetamine Derivatives

All amphetamines are rapidly absorbed when taken orally and even faster when they are smoked,
chewed or injected [24]. Tolerance develops to standard and designer amphetamines, leading to the need
to increase the dose by the consumer. Classical amphetamines, dextroamphetamine, methamphetamine
and methylphenidate produce their primary effects through the release of catecholamines, especially
dopamine, in the brain [24,25].
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These effects are particularly strong in the brain areas associated with pleasure, especially in the
cerebral cortex and limbic system. The effect of this pathway is probably responsible for the amphetamine
addiction [24]. Catecholamines are similar to natural body compounds and act as neurotransmitters
in the central nervous system [25]. Dopamine, an intermediate derived from epinephrine and
norepinephrine biosynthesis is one of these compounds [26]. “Designer amphetamines”, especially
Ecstasy, cause the release of catecholamines, dopamine and norepinephrine, in addition to serotonin,
a neurotransmitter that produces hallucinogens effects [27].

The main effects of amphetamines are euphoria, increased productivity and motor movements
and decreased appetite. In chronic users, amphetamines create tolerance, addiction, and craving [28].

2.1.2. Influence of Amphetamines and Amphetamine Derivatives on Stroke

Amphetamines, which were initially used to increase intellectual performance and weight loss,
are associated with both types of stroke [29–31].

There is also limited evidence that links a delayed ischemic stroke with amphetamine use,
such as the case of a 19-year-old woman who developed right occipital infarction 3 months after
methamphetamine use [32]. The mechanism involved in triggering delayed ischemic stroke remains
unknown but it seems to be associated with chronic vasculitis [32,33].

Intracranial hemorrhage, following amphetamine abuse, is associated with a transient increase in
blood pressure [34]. High blood pressure and vasoconstriction may also occur after consuming the
so-called "diet pills" containing the amphetamine-like substance [31,35].

An in vivo study on mice revealed that even a single, acute exposure to methamphetamine can
induce a biphasic effect in cerebral blood flow: An initial transient increase, followed by a prolonged
decrease, 30 min after exposure, that induces vasoconstriction of pial arterioles [36]. Moreover, stroke
may be attributed to the direct toxic effect of amphetamines on cerebral vessels, causing necrotizing
vasculitis [37]. Many studies report intracranial hemorrhage following the use of amphetamines [38,39].
Figure 1 summarizes the main pathophysiological mechanisms of stroke associated with amphetamines
and amphetamine derivative abuse.

Figure 1. Pathophysiological mechanisms of stroke associated with amphetamines and amphetamine
derivative abuse.
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2.1.3. Clinical Studies, Case Reports and Epidemiology of Stroke Related to Amphetamines and
Amphetamine Derivatives abuse

Amphetamines were first used during World War II by soldiers in order to suppress fatigue.
In the 1950s, the legal prescription of amphetamines in the US increased. Worldwide, there are over
35 million people who abuse amphetamines, compared to 15 million cocaine users [28]. The route of
administration can be intravenous, oral, intranasal and by inhalation (smoking) [40]. The half-life is
between 10 and 30 h and they are metabolized through the liver. Studies have shown that adolescents
who use amphetamines have a 5-fold higher risk of stroke than those who do not use these drugs [24,41].

Apart from thrombosis and cerebrovascular pathology, several other side effects of amphetamines
and amphetamine derivatives have been reported, including cardiomyopathy and arrhythmias, liver
failure, renal failure, suicide, confusion, memory loss, psychosis and premature mortality [40]. The risk
of stroke is four times higher in amphetamine users than in nonusers and the hemorrhagic stroke
may occur twice as often, as in the case of cocaine users [29]. Although it is less frequent compared
to amphetamine-associated hemorrhagic stroke, amphetamine-associated ischemic stroke is also
described in the literature (Table 1). De Silva reported the case of a 30-year-old woman who developed
acute left middle cerebral artery infarction after acute intake of amphetamine [33]. Christensen et al.
reported the case of a 33-year-old Caucasian male addicted to amphetamines who died due to bilateral
cerebral infarction [42]. In the past, it was believed that amphetamine derivatives were a safer option
compared with other stimulants, because it was thought that intracranial hemorrhages occurred only
in combination with other stimulant drugs [39]. However, it was later shown that a clear association
exists between intracerebral hemorrhage in young people, without comorbidities, and amphetamine,
methamphetamine or their derivative intake [43–45]. The most interesting and recent studies that
report amphetamine-associated hemorrhagic stroke and amphetamine-associated ischemic stroke are
summarized in Table 1.
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2.2. Cocaine

Cocaine, also known as benzoylmethylecgonine, is extracted from the leaves of the Erythroxylum coca

shrub, which usually grows in Peru, Bolivia, and Ecuador [50]. In the past, the leaves of this plant were
chewed or sucked in order to decrease hunger or obtain euphoric effect. Its use increased after the
1970s. After 2007, cocaine has become one of the most abused drugs, regularly used by five million
Americans [50]. Cocaine has two chemical forms: Cocaine hydrochloride and alkaloidal cocaine [50].
Cocaine hydrochloride is water soluble and is readily absorbed after nasal administration [50].
Alkaloidal cocaine is lipid soluble and is a free base. It is synthesized by mixing cocaine hydrochloride
with water and ammonia. Another form is produced by mixing cocaine hydrochloride with sodium
bicarbonate, known as ‘crack cocaine’ in street language.

2.2.1. The Mechanism of Action of Cocaine

The main mechanism of action of cocaine is the blockage of noradrenaline reuptake [51]. The side
effect is increased norepinephrine release. These effects act synergistically to increase the level of
norepinephrine in the nerve endings. Cocaine also causes moderate release and blocking the reuptake
of serotonin and dopamine [51]. It is a local anesthetic with effects caused by the blocking of the
sodium channels, which determines the inhibition of nerve conduction by decreasing the amplitude of
the action potential of the membranes but increasing its duration. Cocaine also blocks the potassium
channels and, in some cells, it also blocks the sodium–calcium pump [52]. The drug is soluble in
lipids and, therefore, crosses the blood–brain barrier. Cocaine stimulates the central nervous system,
especially the limbic system where it potentiates dopaminergic transmission in the basal ventral nuclei,
producing the sensation of pleasure, which has led to its widespread use [52]. Cocaine substitutes
dopamine, the neurotransmitter involved in mood management [53]. Cocaine use is associated
with myocardial infarction, vasoconstriction, chronic uncontrolled hypertension, nervous system
stimulation and stroke [53]. Cocaine is associated with vascular toxicity. Various mechanisms are
involved, such as hypertension, disturbance of platelet aggregation and homeostasis, effects on cerebral
blood flow, and thromboembolism [54].

2.2.2. Influence of Cocaine on Stroke

The risk of stroke is twice as high in cocaine users, compared to age-matched non-users [29,54].
Ischemic stroke related to cocaine is associated with large vessel atherosclerosis, advanced

atherosclerosis of intracranial vessels, increased platelet activation and arrhythmias, especially
bradyarrhythmias, which can be explained by the ability of cocaine to depress sinus node automaticity
and to block the atrioventricular node conduction [53,55].

Although it is well documented that cocaine can cause cerebral ischemia, researchers could not
explain the exact mechanism. Cerebral vasospasm is attributed to the sympathomimetic effect of cocaine
and the increase in circulating endothelin-1 [56]. Endothelin-1 is a vasoconstrictor protein produced
by vascular endothelial cells. When elevated, it leads to nitric oxide decrease and vasoconstriction.
In addition, cocaine effects on vasoconstriction are also related to elevated calcium in the vessels [57].
Other causes of stroke, related to acute cocaine use, cervicocephalic or intracranial arterial dissection
are additional causes of stroke related to acute cocaine use [53]. A study by You et al. revealed that
cocaine can cause a stroke by reducing blood flow to the brain. The researchers visualized exactly what
happens in the brain when it is exposed to cocaine. Using quantitative laser-based visualization, it was
possible to see exactly how cocaine affects small blood vessels in the brains of mice. Following 30 days
of exposure to cocaine (by injection), or even after several injections performed at different time points
with short intervals between them, a drastic reduction in blood circulation could be demonstrated.
It was shown that in some vessels, cocaine induced micro-ischemia, a state in which blood flow to
the brain is not adequate and cerebral hypoxia and ischemic stroke occur. These findings could help
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physicians to improve neurosurgical techniques and develop more effective methods for treating
cocaine users [58].

In a large cohort study on cocaine-related stroke, during a period of 10 years, atherosclerosis of
large vessels was found to be the common mechanism of stroke [59]. Cocaine use creates an elevated
immune system inflammatory state. Various basal anti-inflammatory markers, like interleukin-10
(IL 10) have been found to be decreased, while pro-inflammatory cytokines (tumor necrosis factor
alpha, Interleukin 1β) are increased, thus contributing to vascular disease [60,61].

Acute cocaine use induces acute hypertension, which is implicated in the occurrence of hemorrhagic
stroke in users. The implication of cocaine in aneurysm formation and rupture is supported by the
high incidence of aneurysmal subarachnoid hemorrhage (SAH) in cocaine users. Only less than half of
them have a family history of hypertension [59].

Figure 2 summarizes the main pathophysiological mechanisms of stroke associated with
cocaine abuse.

Figure 2. Pathophysiological mechanisms of stroke associated with cocaine abuse.

2.2.3. Clinical Studies, Case Reports and Epidemiology of Stroke Related to Cocaine Abuse

In order to evaluate the net effect of cocaine abuse on stroke risk, co-triggers, predictors,
and co-morbidities of stroke (and other vascular diseases) should be taken into account [62]. Factors
such as infections with human immunodeficiency virus type 1 (HIV-1) and hepatitis C virus (HCV) are
of great importance [63,64]. So far, studies have supported the fact that cocaine use is prevalent in
individuals infected with HIV and/or HCV, and vice versa [63–65]. Moreover, a few clinical studies
suggested that cocaine abuse may increase HIV-1 viral load, and thus increase acquired immune
deficiency syndrome (AIDS)-related mortality, even among patients under antiretroviral therapy
(ART) [65]. In a study by Lucas et al. (2015), HIV and HCV infection were associated with carotid
plaque progression. Furthermore, cocaine use was associated with higher odds of carotid plaque at
baseline, suggesting that it is a risk factor for stroke [62].

Genetic variants are linked to increased risk for stroke in cocaine users. However, their precise
impact on stroke risk remains unknown, as the association of the identified variants is considered
relatively weak [66]. One of these genetic factors is the histone deacetylase 9 (HDAC9) gene, which
has been associated with large vessel stroke [66,67]. HDAC9 belongs to the family of epigenetic
molecules, known as the histone deacetylases (HDACs), which are involved in the regulation of
maladaptive behavioral changes induced by cocaine use [68,69]. There is evidence that overexpression
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of HDAC4 (another member of this family) in the nucleus accumbens of the brain can modulate cocaine
reward [69]. Moreover, the single nucleotide polymorphism (SNP) rs3791398 on HDAC4 is associated
with carotid intima–media thickness [70]. Based on the above, it is possible that carriers of particular
variants on HDACs are more prone to cocaine abuse and have an inherent susceptibility for stroke.

Among 584,115 patients with stroke, identified from the data of the National Inpatient Sample
of the Healthcare Cost and Utilization Project, in-hospital outcomes, mortality and comorbidities
between patients with stroke following cocaine use and patients with stroke without cocaine use
were compared. The results showed that in the users group, cardiovascular incidences were higher
than in the non-users group, including valvular disorders (13.2% versus 9.7%, p < 0.001), venous
thromboembolism (3.5% versus 2.6%, p < 0.03), vasculitis (0.9% versus 0.4%, p < 0.003), and sudden
cardiac death (0.4% versus 0.2%, p < 0.02). In the users group, the incidence of epilepsy and major
depression was also higher. In the non-users group, the incidence of certain risk factors for stroke
(atherosclerosis, elevated cholesterol, hypertension, cardiac circulatory anomalies, diabetes, family
history of stroke, paralysis, transient ischemic attack, coagulopathy, deficiency anemia, and disorders
of fluid and electrolytes) was higher. Users also presented higher in-hospital mortality, while venous
thromboembolism or vasospasm seemed to be connected to cocaine administration. The chronic use of
cocaine seems to make users more vulnerable to stroke, but further research is necessary in order to
assess cocaine-induced stroke [71].

The frequency and the route of administration seem to play an important role, when assessing the
link between cocaine use and the risk of stroke. Following the acute use of cocaine, a 6.4-fold higher
incidence of stroke within 24 h for users is reported, compared to those who had never used cocaine.
Furthermore, acute cocaine use has also proven more detrimental compared to chronic use. In addition,
smoking cocaine presents the highest risk for stroke. In 26 patients, suffering from stroke following
acute cocaine use, the prominent route of administration was smoking (“crack”), while in all cases,
typical risk factors for stroke, such as hypertension, myocardial infarction, hyperlipidemia, diabetes
mellitus, and tobacco use, co-existed. Some patients were multidrug users (heroin and marijuana) [72].
It is rather likely that stroke can occur following cocaine use, even without other risk factors [73].

Neurovascular implications are rather common among cocaine abusers. Among 96 active or
former cocaine users, 45 cases of ischemic stroke/TIA were reported, while intracerebral hemorrhage
(ICH) and SAH occurred with a similar prevalence of approximately 25%. ICH and SAH were
associated with active cocaine use, while ischemic stroke/TIA was more likely to occur in former
cocaine users. Regarding the different forms of cocaine, crack is implicated equally in both types
of strokes, while cocaine is implicated more in hemorrhagic stroke [59]. In a paper published by
Martin-Schild et al., the authors compared the location, demographics, and outcome of patients with
ICH. Out of 3241 patients with stroke, 132 (4.1%) were cocaine users, according to the urine drug
screen, and 45 had ICH. Six of the 45 cocaine users with ICH were also using other illicit drugs (such as
marijuana and amphetamines). The control group consisted of 105 non-users with ICH. The study
showed that cocaine users with ICH had a male predominance and were less likely to be Hispanic
(11% vs. 28%; p = 0.022) and more likely to be African-American (69% vs. 44%). Cocaine users had
a higher median diastolic blood pressure (121 (100–126) vs. 110 (107–141)); p = 0.024). Furthermore,
cocaine users had more severe ICH, compared to the control group. In addition, cocaine use seems
to correlate with the emergence of intraventricular hemorrhage (IVH). This study also showed that
cocaine users are more likely to die during their hospitalization, compared to the control group [74].
One study investigated the outcome of strokes related to cocaine abuse, compared with strokes that
are not related to cocaine. They concluded that younger age and cardiac arrhythmias are associated
with cocaine-related strokes. Regarding other traditional cerebrovascular risk factors, no differences
were found between cocaine and non-cocaine related strokes [55].

There are several case reports on hemorrhagic or ischemic stroke after cocaine use and the most
recent and interesting are presented in Table 2.

195



J.
C

li
n

.
M

ed
.2

0
1
9
,8

,1
29

5

T
a

b
le

2
.

C
ha

ra
ct

er
is

ti
c

ca
se

re
po

rt
s

st
ud

ie
s

th
at

as
so

ci
at

e
co

ca
in

e
ab

us
e

an
d

st
ro

ke
.

S
u

b
je

ct
/A

g
e

S
u

b
st

a
n

ce
E

x
p

o
su

re
S

y
m

p
to

m
s

D
ia

g
n

o
st

ic
A

p
p

ro
a
ch

D
ia

g
n

o
si

s
In

te
rv

e
n

ti
o

n
E

v
o

lu
ti

o
n

R
e
fe

re
n

ce

M
al

e,
A

fr
ic

an
A

m
er

ic
an

,6
5,

di
ab

et
es

,h
ea

rt
di

se
as

es
,h

ep
at

it
is

C

Sm
ok

in
g

cr
ac

k
co

ca
in

e
be

fo
re

sy
m

pt
om

on
se

t,
ad

m
it

te
d

to
in

te
rm

it
te

nt
co

ca
in

e
ab

us
e

Le
ft

ar
m

pa
in

de
sc

ri
be

d
as

fe
el

in
g

lik
e

“j
um

pi
ng

ou
to

ft
he

w
in

do
w

”

H
ea

d
C

T
sc

an
;c

ar
ot

id
ul

tr
as

ou
nd

;C
T

an
gi

og
ra

ph
y

of
he

ad
an

d
ne

ck

A
cu

te
2.

2-
cm

in
tr

ap
ar

en
ch

ym
al

he
m

or
rh

ag
e

th
at

pr
es

en
te

d
in

th
e

po
st

er
io

r
ri

gh
tp

ar
ie

ta
ll

ob
e

va
so

ge
ni

c
ed

em
a

Se
nd

to
th

e
re

ha
bi

lit
at

io
n

un
it

Le
ft

ar
m

pa
in

re
so

lv
ed

af
te

r
24

h
[7

5]

Fe
m

al
e,

A
fr

ic
an

-A
m

er
ic

an
,6

6,
m

ul
ti

-s
ub

st
an

ce
ab

us
er

,h
ep

at
it

is
C

,
he

ar
td

is
ea

se
s

U
ri

ne
sa

m
pl

es
po

si
ti

ve
fo

r
co

ca
in

e

So
m

no
le

nt
a

da
y

pr
io

r
to

ad
m

is
si

on
,c

on
fu

se
d

in
th

e
da

y
of

ad
m

is
si

on
,

sh
or

t-
te

rm
m

em
or

y
lo

ss
,

un
ab

le
to

pe
rf

or
m

us
ua

l
da

ily
ac

ti
vi

ti
es

Br
ai

n
C

T;
C

T
an

gi
og

ra
m

of
th

e
he

ad
an

d
ne

ck
;

M
R

Io
ft

he
br

ai
n

as
so

ci
at

ed
w

it
h

M
R

ve
no

gr
am

In
fa

rc
ti

on
in

bi
la

te
ra

lp
os

te
ri

or
in

fe
ri

or
ce

re
be

lla
r

ar
te

ry
an

d
hi

pp
oc

am
p

sh
ow

in
g

m
ul

ti
fo

ca
l

pu
nc

ta
te

in
fa

rc
ts

in
th

e
ba

sa
l

ga
ng

lia
an

d
bi

la
te

ra
lp

os
te

ri
or

ce
re

br
al

ar
te

ry
se

co
nd

ar
y

to
se

ve
re

va
so

co
ns

tr
ic

ti
on

N
eu

ro
su

rg
er

y
co

ns
ul

t
fo

r
po

ss
ib

le
ex

te
rn

al
ve

nt
ri

cu
la

r
dr

ai
n

pl
ac

em
en

ta
nd

po
st

er
io

r
fo

ss
a

de
co

m
pr

es
si

on

M
en

ta
ls

ta
tu

s
im

pr
ov

ed
du

ri
ng

ho
sp

it
al

iz
at

io
n;

di
sc

ha
rg

ed
to

a
re

ha
bi

lit
at

io
n

ce
nt

er
af

te
r

7
da

ys
w

it
h

pe
rs

is
te

nt
pr

ob
le

m
s

of
m

em
or

y
an

d
in

ab
ili

ty
to

re
co

gn
iz

e
fa

ce
s

[7
6]

M
al

e,
22

,h
yp

er
te

ns
io

n
an

d
co

ca
in

e
ab

us
er

Po
si

ti
ve

fo
r

co
ca

in
e

an
d

te
tr

ah
yd

ro
ca

nn
ab

in
ol

R
ig

ht
he

m
ip

le
gi

a
as

so
ci

at
ed

w
it

h
m

ot
or

an
d

se
ns

it
iv

e
ap

ha
si

a
C

T
sc

an

Th
e

is
ch

em
ic

re
gi

on
in

th
e

le
ft

m
ed

ia
lc

er
eb

ra
la

rt
er

y
re

gi
on

w
it

h
in

cr
ea

se
d

ce
re

br
al

ed
em

a
an

d
ce

re
br

al
m

id
lin

e
di

sp
la

ce
m

en
to

f9
m

m
on

th
e

su
bf

al
ci

ne
re

gi
on

N
ot

su
it

ab
le

fo
r

su
rg

er
y

du
e

to
co

m
pl

ic
at

io
ns

D
ie

d
in

th
e

ho
sp

it
al

[ 7
7]

Fe
m

al
e,

39
,s

m
ok

er
,n

o
ot

he
r

ri
sk

fa
ct

or
s

fo
r

st
ro

ke

U
ri

ne
sc

re
en

in
g

po
si

tiv
e

fo
r

co
ca

in
e

G
lo

ba
la

ph
as

ia
,l

ef
t-

si
de

to
ta

lg
az

e
pa

re
si

s,
7t

h
cr

an
ia

ln
er

ve
ri

gh
t-

si
de

pa
rt

ia
lp

ar
es

is
an

d
ri

gh
t

he
m

ip
le

gi
a

N
on

-c
on

tr
as

tb
ra

in
C

T

Le
ft

is
ch

em
ic

st
ro

ke
—

hy
pe

rd
en

si
ty

in
th

e
le

ft
m

id
dl

e
ce

re
br

al
ar

te
ry

(M
C

A
);

oc
cl

us
io

n
in

th
e

le
ft

an
d

ri
gh

t
M

C
A

an
d

an
ir

re
gu

la
r

pr
ofi

le
of

th
e

le
ft

in
te

rn
al

ca
ro

ti
d

ar
te

ry
(I

C
A

)

En
do

va
sc

ul
ar

tr
ea

tm
en

t,
in

tr
a-

ar
te

ri
al

ad
m

in
is

tr
at

io
n

of
40

m
g

of
re

co
m

bi
na

nt
ti

ss
ue

pl
as

m
in

og
en

ac
ti

va
to

r
(r

tP
A

)a
ss

oc
ia

te
d

w
it

h
a

se
lf

-e
xp

an
da

bl
e

an
d

re
tr

ie
va

bl
e

st
en

t

A
ft

er
3

m
on

th
s

fr
om

th
e

ev
en

t,
is

ch
em

ia
at

th
e

le
ft

ba
sa

lg
an

gl
ia

[7
8]

M
al

e,
31

,n
o

m
ed

ic
al

hi
st

or
y

Po
si

ti
ve

ur
in

e
sc

re
en

in
g

fo
r

co
ca

in
e

an
d

ne
ga

tiv
e

fo
r

ot
he

r
dr

ug
s

Fo
un

d
un

re
sp

on
si

ve
6

h
af

te
r

ex
ce

ss
iv

e
al

co
ho

l
an

d
in

tr
an

as
al

co
ca

in
e

ab
us

e

M
R

I;
in

tr
a-

an
d

ex
tr

ac
ra

ni
al

C
T

an
gi

og
ra

ph
y

G
lo

bu
s

pa
lli

du
s

an
d

th
e

va
sc

ul
ar

w
at

er
sh

ed
zo

ne
s

pr
es

en
ts

ac
ut

e
bi

la
te

ra
l

is
ch

em
ia

-

C
on

sc
io

us
ne

ss
im

pr
ov

ed
pr

og
re

ss
iv

el
y;

cl
in

ic
al

im
pr

ov
em

en
ts

,b
ut

m
en

ta
l

sl
ow

in
g,

ex
ec

ut
iv

e
dy

sf
un

ct
io

n,
hy

po
ph

on
ia

,a
nd

ve
rb

al
flu

en
cy

de
fic

it
pe

rs
is

te
d

[7
9]

Fe
m

al
e,

31
,n

o
m

ed
ic

al
hi

st
or

y,
oc

ca
si

on
al

al
co

ho
lc

on
su

m
er

an
d

sm
ok

er

Fi
rs

tt
im

e
sn

or
te

d
co

ca
in

e
hy

dr
oc

hl
or

id
e

as
so

ci
at

ed
w

it
h

50
0

m
L

of
vo

dk
a

A
cu

te
on

se
to

fr
ig

ht
he

m
ip

le
gi

a
an

d
le

ft
he

m
ip

ar
es

is
ev

ol
vi

ng
in

to
qu

ad
ri

pl
eg

ia

M
R

I

Th
ic

ke
ne

d
po

ns
w

it
h

fo
cu

s
lo

ca
liz

ed
in

hi
s

ce
nt

ra
lp

ar
to

n
th

e
le

ft
si

de
(2

0
m

m
)(

is
ch

em
ic

ch
an

ge
)

A
ft

er
17

da
ys

of
ho

sp
it

al
iz

at
io

n,
tr

an
sf

er
re

d
to

re
ha

bi
lit

at
io

n

Th
e

m
ov

em
en

ts
of

th
e

le
ft

si
de

of
th

e
bo

dy
im

pr
ov

ed
sl

ow
ly

an
d

th
e

re
ha

bi
lit

at
io

n
co

nt
in

ue
s

in
am

bu
la

to
ry

[8
0]

196



J. Clin. Med. 2019, 8, 1295

2.3. Cannabis

Cannabis is extracted from the plant Cannabis sativa and its varieties, Cannabis Americana and
Cannabis Indica, and has two principal preparations, marijuana and hashish, which can be smoked,
ingested or inhaled. Delta 9-tetrahydrocannabinol (THC) is the psychoactive cannabinoid in cannabis.
Based on the THC content, potency varies in the preparations of cannabis and it is usually higher in
hashish than in marijuana [81]. Cannabis substitutes anandamide, a neurotransmitter involved in
mechanisms of appetite regulation, memory, reproduction and cell proliferation (the basis of tumor
development).

2.3.1. The Mechanism of Action of Cannabis

The mechanism of action of THC has also been controversial. At first, it was thought that, due
to the lipophilic nature, it causes the disruption of the membranes of the cell components. In the
1990s, researchers discovered cannabinoid receptors located in the brain and in the cells of the body,
responsible for many of the effects of THC [82]. The molecular mechanism was initially considered
nonspecific, of an anesthetic type, for which the lack of stereospecificity of the activity of delta-9-THC
and also its lipophilicity was advocated [82]. The first evidence for the specific action of cannabinoids
was brought by Howlett, who showed that delta-9-THC inhibits adenylate-cyclase activity in N18TG2
neuroblastoma cells cultured in vitro, and the use of a radiolabeled analogue allowed the detection of
cannabinoid sites, specific in the brain [82,83].

There are two types of cannabinoid receptors (CB): CB1 in the central nervous system and CB2 in
the immune system cells [82,84]. High densities of cannabinoid receptors are found in the frontal cortex,
basal ganglia, cerebellum, and hippocampus. They are absent in the brain nuclei. The stimulation of
these receptors causes the release of neurotransmitters [82]. The main effects of cannabis are relaxation,
euphoria and increased self-confidence. Its side effects include cardiovascular complications, peripheral
events (such as kidney infarction or peripheral arteritis) and neurological complications [82,84].

2.3.2. The Influence of Cannabis on Stroke

Cannabis causes transient cerebral ischemic attacks (TIAs) and ischemic strokes.
The possible mechanisms through which cannabis can induce stroke include cerebral

vasoconstriction, hypotension, vasospasm, impaired cerebral vasomotor function and fluctuations in
blood pressure [81,85]. It is possible that all the above could be attributed to the potential of cannabis
to induce sympathetic stimulation and decrease parasympathetic activity [8,86]. There is currently
increasing scientific interest towards the determination of the dose and duration of cannabis abuse
that would lead to a stroke. In a study conducted on the National Inpatient Sample database from
USA, a significant increase in symptomatic cerebral vasospasm was observed in marijuana users [87].
In a case of basal ganglia hemorrhage, reported after an increased intake of cannabis, the proposed
mechanism for the pathogenesis of intracerebral hemorrhage was the capacity of cannabis to impair
autoregulation and to induce transient arterial hypertension [88,89].

Regarding the mechanism by which cannabis induces thrombotic events, one should consider
the fact that platelets synthesize endogenous cannabinoids, mainly the Δ 9-tetrahydrocannabinol
(THC) metabolite [90]. Via CB1 and CB2 receptors, the platelet membranes are targets for exogenous
cannabinoids, resulting in aggregation, which is nonreversible, at high cannabinoid levels [90,91].
Moreover, cannabinoids lead to the increased reactivation of factor VII and elevated ADP-induced
aggregation in platelet-rich plasma [91]. An additional procoagulatory effect appears to be the elevated
expression of glycoprotein IIb-IIIa and P selectin on the surfaces of the platelets by THC, dependent
though by concentration [90]. The stimulation of the sympathetic system and the inhibition of the
parasympathetic system, and the inflammatory processes at the level of at the arterial wall, have
been described as other possible THC mechanisms of action, resulting to thrombus formation and
endothelial erosion at both cerebral and coronary arteries [92–94]. Finally, cannabinoids can also lead
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to the activation, adhesion and aggregation of platelets, as a result of the decreased availability of nitric
oxide, due to oxidative stress (which is induced by cannabinoids [90,91]. Figure 3 summarizes the
main pathophysiological mechanisms of stroke associated with cannabis abuse.

Figure 3. Main pathophysiological mechanisms of stroke associated with cannabis abuse.

2.3.3. Clinical Studies, Case Reports and Epidemiology of Stroke Related to Cannabis

The most widely used psychoactive substance in the world is cannabis, with almost 180 million
annual consumers [8]. Most users believe that cannabis is a safe recreational drug. Furthermore,
because of its therapeutic applications, 15 states of the US have approved it for medical use [81].
In Europe, countries such as Cyprus, Finland, Germany, Greece, Italy, Israel, Norway, Netherlands,
Croatia, Czech Republic, Denmark, Georgia, Luxembourg, Malta, Poland, Portugal, San Marino,
Switzerland, United Kingdom have already legalized the use of cannabis for medical purposes and
other countries are in the process of legalizing it [95].

Following the chronic use of cannabis, psychological and physical dependence are encountered
and the withdrawal syndrome includes sleep difficulties and anxiety [81].

In recent years, there have been several case reports, case series and studies that show a link
between cerebrovascular events and cannabis use [96–98]. It seems that cannabis users are more likely
to present with neurological conditions, such as multifocal intracranial arterial stenosis, reversible
cerebral vasoconstriction syndrome and chronic use of cannabis can lead to increased cerebrovascular
resistance. There seems to be a link between cannabis use and stroke/TIA (odds ratio, 2.30; 95%
confidence intervals, 1.08–5.08) [96].

In 48 patients (under 45 years of age) admitted to hospital for ischemic stroke, cardiovascular
investigations, blood tests and urine screens for cannabinoids were performed, in order to study stroke
in young adults. Urine tests were positive for cannabis in 13 patients. Out of these 13 patients, 21%
had a distinctive form of multifocal intracranial stenosis (MIS) and suffered from a severe headache.
In seven patients, ischemic stroke was located in the vertebrobasilar territory; in nine patients, MIS
was in the posterior cerebral arteries; and in seven patients, it was located in the superior cerebellar
arteries. The link between MIS and cannabis was statistically significant (odds ratio, 113 (9–5047);
p < 0.001) [99].

Studies showed that cannabis can be related to stroke, especially in smokers. Interestingly, in a
large cohort of 49,321 Swedish men, born between 1949 and 1951, who had been in the military service
between 1969 and 1970, alcohol consumption, cannabis use or tobacco smoking and their association
with stroke were studied. Among men who have had a stroke before 60 years of age, the risk factors
were often common and included a family history of cardiovascular disease, obesity, high alcohol
consumption, and tobacco smoking. Cannabis use was associated with elevated blood pressure and
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was more prevalent in stroke at a younger age (< 45 years), but cannabis use alone was not reported
as a risk factor for stroke in individuals younger than 45 years old [8]. Rumalla et al., conducted a
study on patients between 15 and 54 years old, with a primary diagnosis of acute ischemic stroke (AIS).
Data were obtained from the Nationwide Inpatient Sample, the largest inpatient database in the US.
The purpose of this study was to evaluate the correlation between marijuana use and hospitalization
for AIS. The researchers identified an increased incidence of AIS in the marijuana cohort, especially in
young patients, who were African American males. Multivariable analysis was applied to investigate
the risk factor for the occurrence of AIS involving marijuana use alone or in combination with other
risk factors. The analysis showed that marijuana use represented a significant risk factor for AIS
hospitalization [87].

Cannabis use has been mainly associated with ischemic stroke. Nevertheless, more recent studies
show an association between cannabis use and hemorrhagic stroke. Several recent case reports
on cannabis-associated stroke are presented in Table 3. A very interesting case is that reported by
Atchaneeyasakul et al., It refers to a 27-year-old man who presented right basal ganglia intracerebral
hemorrhage (ICH) following the ingestion of cannabis. No vascular abnormality was observed on digital
subtraction angiography (DSA) of the cerebral vasculature, CT angiography of the head, and magnetic
resonance imaging (MRI) of the brain. The toxicological tests were positive for cannabinoids, with
a serum level of 9-carboxy tetrahydrocannabinol of 222 ng/mL. The patient was not diagnosed with
secondary hypertension. The fact that no other risk factor for the basal ganglia hemorrhage was
identified in this case supports the role of cannabis in the risk of stroke with robustness [88].
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2.4. Synthetic Cannabinoids

Synthetic cannabinoids are a new class of psychoactive chemicals, similar in pharmacological
action with THC, the active component of Cannabis sativa [105]. Synthetic cannabinoids are not derived
from cannabis. They are synthetized in the laboratory and they manifest a full agonist activity on
cannabinoid receptors, in contrast to THC which is only a partial agonist [105]. They are metabolized
to active metabolites that give them a higher potency compared to THC [106]. Although they are
labeled “not for human consumption”, they are available in the market as herbal mixtures sprayed with
synthetic cannabinoids, in street language known as “spice”, “K2”, “herbal incense”. They are used for
recreational purposes and they are called “legal drugs” [106]. Their use has increased in the last years,
along with concerns regarding their safety. The market of synthetic cannabinoids is growing very fast
and a new compound is synthetized as soon as the previous one is classified as illegal by legislation.

2.4.1. The Mechanism of Action of the Synthetic Cannabinoids

Synthetic cannabinoids act as CB1 and CB2 cannabinoid receptor agonists, similar to
tetrahydrocannabinol (THC) but they have a different chemical structure [107]. They cause agitation,
anxiety, paranoia, hypertension, rarely myocardial infarction or renal failure [107].

2.4.2. The Influence of Synthetic Cannabinoids on Stroke

Synthetic cannabinoids have been associated with ischemic stroke through various case reports.
Unfortunately, epidemiological studies are hard to conduct because these substances are not detected in
routine toxicological screen tests [106]. Their increased potency on cannabinoid receptors, their active
metabolites, and their cross-reactivity with other receptors induce a strong prothrombotic state, which,
in combination with other minor risk factors for stroke, can lead to ischemic stroke [108]. Two case
reports that associate AIS with synthetic cannabinoids, support the embolic etiology of stroke which is
in agreement with previous reports on severe adverse cardiac events following spice use [109]. In some
cases of AIS attributed to synthetic cannabinoid use, past use of cannabis was also reported. In these
cases, one could question whether acute synthetic cannabinoid overdose is the actual cause of stroke,
or whether chronic cannabis use is also implicated. This theory could be supported by the similarity
in the structure of THC and synthetic cannabinoids, which could lead to the same mechanism of
cardiovascular injury [106]. Further studies are needed to elucidate the exact mechanism.

The reported cases of hemorrhagic strokes following acute use of synthetic cannabinoids can be
explained by the transient vasospasm observed immediately after use [110]. The capacity of synthetic
cannabinoids to alter neurotransmitter release from nerve terminals can lead to activation of smooth
muscle cells which are associated with disruption of endothelial cell function and can, therefore, lead
to ischemia or hemorrhage [111].

Figure 4 summarizes the main pathophysiological mechanisms of strokes associated with synthetic
cannabinoid abuse.
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Figure 4. Main pathophysiological mechanisms of strokes associated with synthetic cannabinoid abuse.

2.4.3. Clinical Studies, Case Reports and Epidemiology of Stroke Related to Synthetic Cannabinoid Abuse

To date, only a few studies have investigated the toxic effects of synthetic cannabinoids. Case
reports correlate their use with severe adverse and toxic effects, different from those observed after
marijuana use. Even deaths have been reported [112].

The association of synthetic cannabinoid consumption and ischemic stroke/TIA was first reported
by Bernson-Leung et al.. The group has published two cases of ischemic stroke in young people,
pathologies that occurred within hours after a first-time exposure to synthetic cannabinoids. One patient
was a 22-year-old woman who developed right middle cerebral artery AIS a few hours after smoking
“K2” and the other patient was a 26-year-old woman who developed middle cerebral artery territory
infarction after smoking “Peak Extreme”. In both cases, the tests for serum vascular risk factors
and hypercoagulability were negative. Both cases presented other minor risk factors for stroke:
The 22-year-old woman was taking oral contraceptives and the 26-year-old woman had migraine
with aura, took oral contraceptives, was an active smoker and had a family history of superficial
thrombophlebitis. Even so, both were young and healthy and, most importantly, AIS occurred within
a few hours after the first use of synthetic cannabinoids [113]. Another study reported two cases of
middle cerebral artery location of AIS in a 26-year-old man and a 19-year-old woman immediately
after smoking “spice”. Both had positive urine tests for cannabinoids and they confirmed the use of
synthetic cannabinoids in the past but not in the days that preceded stroke. The synthetic cannabinoid
JWH-018 was found in their urine [109]. Faroqui et al. described a case of a 36-year-old African
American man, without a medical history with risk factors for stroke, who showed extensive left
cervical and intracranial internal carotid artery occlusion AIS after smoking “K2”. He also reported
smoking marijuana in the past, but not recently [114].

Only recently, there have been reports linking synthetic cannabinoids to hemorrhagic stroke. Rose et al.
reported two cases of SAH after smoking “spice”: A 31-year-old man, for whom the consumption of
XLR-11((1-(5-fluoropentyl)-1H-indol-3-yl) (2,2,3,3-tetramethylcyclo-propyl) methanone) was confirmed,
and a 25-year-old woman [110]. A summary of the main studies is presented in Table 4.

It is interesting to note that case reports on cannabis-associated stroke increased after the
appearance of synthetic cannabinoids on the market. Based on the fact that synthetic cannabinoids
are usually used together with cannabis and that they cannot be detected in urine through standard
screening tests, further studies are needed to elucidate if cannabis is the real cause of these strokes,
or whether a synergistic effect is caused by the concurrent use of cannabis and synthetic cannabinoids.
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2.5. Opiates/Heroin

The most well-known substances belonging to the class of narcotic analgesics are morphine and
heroin. Morphine is a natural substance extracted from some poppy species grown in South-East
and South-West Asia, Mexico and Colombia [116]. Heroin (diacetylmorphine) is a semi-synthetic
opioid drug, obtained by a chemical reaction between morphine and acetic anhydride [117]. Originally
conceived as a substitute for morphine, heroin has been used in the past for the amelioration of
withdrawal symptoms in alcohol-addicted individuals. Unfortunately, the synthetic drug is extremely
addictive, causing both physical and psychological dependence [117].

2.5.1. The Mechanism of Action of Opiates/Heroin

Narcotic analgesics have a direct action on the vasomotor center and augment parasympathetic
activity, reduce sympathetic activity and induce histamine release from mast cells [118]. These
effects cause bradycardia, stimulating cardiac automatism, triggering atrial ectopic, atrial fibrillation,
idioventricular rhythm or malignant ventricular arrhythmias. A complication of intravenous use is
deep venous thrombosis, originating in the deep or superficial femoral vein, with the consequent risk
of massive pulmonary embolism and stroke [9,119].

Morphine is rapidly absorbed and metabolized in the liver, and the main active metabolite is
6-glucuronide-morphine. It has a 2-fold increased potency compared to morphine. At the cerebral
level, this metabolite has a 100-fold increased potency compared to morphine [116]. The metabolite
6-glucuronide-morphine is responsible for the analgesic action. Morphine has a plasma half-life of
2–3 h with rapid hepatic metabolism. Urinary excretion of metabolites can be detected in urine for up
to 48 h (for occasional users) and for up to a few days (for chronic users) [120]. Due to the fact that
heroin is more lipid soluble than morphine, it has an increased mode of action [121].

2.5.2. The Influence of Opiates/Heroin on Stroke

A proposed mechanism for heroin-associated ischemic stroke is cardioembolism.
This can occur secondary to infectious endocarditis (which is common in intravenous users), or due

to other adulterants found in drugs [122]. The cardiogenic embolic effect of infectious endocarditis
is further reinforced by the direct toxic effect of heroin on cerebral arteries [123]. Furthermore,
post-anoxic encephalopathy and global hypoperfusion of the brain, due to heroin-induced hypotension,
bradycardia, cardiopulmonary arrest, and hypoxia, can also be a possible mechanism [122,124]. Recent
reports indicate that heroin-induced hypereosinophilia could be the cause of heroin-induced cerebral
infarction. Heroin is known to induce hypereosinophilia in chronic users. Bolz et al. describe the
case of a 29-year-old man who admitted sniffing heroin for seven years. He was diagnosed with
heroin-induced hypereosinophilia and presented with multiple cerebral infarctions, without having
any other cardiovascular risk factors [125]. The mechanism involved in cerebral ischemia could
be associated with focal damage of the endothelium of the endocardium and of both small and
larger arteries, determined by eosinophilic-associated proteins. This can be associated with increased
blood clotting and local hypercoagulation, determined by components of eosinophilic granule [126].
In a study conducted in 2009, Hamzei Moqaddam et al. report that opioid dependence may be
considered as an independent risk factor for stroke. The suggested underlying mechanism was that
opioid dependence may increase plasma fibrinogen levels, which are known to represent a risk factor
for the development of atherosclerosis in the coronary arteries, as well as in peripheral and cerebral
vessels, and may, therefore, lead to heart infarctions or stroke [127].

Hemorrhagic stroke induced by heroin has also been reported. The possible pathogenic
mechanisms could be: a) the hemorrhagic transformation of ischemic infarction or a hemorrhage
determined by pyogenic arteritis and b) the rupture of a mycotic aneurysm [124,128].

Figure 5 summarizes the main pathophysiological mechanisms of strokes associated with
opiate/heroin abuse.
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Figure 5. Pathophysiological mechanisms of stroke associated with opiate/heroin abuse.

2.5.3. Clinical Studies, Case Reports and Epidemiology of Stroke Related to Opiates/Heroin Abuse

Heroin-associated stroke has rarely been reported, but intranasal administration can lead to
ischemic lesions of globus pallidus [129]. The ischemic pathology of heroin-associated stroke is more
common than hemorrhagic forms [130]. Kumar et al. described a case of a 28-year-old woman who
admitted using heroin and presented with intraparenchymal hemorrhage in the left frontal lobe without
cardioembolic, vasculitic or other etiologies for stroke [128]. In the literature, there are only a couple of
other cases of hemorrhagic stroke in young people who use heroin: A 42-year-old man who presented
with massive left intracerebral hemorrhage and a 45-year-old man who presented with right basal
ganglia hemorrhage [131]. Chronic morphine treatment may be associated with an increased incidence
of stroke in patients with malignancies. A higher correlation is encountered in prostate cancer patients,
as shown in a 2013 study in Taiwan [132].

Opiate-addicted individuals have a higher risk of stroke than the general population [133].
In Table 5, the most recent case reports that associate narcotic analgesic use and stroke are presented.
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2.6. Androgenic Anabolic Steroids

Anabolic androgenic steroids (AASs) are either endogenous (e.g., testosterone) or synthetic,
exogenous substances (e.g., nandrolone and stanozolol), acting through specific androgen receptors.
AASs are used for the treatment of several disorders, such as hypogonadism, cachexia of various
etiologies, hypercalcemia, hypercalciuria, and along with other chronic diseases also in oncology as a
supportive treatment [136].

2.6.1. The Mechanism of Action of AASs

The mechanism is complex and is associated with several parameters. More specifically, changes
in the lipid profile have also been observed, both at chronic therapeutic doses and during short term
treatment, with the reduction in high-density lipoprotein (HDL) cholesterol being the most profound
change. Interestingly, molecular biology tests revealed that a concomitant increase in total cholesterol
was accompanied by increased mRNA and protein expression of HMG-CoA reductase, a key enzyme
in the formation of cholesterol by the liver [137]. The decrease in HDL cholesterol may reach 20% and,
similarly, the increase in low-density lipoprotein (LDL) cholesterol may reach 20%, possibly as a result
of the lipoproteins’ lipolytic degradation and their subtraction by receptors due to the modification
of apolipoprotein A-I and B synthesis [138]. Apolipoprotein B has been connected to atherosclerosis,
via the interaction between the arterial wall and LDL cholesterol [139]. Abnormalities in lipoprotein
expand the hazard of coronary artery disease by 3–6 fold and it may occur within 9 weeks of AAS use.
In addition to its atherogenic effects, the excess of LDL-C may be oxidized at the arterial endothelium
leading to impaired endothelium-dependent arterial relaxation via inhibition of nitric oxide production.
This could predispose to the development of coronary vasospasm [140]. Fortunately, the effects of
lipids appear to be reversible [141].

The effects of anabolic steroids on blood pressure remain conflicting. A few studies have reported
elevated blood pressure levels in anabolic steroid users [142], which might be maintained even 5 to
12 months after discontinuation [143]. The mechanism involved could be the ability of AASs to
increase the activity of the sympathetic nervous system activity, to baroreflex control and to endothelial
dysfunction as well [144]. The mode of action seems to be substance specific. For example, nandrolone
has no effects on blood pressure, while the cardiac hypertrophy caused by nandrolone administration
was not associated with the systemic renin–angiotensin system but with its effects at a local level.
Unfortunately, data so far are not sufficient to settle on whether the prolonged AAS use can lead to
irreversible elevated levels of blood pressure [145].

2.6.2. The Influence of AASs on Stroke

Atherothrombosis or embolization could lead to thromboembolic ischemic strokes. Peripheral
vascular disease can occur through the same mechanisms. The main action of AASs is anabolism. It is
involved in growth-promoting effects on cardiac tissue, following AAS administration and causes
hypertrophic cardiomyopathy. Probably as a counteracting effect, apoptotic cell death has also been
observed—a process that is mediated by membrane receptor second messenger cascades that increase
intracellular Ca2+ influx and mobilization, leading to the release of apoptogenic factors [146–148].
In vitro studies performed in isolated human myocytes have shown that AASs bind to androgen
receptors. Therefore, it is possible that hypertrophy may be induced directly, via tissue upregulation
of the renin–angiotensin system [149]. Supporting evidence lies in the fact that the AT1 receptor
antagonist prevented similar effects induced by nandrolone administration [150]. Moreover, nandrolone
treatment, in combination with swimming training, increased left ventricular angiotensin-converting
enzyme (LV-ACE) activity and CYP11B2 expression, implying an elevation in both angiotensin II and
aldosterone and the promotion of cardiac dysfunction [151].

Sex hormone-related mechanisms also seem to be involved in the pathogenesis of various
cardiovascular disorders, with ischemic stroke included, particularly for men. However, these findings
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are not specifically informative about endogenous testosterone or testosterone supplementation [152].
Testosterone supplementation for therapeutic purposes has not been conclusively linked with a high
thrombotic risk. In a cohort of 3422 male US military service members, aged 40–64 years, treated with
testosterone for low testosterone levels, there was no difference in event-free survival with regard to
thromboembolism, compared to an appropriately matched control group [153]. On the other hand,
elevated testosterone was independently associated with an increased risk for both ischemic stroke
(odds ratio 3.9) and cerebral venous thrombosis (odds ratio 5.5) [154]. Nevertheless, the Guidelines of
the Endocrine Society suggest that testosterone therapy should be avoided in patients with, among
other clinical conditions, elevated hematocrit, myocardial infarction or stroke within the last 6 months
or thrombophilia. Furthermore, measuring serum testosterone concentrations and hematocrit is highly
recommended [155].

The effect of AASs on the hemostatic system may lead to a prothrombotic profile, depending on
the dose and the duration of AAS administration. Low doses decrease platelet threshold activation to
collagen. In addition, androgens reduce plasminogen activator inhibitor-1 (PAI-1) levels and increase
fibrinolytic activity via high tissue plasminogen activator (t-PA) levels. Both the release of t-PA from
endothelial cells into the circulation and the amount of t-PA inhibitor (PAI-1) that is present in the
circulation regulate fibrinolytic activity [156,157]. Possible vascular thrombosis due to increased
fibrinolytic activity as a result of decreased PAI-1 levels can consequently be speculated [158]. Higher
doses have been associated with the elevated aggregation of platelets and possibly affect the activity of
vascular cyclooxygenase enzyme, which may lead to a procoagulant state [159]. Several AASs appear
to be involved in procoagulatory pathways, by increasing plasma levels of factor VIII and IX [160].
They also increase the aggregation of platelets and the formation of thrombus formation via increased
platelet production of thromboxane A2, and via decreased production of prostacyclin and increased
fibrinogen levels [139]. At the same time, as animal experiments have shown, extracellular matrix,
nitric oxide production and the arachidonic metabolism of endothelial cells and platelets are also
influenced [161]. Moreover, both exogenous and endogenous AASs can provoke polycythemia and
consequent ischemic cardiovascular events through the reduction of hepcidin and the stimulation
of erythropoiesis, by recalibrating the erythropoietin set point [162,163]. Testosterone has also been
shown to stabilize telomeres in bone marrow progenitors, which may play a role in increased red cell
production [164].

Figure 6 summarizes the main pathophysiological mechanisms of stroke associated with anabolic
androgenic steroid abuse.

Figure 6. Pathophysiological mechanisms of strokes associated with anabolic androgenic steroid abuse.
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2.6.3. Clinical Studies, Case Reports and Epidemiology of Stroke Related to AAS Abuse

Since the early 1930s, AASs have been extensively used by amateur or professional athletes and
the general public for the improvement of physical conditions and athletic performance [165–168].
When used for ergogenic or recreational purposes, the doses are usually 5–15 times higher than the
recommended therapeutic ones [145,167,169]. At such high levels, AASs can cause a number of serious
side effects, including liver dysfunction, renal disorders, cardiotoxicity and potentially stroke [136].

Indeed, athletes abusing AASs for years have a high probability to develop atherothrombotic
phenomena (cardiovascular and cerebrovascular disorders, such as cerebral ischemia, i.e., transitory
ischemic attacks resulting in stroke, peripheral artery occlusive disease and venous thromboembolism) [143].
These phenomena can be attributed to arterial hypertension, lipid metabolism disorders, increased
vascular tone and increased platelet counts and hematocrit [139,145,170]. The reversibility of such
myocardial and vascular effects after discontinuation is still controversial [171]. Several case reports
describe stroke in AAS abusers, and the most interesting ones are summarized in Table 6.

Table 6. Case reports that associate androgenic anabolic steroid (AAS) abuse with stroke.

Subject/Age Substance Exposure Symptoms Diagnostic Approach Diagnosis Reference

Male, 27, with an
American father and a
mother who was half

Japanese, no known stroke
risk factors, regularly

training, AAS user

Methasterone,
prostanozol for the

past 6 months

Sudden right
hemiparalysis,
homonymous

hemianopia, dysarthria,
tinnitus, and double

vision in the middle of
muscle training

MRI with and without
gadolinium enhancement,

MR angiography,
three-dimensional CT
angiography, carotid

ultrasonography,
transcranial Doppler and

transesophageal
echocardiography,

and duplex
ultrasonography

Cardiogenic embolism and
atrial septal aneurysm and
large patent foramen ovule,

suspected deep vein
thrombosis

[170]

Male, 37, no history of
alcohol or any other

substance abuse, negative
medical and family

histories

Methandienone,
methenolone acetate
for the past 2 years

Acute right-sided
hemiparesis (grade 3)
with right-sided facial
weakness, associated
with a confused state
followed a first-ever

experience of generalized
tonic–clonic seizure

Brain CT and MRI, ECG,
chest X-ray, abdominal

ultrasound,
and echocardiography

Chronic infarction in the left
frontal lobe and subacute left
temporoparietal infarction

Dilated cardiomyopathy and
multiple thrombi in the left

ventricle
Hepatomegaly, mild ascites
and bilateral pleural effusion

in addition to a grade I
nephropathy

[140]

Male, 16, healthy
bodybuilder (weight 87 kg

and height 181 cm),
unremarkable past

medical record

Concomitant use of
cannabis (up to
1.5 g/day) and

methandrostenolone
(40 mg/day) for the

past 5 months

Sudden dizziness and
right hemiparesis

Cerebral CT, MRI,
conventional and magnetic

resonance angiography,
transesophageal

echocardiography, cervical
Doppler duplex ultrasound,

transcranial Doppler,
and ECG

Acute ischemic stroke [156]

Male, 39, bodybuilder,
3 months earlier sudden
loss of vision in the left

eye, weakness and
numbness in the left upper

and lower limbs, lasting
less than 1 h, refused
admission to hospital

Intramuscular
injections of

nandrolone twice
weekly for the past

three years

Dizziness and expressive
aphasia for the last 6 h

Brain CT and MRI, ECG,
chest X-ray,

echocardiography,
and magnetic resonance

angiography

Dilated cardiomyopathy
with LV thrombus formation;

embolic stroke and
peripheral vascular disease

as a complication of the
former

[141]

Male, 31, kickboxer

Nandrolone,
testosterone

clenbuterol since the
age of 16; cocaine,

ecstasy and alcohol
abuser for three years

Patient disoriented in
space, mild dysarthria

without aphasic elements,
oculocephalic preference
to right, left homonymous

hemianopsia, paresis
(3/5), hemicorporal

anesthesia on the left side
and somatoagnosia

Cranial CT, cerebral
arteriography,

transesophageal and
transthoracic

echocardiography,
and magnetic resonance

angiography

Acute ischemic stroke:
Cerebral infarction due to

occlusion of the artery
cerebral media of unknown

etiology

[172]

Male

Injectable (nandrolone
decanoate) and oral

(methandrostenolone/
danabol) three months
prior to the incidence
Previous intravenous
(heroin), and inhaled
(marijuana) drug use

Visual disturbances and
left-sided weakness

commencing 24 h prior to
presentation

Homonymous
hemianopia, mild

left-sided weakness in his
upper limbs and ataxia in

his left upper limb,
and high hemoglobin

(200 g/L)

Brain magnetic resonance,
magnetic resonance

angiography, transthoracic
echocardiogram, and 24-h

Holter monitoring,
extensive hematological

screening,
and thrombophilia

screening

Cerebral infarction:
Extensive region of acute

infarction in the right
posterior cerebral artery

territory and ongoing
occlusion in his right

posterior cerebral artery
Polycythemia

[173]
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Table 7 summarizes the association between the different classes of drugs of abuse with different
types of stroke.

Table 7. The incidence of ischemic stroke and hemorrhagic stroke in different classes of drugs of abuse.

Drugs of Abuse Ischemic Stroke Hemorrhagic Stroke

Amphetamines + +++

Amphetamine derivatives +

+++

Risk in young people
without comorbidities

Cocaine In those with a history of use In active users

Cocaine
Hydrochloride + +++

Crack ++ ++

Cannabis ++ + In recent case reports
Synthetic cannabinoids ++ +In recent case reports

Opiates/Heroin ++ +In recent case reports
Anabolic androgenic steroids ++

+mild evidence. ++medium evidence. +++ high evidence.

3. Management

Stroke can occur either in minutes/hours following illicit drug use or later as a consequence of
complications, such as vasculitis or endocarditis, resulting in septic emboli [45,174].

Acute stroke is a medical emergency. Patients should be transported by ambulance to a medical
facility that is organized and equipped to manage acute stroke as soon as possible after symptom onset
and capable of offering emergency treatments such as intravenous thrombolysis and endovascular
thrombectomy—organized acute stroke unit management. These treatments are typically offered in
departments of neurology with organized stroke centers [40].

The outcome of ICH depends on the hematoma location and volume, the promptness of treatment,
and the management of associated diseases. The mortality of ICH remains very high. For those who
survive, recovery is difficult and long lasting, with a negative impact on quality of life. Risk factors,
such as high blood pressure, smoking, obesity and drug use, play an important role. Prevention plays
a central role and can be favorably influenced by changing lifestyle and taking therapeutic measures,
especially for hypertension control.

4. Conclusions

Drug abuse represents a major social and public health problem, with huge financial implications.
Epidemiological studies and case reports have shown that drug abuse is a risk factor for both
hemorrhagic and ischemic stroke. Stimulants, such as amphetamines, amphetamine derivatives,
and cocaine have been associated with both types of stroke—more so of the hemorrhagic type. “Crack”
cocaine can cause both acute ischemic stroke and hemorrhagic strokes, while cocaine hydrochloride is
more likely to cause hemorrhagic strokes. Stroke can emerge after cocaine use, even in the absence
of other traditional stroke risk factors. The association between cannabis, synthetic cannabinoids,
or opioid/heroin use and stroke has not been entirely proven by epidemiological studies that offer
contradictory findings. New case reports describe the correlation between cannabinoids and synthetic
cannabinoids and hemorrhagic stroke. Anabolic androgenic steroids are associated with cardiotoxicity
and atherothrombotic phenomena which can lead to ischemic stroke. Given the epidemic of illicit drug
use, we recommend that every hospitalized stroke patient, and especially those who are young for
stroke, is subjected to toxicological screening.
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Abstract: Background: Cerebral oxygenation monitoring provides important information for
optimizing individualized management in patients with acute ischemic stroke (AIS). Although
changes in cerebral oxygenation are known to occur in response to head-of-bed (HOB) elevation within
72 h after onset, changes in cerebral oxygenation during stroke recovery are unclear. We compared
changes in total- (tHb), oxygenated- (HbO2), and deoxygenated-hemoglobin (deoxyHb) concentrations
in response to HOB manipulation between the timeframes within 72 h and 7–10 days after AIS
onset. Methods: We measured forehead ΔtHb, ΔHbO2, and ΔdeoxyHb in response to HOB
elevation (30◦) within 72 h (first measurement) and 7–10 days (second measurement) after AIS onset
using time-resolved near-infrared spectroscopy. Results: We enrolled 30 participants (mean age
72.8 ± 11.3 years; 13 women) with a first AIS. There were no significant differences in ΔtHb, ΔHbO2,
or ΔdeoxyHb measurements on the infarct or contra-infarct side. At the first measurement, ΔtHb,
ΔHbO2, and ΔdeoxyHb measured on the contra-infarct side did not correlate with those measured
on the infarct side: ΔtHb (r = 0.114, p = 0.539); ΔHbO2 (r = 0.143, p = 0.440); ΔdeoxyHb (r = 0.227,
p = 0.221). Notably, at the second measurement, correlation coefficients of ΔtHb and ΔHbO2 between
the contra-infarct and infarct sides were statistically significant: ΔtHb (r = 0.491, p = 0.008); ΔHbO2

(r = 0.479, p = 0.010); ΔdeoxyHb (r = 0.358, p = 0.054). Conclusion: Although changes in cerebral
oxygenation in response to HOB elevation had a laterality difference between hemispheres within 72
h of AIS onset, the difference had decreased, at least partially, 7–10 days after AIS onset.

Keywords: cerebral blood volume; hemodynamics; near-infrared spectroscopy; optical imaging;
rehabilitation; stroke

1. Introduction

Acute ischemic stroke (AIS) is a significant cause of permanent disability [1]. Early rehabilitation
for AIS patients—considered an important issue in poststroke functional outcomes—has been
recommended in recent guidelines [2,3]. A large-scale clinical trial; however, provided evidence that
early intervention was not associated with disability outcomes [4]. It is also recognized that supine AIS
patients have improved cerebral blood flow (CBF) and oxygenation, although with an increased risk of
aspiration pneumonia [5–8]. Another clinical trial revealed that a head-up position initiated within

J. Clin. Med. 2019, 8, 1739; doi:10.3390/jcm8101739 www.mdpi.com/journal/jcm221



J. Clin. Med. 2019, 8, 1739

24 h of AIS onset was not associated with a disability outcome or severe adverse effects, including
pneumonia [9]. Thus, the optimal head position in patients with AIS is still unknown.

Near-infrared spectroscopy (NIRS) noninvasively measures hemoglobin (Hb) levels in the
brain [10]. Compared with other technologies, such as transcranial Doppler (TCD) and positron
emission tomography (PET), NIRS has several advantages: (1) it allows flexible measurements in
sitting, standing, and moving subjects; (2) it is an irradiation-based, completely noninvasive technique
that does not cause adverse effects on the body during repeated measurements, even in children; (3) it
has high time resolution; and (4) it is compact and portable. Because of these advantages, the use of
NIRS, such as cerebral oxygen monitors, is increasing in the medical field despite its drawbacks (e.g.,
possible interferences caused by attachment of optodes, shallow measurement depth, effects of drugs
influencing cerebral blood flow or cutaneous blood flow, artifacts of cutaneous blood flow, and narrow
measurement territory depending on the attachment site of optode). This increase is because these
systems are simple but enable the observation of changes in brain activity over time via monitoring
of Hb levels, which reflect fluctuations in regional cerebral blood flow. Indeed, NIRS can be useful
to detect the intraindividual fluctuation and the interindividual difference of cerebral hemodynamic
response in response to posture change [11]. Thus, well-known applications of NIRS include the
monitoring of cerebral blood flow and hypoxic conditions in a variety of clinical settings [12–14].
During the last two decades, several studies have used the NIRS system to evaluate changes in
cerebral oxygenation in upright AIS patients [7,15–17]. Their findings provided important information
for optimal individualized management, based on cerebral oxygenation monitoring in AIS patients.
Nevertheless, correlation of the total- (tHb), oxygenated- (HbO2), and deoxygenated-hemoglobin
(deoxyHb) concentrations in response to head-of-bed (HOB) elevation between the infarct and
contra-infarct sides have never been assessed, leaving the changes in cerebral oxygenation during
stroke recovery not well understood. In the current exploratory study, we therefore aim to compare the
changes in tHb (ΔtHb), HbO2 (ΔHbO2), and deoxyHb (ΔdeoxyHb) in response to HOB manipulation
between the timeframes within 72 h and 7–10 days after AIS onset.

2. Methods

2.1. Study Design and Participants

This study was designed as a single-center exploratory study to compare the changes in cerebral
oxygenation in response to HOB manipulation between different time points in AIS patients, and it
was conducted at Seirei Mikatahara General Hospital, Hamamatsu, Japan. Study participants were
consecutively recruited from among acute cerebral infarction patients hospitalized at our hospital from
September 2016 to March 2017. Eligible patients were those having a first-ever ischemic stroke and
who had been hospitalized within 24 h of symptoms onset. Main exclusion criteria were a patient with
infratentorial stroke; a history of cerebral disease (prior stroke, brain contusion, brain tumor, brain
infections, intracerebral hemorrhage and trauma); orthostatic hypotension; taking antihypertensive
agents after hospitalization; or unable to participate in this study (could not maintain a 30◦ passive
sitting position; presence of a skin disease (not suitable for applying a probe to the forehead); unable to
follow verbal instructions).
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2.2. Ethics and Study Registration

This study protocol complied with the Helsinki Declaration. The institutional research review
board of Seirei Mikatahara General Hospital and Hamamatsu University School of Medicine approved
the study (Approved number 16-15 and 16-001). Written informed consent was provided by all
participants. The study was registered at the UMIN Clinical Trials Registry (URL: http://www.umin.ac.
jp/ctr/index.htm. Unique identifier: UMIN 000022904).

2.3. Cerebral Hemoglobin Concentration Measurement by Time-Resolved NIRS

We used a single-channel, time-resolved NIRS system (TRS-10; Hamamatsu Photonics K.K.,
Hamamatsu, Japan) to measure bilateral forehead cerebral (prefrontal cortex) hemoglobin concentration.
The temporal profile obtained from TRS-10 measurement was fitted with that obtained from the
theoretical solution of the photon diffusion equation (DE) [18], because the DE-fit method could
provide information about the hemodynamic changes in the depth direction [19]. The TRS-10 system
consists of three pulsed laser diodes with wavelengths of 759, 797, and 833 nm, having a duration of
100 ps and repetition frequency of 5 MHz. An optode, which includes infrared light irradiation and
reception probes in a single device, was fixed on the participant’s head with Velcro and a headband so
the irradiated infrared light was positioned at Fp1 and Fp2 according to the International 10-20 system.
This NIRS device can measure the tHb, HbO2, and deoxyHb of tissues within a semicircular area
between the irradiation and reception probes. The measurement depth increases with increased
distance between the irradiation and reception probes (limit of 5 cm), because the farther the distance,
the weaker the light reaching the reception probe. One study reporting simultaneous measurements
with TRS-10 and PET found that TRS-10 measurements with irradiation and reception probes 3 cm
apart significantly correlated with PET measurements around gray matter [20]. We therefore set the
distance between the irradiation and reception probes at 3 cm outside the infrared reception port on
the optode.

2.4. Cerebral Blood Hemoglobin Concentration Measurements Protocol

Based on previous studies [21–24], we measured forehead tHb, HbO2, and deoxyHb within 72 h
(first measurement) and 7–10 days (second measurement) after AIS onset. After placing probes on the
forehead, the participant laid on his/her back. Data were collected every 10 s for 5 min at each HOB
angle (0◦, 30◦, 0◦) sequentially. At each HOB angle, the mean tHb, HbO2, and deoxyHb values were
calculated after discarding data obtained during the first minute, because it took 15 s to change the HOB
position of the bed. Because the TRS-10 system has a single channel, two consecutive measurements
were conducted in each participant. We first measured forehead tHb, HbO2, and deoxyHb on the
contra-infarct side and then on the infarct side. Systemic blood pressure and heart rate were also
measured for 1 min in each position using an automatic hemodynamometer (HBP1300; Omron Corp.,
Tokyo, Japan).

2.5. Statistical Analysis

Values are expressed as means ± standard deviations (SD) or medians (interquartile range)
(nonparametrically distributed values) of the indicated numbers or proportions (%). Changes in
systemic blood pressure, heart rate, tHb, HbO2, and deoxyHb were compared with the baseline (HOB
0◦). These measurement values at HOB 30◦ were compared with those at HOB 0◦ using the Wilcoxon
signed-rank test. Correlations between the infarct and contra-infarct sides for each measurement were
assessed using Spearman’s rank correlation coefficient. The significance of the difference between the
two correlation coefficients was evaluated using the Fisher r-to-z transformation. p < 0.05 was regarded
as indicating statistical significance. All statistical analyses were performed using PASW Statistics
version 18.0.0 (IBM Co., Armonk, NY, USA) and Microsoft Excel 2016 (Microsoft Co., Redmond,
WA, USA).
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3. Results

3.1. Study Participants’ Characteristics

Altogether, 32 AIS patients met the inclusion criteria and were enrolled. Two participants died
before the second measurements and were excluded from the analyses. The participants’ characteristics
are shown in Table 1.

Table 1. Patients’ characteristics.

Characteristic Value

Age, year 72.8 ± 11.3
Female sex, n (%) 13 (43.3)

Height (cm) 158.0 ± 11.6
Body weight (kg) 56.0 ± 14.4

Body mass index (kg/m2) 22.1 ± 3.1
Stroke side (right/left) 11/19

NIHSS score 7.6 ± 4.9
TOAST classification, n (%)
Large-artery atherosclerosis 10 (33.3)

Small-vessel occlusion 10 (33.3)
Cardioembolism 6 (20.0)

Stroke of other determined etiology 4 (13.3)
Stroke of undetermined etiology 0 (0)

Vascular territorial segmentation, n (%)
Anterior cerebral artery 6 (20.0)
Middle cerebral artery 17 (56.7)

Posterior cerebral artery 7 (20.3)
Medical history n (%)

Hypertension 18 (60.0)
Diabetes mellitus 8 (26.7)

Dyslipidemia 22 (73.3)
Chronic atrial fibrillation 4 (13.3)

Tobacco use 12 (40.0)

Data are expressed as means ± Standard deviation unless otherwise stated; TOAST—Trial of Org 10172 in Acute
Stroke Treatment; NIHSS—National Institutes of Health Stroke Scale.

3.2. Changes in Blood Pressure, Heart Rate, tHb, HbO2, and deoxyHb with HOB Elevation

Table 2 shows the changes in systolic (SBP) and diastolic (DBP) blood pressures and the heart rate
in response to HOB elevations from 0◦ to 30◦. These HOB elevations did not affect any hemodynamic
parameters. There were also no intraindividual differences in the SBP or heart rate at baseline
measurements (HOB 0◦) at each measurement session (first measurement: SBP (p = 0.74), DBP (p = 0.87),
heart rate (p = 0.94); second measurement: SBP (p = 0.83), DBP (p = 0.94), heart rate (p = 0.30).
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Table 2. Comparisons of the systemic blood pressure and heart rate in response to HOB manipulation.

Parameters Item Measured HOB 0◦ HOB 30◦ Difference p

First Measurement

Contra-infarct Side

sBP (mmHg) 137.6 ± 20.9 137.7 ± 19.8 0.1 ± 4.1 0.90
dBP(mmHg) 75.9 ± 11.7 76.9 ± 10.6 1.0 ± 5.4 0.91

HR (bpm) 73.5 ± 10.4 73.5 ± 9.7 0.0 ± 3.5 0.95

Infarct Side

sBP (mmHg) 137.9 ± 20.6 137.3 ± 19.8 −0.6 ± 3.7 0.39
dBP (mmHg) 75.9 ± 11.2 76.4 ± 10.9 0.5 ± 4.6 0.63

HR (bpm) 73.6 ± 11.0 73.4 ± 11.4 −0.2 ± 3.6 0.86
Second Measurement

Contra-Infarct Side

sBP (mmHg) 128.9 ± 16.5 129.8 ±15.0 0.9 ± 5.1 0.53
dBP (mmHg) 71.0 ± 9.0 71.1 ± 8.6 0.0 ± 3.9 0.51

HR (bpm) 75.6 ± 8.1 76.5 ± 7.8 0.9 ± 3.9 0.36

Infarct Side

sBP (mmHg) 129.5 ± 15.1 128.7 ± 15.6 −0.8 ±5.3 0.10
dBP (mmHg) 71.0 ± 8.4 70.3 ± 8.3 −0.7 ± 4.6 0.24

HR (bpm) 74.8 ± 8.4 75.1 ± 7.7 0.3 ± 3.1 0.21

Data are expressed as means± Standard deviation; HOB—head-of-bed, sBP—systolic blood pressure; dBP—diastolic
blood pressure; HR—heart rate; bpm—beats per minute; mmHg—millimeters of mercury.

3.3. Changes in Cerebral Hemoglobin Concentrations with HOB Elevation

Figure 1 shows the time-series changes in the tHb in response to HOB manipulation. Changes
in the tHb showed large interindividual differences, which were also observed in the changes in the
HbO2 and deoxyHb (Figure 2; Figure 3). There were no significant differences in the ΔtHb, ΔHbO2,
or ΔdeoxyHb on either the infarct or the contra-infarct side between the two measurements.

Figure 1. Time-series changes in the cerebral total hemoglobin (tHb) concentration in response to
head-of-bed manipulation (from 0◦ to 30◦) for 30 participants within 72 h of onset of acute ischemic
stroke (AIS) (first measurement) on the contra-infarct (contralateral) side (A) and infarct side (B) and
those measured 7–10 days after onset of AIS (second measurement) on the contra-infarct side (C) and
infarct side (D).
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Figure 2. Time-series changes in the cerebral oxygenated-hemoglobin (HbO2) concentration in response
to head-of-bed manipulation for 30 participants within 72 h of AIS onset (first measurement) on the
contra-infarct side (A) and infarct side (B) and those measured 7–10 days after AIS onset (second
measurement) on the contra-infarct side (C) and infarct side (D).

Figure 3. Time-series changes in the cerebral deoxygenated-hemoglobin (deoxyHb) concentration in
response to head-of-bed manipulation for 30 participants within 72 h of AIS onset (first measurement)
on the contra-infarct side (A) and infarct side (B) and those measured 7–10 days after onset of AIS
(second measurement) on the contra-infarct side (C) and infarct side (D).
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3.4. Correlations of Hemoglobin Concentration Changes with HOB Elevation between Measurements

Figure 4 shows the correlations of the ΔtHb, ΔHbO2, and ΔdeoxyHb in response to HOB elevation
between the first and second measurements for each hemisphere. The first measurements of the
ΔtHb and ΔHbO2 were significantly correlated with those at the second measurements for either
hemisphere (ΔtHb: contra-infarct side (r = 0.569, p = 0.020), infarct side (r = 0.408, p = 0.028); ΔHbO2:
contra-infarct side (r = 0.576, p = 0.020), infarct side (r = 0.378, p = 0.042)). Although correlation
coefficients in the contra-infarct side seemed to indicate a stronger relation than those in the infarct
side, there were no statistically significant differences for ΔtHb or ΔHbO2 (ΔtHb (z = 0.772, p = 0.441);
ΔHbO2 (z = 0.955, p = 0.342)), ΔdeoxyHb did not show a significant correlation between the first and
second measurements (contra-infarct side (z = 0.024, p = 0.896); infarct side (z = 0.176, p = 0.345)).

Figure 4. Scatterplots of the changes in total-hemoglobin (tHb) (A and B), oxygenated-hemoglobin
(HbO2) (C and D), and deoxygenated-hemoglobin (deoxyHb) (E and F) concentrations in response to
head-of-bed elevation (from 0◦ to 30◦) between the first and second measurements for each hemisphere.
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3.5. Correlations of Hemoglobin Concentration Changes with HOB Elevation between Infarct and
Contra-Infarct Sides

Figure 5 shows the correlations of ΔtHb, ΔHbO2, and ΔdeoxyHb in response to HOB elevation
between the infarct and contra-infarct sides. At the first measurement, ΔtHb, ΔHbO2, and ΔdeoxyHb
measured on the contra-infarct side did not correlate with those on the infarct side (ΔtHb (r = 0.114,
p = 0.539), ΔHbO2 (r = 0.143, p = 0.440); ΔdeoxyHb (r = 0.227, p = 0.221)) (Figure 5A–C). Notably,
the correlation coefficients of ΔtHb, ΔHbO2, and ΔdeoxyHb values between the infarct and contra-infarct
sides at the second measurement were statistically significant, except for ΔdeoxyHb (ΔtHb (r = 0.491,
p = 0.008); ΔHbO2 (r = 0.479, p = 0.010); ΔdeoxyHb (r = 0.358, p = 0.054)) (Figure 5D–F).

Figure 5. Scatterplots of the changes in total-hemoglobin (tHB), oxygenated-hemoglobin (HbO2),
and deoxygenated-hemoglobin (deoxyHb) concentrations in response to head-of-bed elevation (from
0◦ to 30◦) at the first (A–C) and second (D–F) measurements for each hemisphere.

4. Discussion

We believe that this is the first study to assess the effect of gradual HOB manipulation (from 0◦

to 30◦) of forehead hemoglobin concentration in AIS patients, revealed by two measurements using
NIRS. There were three main findings of this investigation. (1) The HOB elevation from 0◦ to 30◦ did
not affect systemic blood pressure or heart rate. ΔtHb, ΔHbO2, and ΔdeoxyHb also did not change
in response to HOB elevation, although large interindividual variabilities were observed. (2) ΔtHb
and ΔHbO2 in response to HOB elevation measured within 72 h of AIS onset showed significant
correlations with those measured 7–10 days after AIS onset in both hemispheres. (3) Although ΔtHb,
ΔHbO2, and ΔdeoxyHb measured on the infarct side did not correlate with those measured on the
contra-infarct side within 72 h of AIS onset, the correlation coefficients of these NIRS parameters were
significantly correlated between the hemispheres 7–10 days after AIS onset.

It is known that CBF velocity (CBFV) and the total cerebral Hb concentration are reduced in
head-up position of healthy subjects and chronic ischemic stroke patients. Furthermore, decreases in
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CBVF and cerebral Hb concentration could be affected by a drop in systemic blood pressure [5,25–27].
In this study, the average blood pressure and heart rate did not change with HOB elevation from 0◦

to 30◦. Neither were there changes in the cohort-averaged tHb, HbO2, and deoxyHb concentrations
for either hemisphere over two measurements. However, as shown in Figures 1–3, changes in tHb,
HbO2, and deoxyHb showed large differences among individuals. Approximately half of our study
patients showed increased cerebral hemoglobin concentrations (the so-called paradoxical response)
in response to HOB elevation for either hemisphere over the two measurements. This paradoxical
response phenomenon was in line with previous reports that evaluated the effect of head-position
changes on cerebral oxygenation in AIS patients [7,16,17]. Several previous studies reported that the
paradoxical response was also seen in brain-injured patients but not healthy subjects, suggesting that
it is pathological [11,28–30]. Although details of the mechanism of the paradoxical response are still
unknown, an increasing intracranial pressure, the hemodynamic consequences of heart failure, and an
autonomic disturbance have been proposed as causes [17]. Considerably varying individual cerebral
oxygenation responses, including the paradoxical response, could explain why the cohort-averaged
ΔtHb, ΔHbO2, and ΔdeoxyHb concentrations did not change in response to HOB elevation.

Correlations of ΔtHb, ΔHbO2, and ΔdeoxyHb concentrations in response to HOB elevation
between the infarct and contra-infarct sides had not been reported prior to this study. Thus, we seem
to be the first to show that the ΔtHb and ΔHbO2 measurements within 72 h of AIS onset significantly
correlated with those 7–10 days after AIS onset for either hemisphere. Notably, although the ΔtHb,
ΔHbO2, and ΔdeoxyHb, in response to HOB elevation, did not show a significant correlation between
hemispheres within 72 h of AIS onset, correlations of the ΔtHb, ΔHbO2, and ΔdeoxyHb 7–10 days after
onset were statistically significant. Although we could not clarify the mechanism of this alteration,
various possible explanations are assumed. Changes in cerebral oxygenation variables in response to
HOB manipulation reflected CBF volume change. It could be related with gravitational force acting
on passively contacted brain vessels in the ischemic territory [31]. It is also possible that systemic
hemodynamics changes affect CBF; however, the HOB elevation from 0◦ to 30◦ did not affect systemic
blood pressure or heart rate. A previous study, which measured cerebral mean flow velocity by TCD,
suggested that the effect of BP change in response to head position change was equivocal [31–33].
In the current study, HOB elevations did not affect SBP, DBP, or HR, and no intraindividual differences
in the SBP or heart rate at baseline measurements (HOB 0◦) was observed at each measurement session.
While cardiac output or stroke volume of the left ventricle was not measured, we thought that the effect
of systemic hemodynamics changes could be limited. It is well-recognized that the brain edema is one
of the lethal complications for AIS patients, and it causes a decrease in cerebral perfusion pressure
through an increased intracranial pressure (ICP) [34]. Although we did not include AIS patients who
received surgical decompression for severe brain edema (because of unsuitability of applying a probe to
the forehead) and two participants who died before second measurement (suspected brain edema) were
excluded from the analyses, the possibility that a raised ICP could affect the changes in ΔtHb, ΔHbO2,
and ΔdeoxyHb on the infarct side in response to HOB elevation could not be denied because we did not
monitor the ICP in our participants. Development of collateral circulation also affected the changes in
ΔtHb, ΔHbO2, and ΔdeoxyHb on the infarct side in response to HOB elevation. Our study participants
received magnetic resonance angiography (MRA) at the time of admission and 7–10 days after stroke
onset. MRA often cannot provide information about the collateral circulation of AIS patients in clinical
settings because of motion artifacts and its spatial resolution, whereas recent development of MRA can
detect collateral circulation in research settings [35,36]. Furthermore, our study participants did not
receive cerebral angiography because they had no indication of thrombolytic therapy at the time of
admission. Thus, detailed information of collateral circulation is not available in the current study.
Another possible mechanism is the alteration of cerebral autoregulation in AIS patients. Cerebral
autoregulation is an inherent process of blood vessels that maintains CBF at a constant level over a wide
range of changes in the systemic blood pressure or intracranial pressure. It has been generally accepted
that cerebral autoregulation is impaired in patients with AIS [37,38]. Conventionally, TCD has often
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been used to measure the CBFV to assess cerebral autoregulation [39], and mean flow velocity index of
dynamic autoregulation (Mx index) was established as a standard parameter [40,41]. Recent literature;
however, has reported that cerebral oxygenation parameters measured by NIRS (e.g., cerebral oxygen
saturation, cerebral oxygenation index) are considered surrogates of CBF [42–45]. In addition, it was
reported that the NIRS-derived tHb signal reflects regional changes in cerebral blood volume (CBV),
and HbO2 correlates with cerebral capillary oxygen saturation [20,46–48]. Steiner, L. A. and colleagues
demonstrated that tissue oxygen index of dynamic autoregulation (Tox) measured by NIRS (NIRO
200, Hamamatsu Photonics K.K.) significantly correlated with the Mx index [41]. Although NIRS is
useful for cerebral autoregulation assessment, we could not make mention of the relationship between
our results and cerebral autoregulation. We could not calculate the Tox index because we did not
measure continuous blood pressure, and TRS-10 could not directly measure the tissue oxygen index.
The literature suggests that AIS severity could influence the degree of spatiotemporal compromise of
cerebral autoregulation [21,24,49]. Tutaj et al. reported that cerebral autoregulation was transiently
impaired at an infarct hemisphere 1.3 ± 0.5 days after the onset of a large-vessel AIS, recovered at
9.75 ± 2.2 days—which could be in line with our findings [21]. Thus, we speculated the possibility that
our findings might have been caused, at least in part, by transient changes in cerebral autoregulation.
We need to conduct further studies to clarify whether current findings are induced by transient
impairment of cerebral autoregulation.

This study has several limitations. The monitored systemic blood pressure and heart rate were
not beat-to-beat measurements. Thus, we could not detect a transient drop in blood pressure in
response to HOB manipulation. Lam et al. reported that the blood pressure may show a steep drop in
response to gradual changes in head position (supine to 30◦), although a blood pressure decline was
observed in the head-up state [50]. Furthermore, the CBV paralleled blood pressure in the head-up
position. These results supported our findings that neither blood pressure nor cerebral oxygenation
parameters changed in response to HOB manipulation, at least according to the cohort-averaged
assessment. Second, two consecutive NIRS measurements were needed for each participant because
the TRS-10 system had only a single channel. Thus, we could not evaluate the cerebral oxygenation
changes on the infarct and contra-infarct sides simultaneously. Furthermore, we could investigate
forehead blood volume only within a narrow range of the prefrontal cortex. Multi-channel NIRS is
currently in mainstream use and should be adopted in future studies to understand fluctuations in
cerebral oxygenation in the entire brain in response to postural change. Third, we did not measure
either endotidal carbon dioxide tension (EtCO2) or partial pressure of carbon dioxide (pCO2). It is
known that CBF is influenced by CO2, and hypercapnia dilates cerebral arteries and arterioles and
increased blood flow, whereas hypocapnia causes vasoconstriction and decreased blood flow [51,52].
Indeed, Kim, Y.S. et al. reported that orthostatic manipulation decreases EtCO2 from 40 mmHg to
35 mg in elder subjects [26]. Therefore, we cannot exclude that pCO2 could also affect NIRS metrics.
Fourth, we did not assess cerebral autoregulation or differences in the CBV responses among NIRS
and other modalities (e.g., TCD, PET). Thus, we could not offer reasons why a statistically significant
correlation of changes in cerebral oxygenation parameters between each hemisphere in response to
HOB manipulation was found at 7–10 days after AIS onset but not within 72 h.

5. Conclusions

HOB manipulation from 0◦ to 30◦ did not affect cohort-averaged hemodynamic parameters.
The cohort-averaged cerebral oxygenation parameters also did not change in response to HOB
elevation, although large interindividual cerebral oxygenation changes were seen. Although changes in
cerebral oxygenation in response to HOB elevation had a laterality difference between the hemispheres
within 72 h of AIS onset, the difference decreased, at least partially, 7–10 days after AIS onset, and this
could have suggested a sign of cerebral blood flow recovery. These findings suggest that HOB 30◦

within 72 h might not always be a preferred head position in AIS patients. Further studies are needed
to establish the safety and efficacy of NIRS-guided neurological rehabilitation in AIS in the future.
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Abstract: The management of mitral valve regurgitation (MR), a common valve disease, represents a
challenge in clinical practice, since the indication for either surgical or percutaneous valve replacement
or repair are guided by symptoms and by echocardiographic parameters which are not always
feasible. In this complex scenario, the use of natriuretic peptide (NP) levels would serve as an
additive diagnostic and prognostic tool. These biomarkers contribute to monitoring the progression
of the valve disease, even before the development of hemodynamic consequences in a preclinical
stage of myocardial damage. They may contribute to more accurate risk stratification by identifying
patients who are more likely to experience death from cardiovascular causes, heart failure, and cardiac
hospitalizations, thus requiring surgical management rather than a conservative approach. This article
provides a comprehensive overview of the available evidence on the role of NPs in the management,
risk evaluation, and prognostic assessment of patients with MR both before and after surgical or
percutaneous valve repair. Despite largely positive evidence, a series of controversial findings exist
on this relevant topic. Recent clinical trials failed to assess the role of NPs following the interventional
procedure. Future larger studies are required to enable the introduction of NP levels into the guidelines
for the management of MR.

Keywords: natriuretic peptides; mitral valve regurgitation; valve repair; valve replacement;
risk prediction

1. Introduction

Mitral regurgitation (MR) represents one of the most frequent valve diseases with an indication
for valve replacement or repair, both as surgical or transcatheter interventional management [1].

The etiology of mitral dysfunction, namely primary or secondary regurgitation, should be clearly
identified. In primary or organic MR, the valve apparatus is directly affected as a consequence of
a degenerative (i.e., fail leaflet or prolapse) or infective (i.e., endocarditis) process. In secondary or
functional MR, the structure of the components of the valve apparatus, such as leaflets and chordae,
is preserved, but an impaired left ventricular (LV) geometry is responsible of an altered balance between
closing and tethering forces on the valve. In both abovementioned conditions, MR is responsible for or
contributes to the development of LV and left atrial (LA) overload, leading to hemodynamic alterations.
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According to the most recent European Guidelines [2], urgent surgery is recommended in cases of
acute severe MR. In chronic primary MR, valve replacement or repair is indicated in symptomatic
patients and, in the absence of symptoms, in the presence of LV ejection fraction (LVEF) <60%,
LV end-systolic diameter (LVESD) ≥45 mm, atrial fibrillation (AF), and systolic pulmonary pressure
≥50 mmHg. Valve repair should be preferred if feasible and able to achieve a durable result with a low
risk of re-intervention, such as in segmental valve prolapse. Rheumatic lesions, leaflets, or extensive
annular calcifications more often require valvular replacement, preferably preserving sub-valvular
apparatuses. In patients with high surgical risk, percutaneous edge-to-edge mitral repair is currently
widely adopted and recommended by international Guidelines [2,3].

In secondary MR, due to significant operative mortality, high rates of recurrent MR, and the
absence of a definite survival benefit, surgery is indicated when concomitant coronary revascularization
is required. Even in this circumstance, percutaneous edge-to-edge repair may represent an efficacious
option [4,5].

Although a “watchful waiting” strategy is considered safe and is accepted in asymptomatic patients,
the assessment of correct and univocal timing of surgeries still remains a challenge. The identification
of symptoms may be difficult due to its subjective nature and to the risk that patients could minimize
their clinical manifestations in order to delay surgery, or could progressively reduce their activities as a
consequence of an impaired functional capacity. In addition, symptoms may become clear when LV
dysfunction is irreversible [6].

In this complex scenario, one of the unmet needs is a more accurate risk stratification, in which
biomarkers may represent a useful tool to identify patients with a possibly unfavorable prognosis
under conservative management or after mitral valve (MV) surgery.

Among several biomarkers available in clinical practice, natriuretic peptides (NPs) have a
well-established role in cardiovascular diseases and, particularly, in heart failure (HF) where they
reflect cardiac overload, LV systolic and diastolic dysfunctions, and are associated to cardiovascular
outcomes [7].

Atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and their inactive N-terminal
portions (NT-proANP and NT-proBNP) are released in response to increased myocardial stretch,
as a consequence of volume or pressure overload. NPs exert several cardiovascular and renal
actions mediated by the type A natriuretic peptide receptor through the second messenger cGMP.
The effects of NPs are able to counterbalance hemodynamic congestion through the regulation of
electrolytes, water balance, and permeability of systemic vasculature. Moreover, they inhibit the
renin–angiotensin–aldosterone system and the sympathetic nervous system. At the cellular level,
a modulatory role on cellular growth and proliferation is recognized [8–10]. Some differences exist
among NPs. ANP is stored in granules as a previously synthesized pool within the atrial cardiomyocytes
and is quickly released upon request. BNP production is regulated by gene expression in ventricular
cardiomyocytes, secreted as a prohormone, then cleaved into the active peptide and the NT-proBNP.
As compared to ANP, BNP has a longer half-life (1–2 hours compared to approximately 22 minutes)
and greater plasma concentrations (about 10-fold higher) [11,12]. Moreover, it has been proposed
that NPs’ responses may depend on the specific pathophysiology of the underlying cardiac stress,
suggesting that ANP may be more sensitive in the case of subclinical damage, whereas the BNP level
shows a greater increase in acute conditions [13,14].

The aim of our review is to analyze the current available evidence on the role of NPs in the
management, risk evaluation, and prognostic assessment of patients with MR before and after surgical
or percutaneous valve repair.

2. NPs and Risk Assessment in MR

Several studies have investigated the association between increased levels of NPs in patients
with MR, parameters of LV dysfunction, and cardiovascular outcomes.
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An analysis of data obtained in 1399 patients from 15 studies found a positive relationship between
levels of NPs and LV end-systolic parameters, such as the LV end-systolic index (LVESI) and LVESD [15].
BNP level was also associated with the myocardial performance index (MPI), an echocardiographic
index of systolic and diastolic function [16]. Mayer and colleagues documented that patients with
severe MR and BNP values >409 pg/mL had a mean LVESD of 40 mm [17], which represents a criterion
for surgery according to U.S. Guidelines [3]. A linear relationship between the LVESD value of 40 mm
and NT-proBNP level >292 pg/mL was identified by Potocki et al. [18]. An elevated BNP level has
been documented in patients with pulmonary artery pressure >50 mmHg [18], this parameter being
another indication for valve replacement or repair [2,3]. NT-proBNP values were directly related to
HF functional classes in MR, with mean levels of 97 pg/mL for New York Heart Association (NYHA)
class I, 170 pg/mL for class II, and 458 pg/mL for class III [19]. The addition of BNP to the Society
of Thoracic Surgeons (STS) score improved the risk stratification in patients with primary MR and
preserved LVEF [20].

In a prospective study conducted in 124 patients with chronic primary MR, Detaint and colleagues
analyzed the relationship between BNP level, MR degree, LV and LA remodeling, and prognosis [21].
BNP level was associated to the LV end-systolic volume index, LA volume, and symptoms, and it was
able to predict prognosis independently from age, sex, functional class, MR severity, and LVEF. At the
5-year follow-up, survival was significantly worse in patients with BNP level >31 pg/mL, showing a
higher incidence of the combined end-point of death and HF [21].

In another study, BNP level>105 pg/mL had stronger predictive power compared to the most common
parameters of MR severity, such as an effective orifice regurgitant area (EROA) and LVESD [22]. In 49
patients with MR and preserved ejection fraction (>55%), BNP > 41 pg/mL and NT-proBNP > 173 pg/mL
showed the best accuracy in predicting the development of symptoms [23]. In 87 patients with severe
MR, BNP below 80 pg/mL and NT-proBNP lower than 200 pg/mL showed the greatest negative
predictive value of 98% for the development of symptoms or LV dysfunction during follow-up [24].

The prognostic role of BNP level in the management of MR has also been examined during exercise.
Exercise BNP level was strongly correlated with those measured at rest [25]. Patients with higher

BNP values showed more severe MR, greater LA volume, more elevated systolic pulmonary pressure,
and LV filling pressure estimated as an E/e’ ratio. Moreover, detected exercise BNP levels were higher
in patients who developed symptoms and had an increased incidence of cardiac events, independently
from age, gender, and body mass index. In patients with moderate MR, only the exercise LV global
longitudinal strain, but neither resting nor exercise LVEF, was an independent determinant of exercise
BNP level. A plausible explanation of these findings is that the BNP level has been assessed in patients
with degenerative MR and not in MR secondary to LV dilatation, in which levels of NPs were measured
before the development of LV systolic dysfunction [25]. A cut-off of 64 pg/mL was identified as the best
cut-off value for exercise BNP level to behave as an independent predictor of worse cardiovascular
outcomes [25]. Other studies have consistently demonstrated that an increase in BNP level during
exercise is related to the development of HF, to subclinical LV dysfunction, and to reduced performance
capacity [26,27].

According to the abovementioned results, BNP level may be used in clinical practice as a
complementary tool for echocardiographic exams and exercise tests in order to identify those patients
who are more likely to experience death from cardiovascular causes, and HF and cardiac hospitalizations,
thus requiring surgical management, rather than a conservative approach. In addition, NPs may
represent an essential tool to monitor the progression of the valve disease before the development of
hemodynamic consequences in a preclinical stage of myocardial damage.

However, some controversial aspects deserve to be better-clarified. First of all, as documented by
the abovementioned studies, it is still difficult to establish a univocal cut-off level able to identify MR
patients at elevated cardiovascular risk, since different levels of NPs have been identified in the different
studies. To overcome this problem, Clavel et al. introduced the BNP ratio, which is derived from a
measured BNP value divided by the expected value related to the age and sex of each patient [26].
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This parameter behaves as a significant independent prognostic marker of outcomes in valve
heart disease patients, including MR patients under medical treatment [28,29]. However, it failed to
maintain its role after surgery [28]. Interestingly, the BNP/ANP ratio revealed a prognostic role in one
study, being significantly higher in the presence of clinical and echocardiographic criteria used for
surgery recommendation, such as LVESD ≥ 45 mm, LVEF ≤ 60%, NYHA class II or greater, and AF [30].

Other critical issues relate to the appropriate time interval that should be considered for the
subsequent measurements of the NP level, and the magnitude of changes of NP values between
baseline and subsequent assessments, which may be related to a poor clinical outcome. In addition, age,
AF, renal function, and body weight are known modulators of NP levels, thus representing potential
confounders [31]. Finally, since a high BNP level may also be detected in patients with moderate MR,
it cannot be used as a surrogate for MR quantification. On the other hand, it should be pointed out
that, in the presence of good hemodynamic compensation with a normal NP level, regardless of LV
dimension, the need for an interventional strategy may be missed.

3. The Role of NPs to Predict Outcome after MV Surgery or Percutaneous Repair

During the last few years, percutaneous edge-to-edge MV repair with the MitraClip
(Abbott Vascular, CA USA) device has acquired increasing importance as a treatment option, especially
in patients with HF with an elevated surgical risk. However, many patients are still being treated with
the surgical MV repair or replacement, which represents the gold-standard procedure. Apart from the
reduction of MR, both percutaneous and surgical interventions may produce several hemodynamic
benefits, reducing LV and LA pressure and volume overload and, as a consequence, the myocardial
wall stretch [2,3].

In this context, several studies have assessed the role of NPs in the management of patients treated
with MV repair or replacement, investigating the sensibility of these biomarkers in identifying subjects
with a worse response to the performed interventional procedure and with a lower chance of survival.

In a study involving 65 patients treated with edge-to-edge valve repair, a low NT-proBNP
level, measured 6 months after the procedure, was associated with a significant reduction in LV
end-diastolic volume (LVEDV) and end-systolic volume (LVESV) and to an improvement in LV and
LA longitudinal strain [32]. Worse renal function, larger LVEDV, and a higher transmitral gradient
after MitraClip (Abbott Vascular, CA USA) implantation were independently associated with a higher
level of NT-proBNP at follow-up. Patients with low and medium NT-proBNP tertiles experienced a
significantly greater reduction in NYHA functional class symptoms and quality of life score compared
to those with a higher NT-proBNP level. At the 6-month follow-up, successful MR reduction was
observed in a higher number of patients with low and medium NT-proBNP tertiles, whereas severe
MR more often persisted in the high NT-proBNP tertile group (43%) [32].

After percutaneous valve repair, improvements in 6-minute walking distances and a decrease in
LV volumes were paralleled by a significant reduction of NT-proBNP level [33].

Hwang and colleagues identified a BNP cut-off level of 125 pg/mL associated with a higher risk of
cardiac death and re-hospitalization for cardiac causes in 117 patients who underwent surgical MV
replacement [34]. Interestingly, a study conducted with 44 patients treated with transcatheter valve
repair, as well as baseline levels of mid-regional proANP and NT-proBNP were significantly higher in
those who experienced death or re-hospitalization for HF during a median follow-up of 211 days [35].
In a cohort of 174 retrospectively examined patients, the NT-proBNP level was significantly associated
to survival at univariate analysis, but the independent predictive power of NT-proBNP was not
confirmed at multivariate analysis [36]. However, the post-operative NT-proBNP level maintained its
predictive role for a clinical outcome at multivariate analysis in other studies [37–39].

As for the pre-operative level, controversial findings were frequently reported with regard to the
post-operative level. In 59 patients who underwent percutaneous MV repair, achieving a reduction
of MR, an improvement of functional class, and structural reverse cardiac remodeling (reduced LA
volume and LVESD and increased LVEF), the NT-proBNP level did not decrease significantly [40].
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Similar findings were provided by Yoon et al. in a cohort of 144 patients successfully treated with
edge-to-edge repair, in which the NT-proBNP level did not significantly decrease after MV clipping.
In addition, NT-proBNP changes were not related to baseline LVEF and LV diameter and were
not able to predict cardiovascular outcomes during a 6-month follow-up [41]. Furthermore, in a
study which enrolled 194 patients treated with percutaneous valve repair, the NT-proBNP level
remained elevated (≥10,000 pg/mL) in those patients who achieved a reduction of MR to grade ≤2
(21%) [42]. These controversial results may be explained by differences in the sample size of the
enrolled populations, in the characteristics of the included patients (baseline LVEF, pulmonary artery
pressure, LV diameter and diastolic function), in the duration of the follow-up, and also the rhythm
status (i.e., sinus rhythm or AF) [43].

Finally, as for the pre-surgical management, it has not been clearly established which biomarker
should be chosen, which cut-off value should be considered for the risk assessment of the patients,
and which interval for serial monitoring of NPs has the best accuracy.

4. NPs Levels in MITRA-FR and COAPT Trials

Two recent trials have become available in patients subjected to MV repair. The MITRA-FR
(Percutaneous Repair with the MitraClip Device (Abbott Vascular, CA USA) for Severe
Functional/Secondary Mitral Regurgitation) trial, conducted in patients with severe secondary MR,
showed that percutaneous MV repair added to standard pharmacological therapy was unable to
reduce the rate of death or unplanned hospitalizations for HF at 1 year compared to those who received
medical therapy alone [44].

The Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure
Patients with Functional Mitral Regurgitation (COAPT) study demonstrated that the transcatheter MV
repair reduced the rate of hospitalizations for HF and all-cause mortality within 12 and 24 months
of follow-up [45]. Although the MITRA-FR and COAPT trials enrolled comparable populations of
patients with secondary MR, they obtained diametrically opposed results [44,45].

Several possible mechanisms have been proposed to explain the discrepant findings,
mostly focusing on the different echocardiographic characteristics of the subjects included in the two
trials [46,47]. The COAPT excluded patients with very severe LV dilation (LVESD< 70 mm), whereas LV
diameter did not represent an exclusion criterion in MITRA-FR. This resulted in a significant difference
in the documented mean LV volume (LVEDV 135 ± 35 mL/m2 in MITRA-FR vs. 101 ± 34 mL/m2 in
COAPT) [44–47]. More interestingly, the two populations had a different degree of MR, the EROA
being significantly greater in COAPT as compared with MITRA-FR (41 ± 15 mm2 vs. 31 ± 10 mm2,
respectively) [44–47]. According to these considerations, it has been supposed that the underlying
cardiac disease was probably the main cause of HF and the determinant of prognosis in MITRA-FR,
with MR being a marker of adverse LV remodeling. In contrast, the LV dysfunction was more related
to MR severity in COAPT, which also represented the main contributor to outcomes [48]. In such a
context, it has been proposed that the degree of MR was “proportionate” to the degree of LV dilatation
in MITRA-FR, whereas it was “disproportionate” in COAPT, and this parameter may have influenced
the different clinical response to the percutaneous repair procedure [46,47].

In this complex scenario, the differences in the baseline NP levels between the two studies may
mirror the different pathophysiological mechanisms. In the COAPT trial, both NT-proBNP and BNP
levels were significantly higher than in MITRA-FR (median NT-proBNP > 5100 vs. 3200 pg/mL
and median BNP >1000 vs. >760 pg/mL, respectively), and it may be argued that they were more
related to MR severity than to either LVEF or LV diameter [44,45]. In fact, a higher degree of MR may
have produced an increase in atrial and ventricular loading conditions, leading to a higher NP level.
Unfortunately, precise data about the LA dimension, diastolic function (i.e., assessed with E/e’ ratio),
and systolic pulmonary pressure were not provided in the two trial populations. Furthermore, the two
studies did not obtain any information about overtime changes in NPs levels after the transcatheter
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MV repair procedure. Therefore, their potential relationship to echocardiographic parameters and to
clinical outcomes could not be assessed in these trials.

5. NPs and Other Biomarkers

The most plausible pathophysiological explanation for the better association of NPs with pre- and
post-procedural outcomes may be their optimal capacity to reflect cardiac performance in different
hemodynamic conditions. Of note, lack of a sufficient number of studies using ANP as a marker in the
management of MR does not currently allow to make a robust comparison with BNP.

Several efforts have been made over the last few years to investigate the role of other biomarkers
in the MR condition, and have been previously reviewed [49]. More recently, other biomarkers have
been investigated with some interesting insights.

The neutrophil gelatinase-associated lipocalin (NGAL) and cystatin C, both markers of functional
and structural kidney damage, were shown to predict mortality in high-risk patients undergoing
percutaneous MV repair [50]. However, they had low accuracy, probably due to a lack of relationship
with the hemodynamic balance [35]. Similarly, the highly sensitive C-reactive protein (hsCRP),
a biomarker able to improve risk prediction for cardiovascular diseases, showed low performance
in the prognostic assessment of the MR patients [35]. On the other hand, the pre-operative level
of soluble ST-2, a member of the interleukin-1 receptor family previously described as a stronger
biomarker of myocardial stretch in HF, was correlated with LV function and structure after MV repair,
thus providing complementary prognostic information to NT-proBNP level [35]. The level of galectin-3,
a well-established marker of LV fibrosis, has been associated with worse cardiovascular outcomes after
MV repair [35]. Interestingly, low galectin-3 and ST2 plasma levels were predictors of therapeutic success
in 210 patients treated with percutaneous MV repair (PMVR) [51]. Of note, a lower galectin-3 level
was a predictor of MR improvement after cardiac resynchronization therapy (CRT) [52]. In addition,
biomarkers reflecting inflammation (hsCRP, interleukin-6) and cardiac remodeling processes (matrix
metalloproteinases (MMP-2 and MMP-9)) were associated with a higher risk of mortality following
the procedure [53]. The highly sensitive troponin T showed strong prognostic power in predicting
survival after transcatheter MV repair, with an accuracy comparable to that of a mid-regional proANP
level [35].

Of note, some evidence of the role of other parameters in the outcome prediction of MR patients
has been collected. For instance, it was found that abnormalities of the calcium-phosphate metabolism
may influence the health-related quality of life in patients with severe MR [54]. Amelioration of
oxidative stress and endothelial dysfunction may be indicators of successful MV repair in patients
with MV prolapse [55].

Finally, one study reported the negative prognostic impact of pre-procedural anemia in patients
who underwent PMVR with a higher baseline NT-proBNP level [56].

Based on the evidence collected so far, markers of mechanisms involved in the cardiac remodeling
process may be considered as complementary prognostic tools to the NP level.

6. Conclusions

The management of MR still represents a real challenge for physicians, since the assessment of
symptoms is difficult and the recommended diagnostic exams, such as the echocardiogram, are often
not accurately performed. It is well-known that NP secretion occurs in the presence of atrial and
ventricular stretch, as a consequence of pressure and volume overload, and that NPs are independent
predictors of mortality and morbidity in patients with severe MR. Due to their feasible measurement
and to their significant association with echocardiographic parameters of LV dysfunction and of
impaired filling, these biomarkers may represent an important tool to identify patients at elevated
risk of adverse clinical outcomes, in which early surgical or percutaneous intervention should be
considered (Figures 1 and 2).

240



J. Clin. Med. 2020, 9, 1348

Moreover, the NP level has also been documented to be a powerful independent predictor of
reduced cardiac event-free survival in patients treated with surgical or transcatheter valve repair or
replacement, thus representing potential instruments to significantly improve the evaluation of a short-
and long-term prognosis after these procedures.

Although some controversies still exist, the majority of findings discussed in our review article
are encouraging, and indicate NPs as potentially useful biomarkers for the clinical management of
MR. Further larger studies are needed to solve key issues, that is, to better define which biomarker
should preferably be used among NPs, which rest and eventually stress cut-off levels could clearly
identify high-risk patients, and which degree of variation between serial measurements may have the
best clinical accuracy. It is hoped that these future studies will allow the introduction of NP levels into
the guidelines for the management of MR.

Figure 1. Summary of the main topics discussed in this review. Abbreviation legends: CV= cardiovascular;
MR =mitral regurgitation; MV =mitral valve; NPs = natriuretic peptides.
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Figure 2. Main clinical implications of NPs in MR. Abbreviation legends: HF = Heart failure;
LA = left atrium; LV = left ventricle; NPs = natriuretic peptides; PMVR = percutaneous mitral valve repair.
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Abstract: The exact contribution of neutrophils to post-resuscitative brain damage is unknown.
We aimed to investigate whether neutrophil extracellular trap (NET) formation in the early phase
after return of spontaneous circulation (ROSC) may be associated with poor 30 day neurologic function
in cardiac arrest survivors. This study prospectively included adult (≥18 years) out-of-hospital
cardiac arrest (OHCA) survivors with cardiac origin, who were subjected to targeted temperature
management. Plasma levels of specific (citrullinated histone H3, H3Cit) and putative (cell-free DNA
(cfDNA) and nucleosomes) biomarkers of NET formation were assessed at 0 and 12 h after admission.
The primary outcome was neurologic function on day 30 after admission, which was assessed using
the five-point cerebral performance category (CPC) score, classifying patients into good (CPC 1–2)
or poor (CPC 3–5) neurologic function. The main variable of interest was the effect of H3Cit
level quintiles at 12 h on 30 day neurologic function, assessed by logistic regression. The first
quintile was used as a baseline reference. Results are given as crude odds ratio (OR) with 95%
confidence interval (95% CI). Sixty-two patients (79% male, median age: 57 years) were enrolled.
The odds of poor neurologic function increased linearly, with 0 h levels of cfNDA (crude OR 1.8,
95% CI: 1.2–2.7, p = 0.007) and nucleosomes (crude OR 1.7, 95% CI: 1.0–2.2, p = 0.049), as well as with 12
h levels of cfDNA (crude OR 1.6, 95% CI: 1.1–2.4, p = 0.024), nucleosomes (crude OR 1.7, 95% CI: 1.1–2.5,
p = 0.020), and H3Cit (crude OR 1.6, 95% CI: 1.1–2.3, p = 0.029). Patients in the fourth (7.9, 95% CI: 1.1–56,
p = 0.039) and fifth (9.0, 95% CI: 1.3–63, p = 0.027) H3Cit quintile had significantly higher odds of poor
30 day neurologic function compared to patients in the first quintile. Increased plasma levels of H3Cit,
12 h after admission, are associated with poor 30 day neurologic function in adult OHCA survivors,
which may suggest a contribution of NET formation to post-resuscitative brain damage and therefore
provide a therapeutic target in the future.
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1. Introduction

In cardiac arrest survivors good neurologic outcome remains difficult to achieve [1]. Brain injury
does not occur solely during circulatory interruption, but may progress during the reperfusion period
after sustained return of spontaneous circulation (ROSC) [2]. Ischemic reperfusion is considered
a main trigger of a complex cascade of pro-inflammatory and pro-thrombotic events occurring hours
to days after resuscitation, which may impair cerebral microvascular perfusion despite restoration
of macrovascular flow [3,4]. Recent data suggest that the response of neutrophils to hypoxia could be
an early and critical mediator of ischemic reperfusion injury [5]. This is consistent with previous studies
reporting substantial mortality and neurologic morbidity in resuscitated cardiac arrest patients with an
elevated number of blood neutrophils in relation to other leukocyte counts [6–8]. The mechanisms
by which neutrophils may contribute to post-resuscitative brain damage have, however, not yet
been elucidated.

In recent years, neutrophil extracellular traps (NETs) have emerged as a central player in inflammation,
thrombogenesis, and cardiovascular disease [9–14]. NETs are chromatin fibers consisting of histones,
cell free DNA (cfDNA), and granular proteins, and are released within minutes [15] to hours [16] following
activation by various stimuli including ischemia and reperfusion [17]. While NETs have primarily been
recognized as mediators of antimicrobial host defense, they may exert detrimental inflammatory and
procoagulant effects causing endothelial damage, platelet activation, microvessel occlusions, and ultimately
tissue malperfusion [18]. In particular, neutrophil histones and DNA are considered cytotoxic and
procoagulant components of NETs [19], and have been implicated in organ damage in various noninfectious
conditions [20,21]. Citrullination of histone H3 (H3Cit) by peptidylarginine deiminase 4 (PAD4) is a key
signal for chromatin decondensation and NET formation [22]. H3Cit is commonly accepted as a NET
biomarker, and has been measured in various studies to investigate NET formation. Despite this, the role
of NETs in cardiac arrest has not yet been investigated. Pro-inflammatory and pro-thrombotic properties,
however, render them possible mediators of neutrophil-borne brain injury after successful resuscitation.

We hypothesized that neutrophil extracellular trap (NET) formation may be associated with poor
neurologic function after cardiac arrest. This study aimed to assess plasma levels of NET biomarkers
in the early phase after ROSC and investigate its association with short-term neurologic function
in a selected cohort of out-of-hospital cardiac arrest (OHCA) survivors.

2. Methods

This prospective single-center observational cohort study was conducted at the Emergency
Department at the Medical University of Vienna. Adult (≥18 years) OHCA survivors with cardiac
origin who received in-hospital targeted temperature management (33 ± 0.5 ◦C) were enrolled.
Exclusion criteria included current oral anticoagulation therapy, thrombolytic therapy, intravascular
cooling, and application of extracorporeal assist devices (Figure S1). A waiver for written informed
consent was obtained from the local ethics committee. The informed consent was permanently waived
if the patient did not regain consciousness. Patients who regained consciousness were informed of their
participation as soon as they were able to understand the purpose of the study. Post-resuscitation care
was performed in accordance with the International Liaison Committee on resuscitation guidelines [23].
The primary outcome was neurologic function on day 30 after admission, which was assessed by
independent study fellows blinded to levels of NET-related biomarker measurement. For primary
outcome assessment, the five-point cerebral performance category (CPC) score was used, which classifies
patients into good (CPC 1–2) and poor neurologic function (CPC 3–5; 3 = severe cerebral disability,
4 = coma or vegetative state, 5 = death) [24].

Resuscitation-related parameters were collected via structured telephone interviews with
the dispatch center, the emergency physicians, and paramedics at the scene, as well as the bystander
who made the emergency call. These parameters included location of cardiac arrest (home vs. public),
initial rhythm (non-shockable vs. shockable), witness status, basic life support, downtime (interval from
collapse to ROSC), the amount of epinephrine administered, and the administration of heparin by
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the emergency medical service (EMS). Demographics and chronic health conditions that existed
pre-arrest were collected by review of past medical reports and interviews with relatives and the general
practitioner if available.

The study was approved by the ethics committee of the Medical University of Vienna
(EC Number 1674/2013) and conducted in accordance with Helsinki declarations.

2.1. Blood Sampling

Whole blood was obtained on admission immediately after vascular access was available and
again 12 h later and stored in blood collection tubes containing 3.8% trisodium citrate (Greiner BioOne,
Kremsmünster, Austria). Immediately thereafter, samples were centrifuged for 10 min at 3000 g and
platelet poor plasma was stored at −80 ◦C until final analysis.

2.2. Laboratory Analysis of NET Related Biomarker

Citrullinated histone H3 (H3Cit), nucleosome, and cell free DNA (cfDNA) levels were obtained
from plasma samples as previously described [12]. Briefly, cfDNA was measured using Quant-iT
PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Nucleosomes were measured using Cell Death Detection ELISAPLUS
(Roche Diagnostics, Mannheim, Germany) and the resultant values were compared to a plasma pool
from male healthy controls. H3Cit levels were obtained by using a Cell Death Detection ELISA Kit
(Sigma Aldrich, St. Louis, MO, USA). After overnight coating with anti-histone antibody at 4 ◦C,
the 96-well plate (Nunc MicroWell 96-well microplates, Thermo Fisher Scientific, Waltham, MA, USA)
was blocked with incubation buffer. After washing with phosphate buffered saline (PBS)-Tween,
self-made H3Cit standards as well as plasma samples were incubated for 1.5 h at room temperature
and washed again. Anti-H3Cit antibody (1:1000 ab5103, Abcam, Cambridge, MA, USA) was applied
and incubated for 1.5 h at room temperature. After another washing step, secondary antibody
(1:5000 goat anti-rabbit IgG horseradish peroxidase (HRP), Biorad, Hertfordshire, U.K.) was incubated
for 1 h at room temperature and washed again. Incubation with TMB (3,3′, 5,5′-tetramethylbenzidine,
Sigma Aldrich, St. Louis, MO, USA) for 25 min and the addition of 2% sulfuric acid resulted
in a colorimetric change, readable at 450 nm. Measurement of NET biomarkers was performed without
an awareness of neurologic assessment outcome. NET-related biomarkers were obtained in duplicate,
and the respective mean value was used for the final statistical analysis. Resulted values are given
in ng/mL, multiple-of-the-mean (MoM), and ng/mL for cfDNA, nucleosomes, and H3Cit respectively.

2.3. Statistical Methods

Categorical data are presented as absolute count numbers (n) and relative frequencies (%),
continuous data as medians and 25–75% interquartile ranges. The patients were analyzed according
to their neurologic function on day 30 (CPC 3–5/poor vs. 1–2/good). For between-group comparisons
we used the Mann–Whitney U test for continuous variables and the Fisher’s exact test for categorical
variables. We used a score test to assess a trend of increasing biomarker levels at specific time
points for neurologic outcome and logistic regression models, including each relevant co-variable
separately, to estimate the effect of NET biomarkers on neurologic function. A subgroup analysis
of the effect of H3Cit on the primary outcome included only patients with a CPC of 1–4 on day 30 after
admission. The score test is a nonparametric test for a trend across ordered groups as an extension
of the Wilcoxon rank-sum test [25]. Results are given as crude odds ratio (OR) with 95% confidence
interval (95% CI). NET biomarker levels were categorized into quintiles prior to analysis. The first
quintile of each biomarker level distribution was used as a baseline reference. Covariables judged to be
clinically plausible included age, sex, location of cardiac arrest (place of residence vs. public place),
initial rhythm (non-shockable vs. shockable), witnessed status, basic life support, downtime (interval
from collapse to ROSC equaling the sum of no-flow and low-flow time), amount of epinephrine
administered, and d-dimer and lactate levels. D-dimer and lactate levels were log transformed
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to normalize data distribution. The likelihood ratio test was performed to assess deviations from
linearity. The Spearman method was used to assess the correlation between plasma levels of cfDNA,
nucleosomes, and H3cit. No data-imputation was applied for missing data. We used Stata Statistical
Software (Release 14, StataCorp LLC, College Station, TX, USA) for data analysis and GraphPad
Prism Version 8.0.2 for Windows (GraphPad Software, La Jolla, CA, USA) to draw figures. Generally,
we considered a two-sided p-value < 0.05 as statistically significant.

3. Results

Between January 2014 and January 2017, 62 patients (79% male, median age: 57 years, 46–67)
with OHCA who had achieved ROSC on admission were enrolled. In total, 52% of patients (n = 32)
had a poor 30 day neurologic function. The number of patients with acute coronary syndrome was
similar between patients with good and those with poor 30 day neurologic function (77% vs. 66%,
p = 0.338). The time interval between collapse and study-related blood sampling was longer in patients
with poor outcome (65 min vs. 56 min, p = 0.033). At 12 h, both the neutrophil count (11.8 vs. 9.9 G/L,
p = 0.051) and the neutrophil-to-lymphocyte ratio (11.6 vs. 6.8, p = 0.046) were higher in patients with
poor function compared with those with good neurologic function. The characteristics of the study
patients, including median levels of NET-related biomarkers at 0 and 12 h, are shown in Table 1.
Across all patients, there was no association between H3Cit and cfDNA (0 h: rho = 0.05, p = 0.718;
12 h: rho = 0.18, p = 0.189) or nucleosome levels (0 h: rho = 0.06, p = 0.669; 12 h: rho = 0.13, p = 0.328),
neither on admission nor 12 h later. In contrast, cfDNA levels correlated with nucleosome levels at both
time points (0 h: rho = 0.64, p < 0.001; 12 h: rho = 0.53; p < 0.001).

Table 1. Patient characteristics according to neurologic function on day 30. Data are n (%) or median
(25–75% interquartile range).

Variable
Total

(n = 62)
Good Function

CPC 1–2 (n = 30)
Poor Function

CPC 3–5 (n = 32)
p-Value

Male sex 49 (79) 25 (83) 24 (75) 0.421
Age, years 57 (46–67) 52 (44–61) 61 (53–70) 0.030 *

Cause of cardiac arrest 0.338
Acute coronary syndrome 44 (71) 23 (77) 21 (66)

Primary arrhythmia 18 (29) 7 (23) 11 (34)
PCI with stenting 42 (68) 22 (73) 20 (63) 0.362

Resuscitation characteristics
CPC prior to cardiac arrest

1.0CPC 1 61 (98) 30 (100) 31 (95)
CPC 2 1 (2) 0 1 (5)

Location of cardiac arrest

0.290Place of residence 35 (57) 19 (63) 16 (50)
Public place 27 (43) 11 (37) 16 (50)
Witnessed 54 (87) 28 (93) 26 (81) 0.258

Basic life support 44 (71) 23 (77) 21 (66) 0.338
Shockable rhythm 46 (77) 27 (93) 19 (61) 0.004 *

Administration of heparin by EMS 28 (45.2) 14 (47) 14 (44) 0.795
Epinephrine, mg 3 (1–4) 1 (0–4) 3 (2–5) 0.004 *
Down time, min 29 (19–47) 23 (11–36) 38 (24–50) 0.011 *

Temp at admission, ◦C 35.3 (34.8–35.7) 35.4 (35.0–35.6) 35.1 (34.7–36) 0.676
Time from collapse to blood

sampling, min 60 (49–72) 65 (52–87) 56 (43–65) 0.033 *

Laboratory values
Lactate, mmol/L 0 h 7 (5–10) 6 (3–7) 10 (6–12) 0.001 *
D-dimer, μg/mL 0 h 8 (3–17) 4 (2–8) 14 (8–21) 0.003 *
D-dimer, μg/mL 12 h 4 (2–6) 2 (1–4) 6 (3–8) 0.009 *

Aptt, s 0 h 47 (36–121) 48 (33–129) 46 (37–119) 0.444
Aptt, s 12 h 37 (34–42) 37 (34–42) 38 (34–45) 0.487

Prothrombin time, % 0 h 79 (67–61) 79 (64–88) 78 (71–91) 0.418
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Table 1. Cont.

Variable
Total

(n = 62)
Good Function

CPC 1–2 (n = 30)
Poor Function

CPC 3–5 (n = 32)
p-Value

Prothrombin time, % 12 h 77 (66–87) 80 (68–88) 76 (63–86) 0.549
Fibrinogen, mg/dL 0 h 290 (242–322) 297 (246–317) 283 (240–343) 0.983

Fibrinogen, mg/dL 12 h 297 (258–350) 295 (260–346) 308 (241–359) 0.502
Platelet count, G/L 0 h 204 (163–245) 204 (163–235) 204 (164–251) 0.972
Platelet count, G/L 12h 193 (141–240) 193 (141–239) 193 (150–252) 0.490

CRP, mg/dL 0 h 0.2 (0.1–0.6) 0.2 (0.1–0.4) 0.3 (0.1–0.7) 0.410
CRP, mg/dL 12 h 1.6 (0.7–3.1) 1.0 (0.3–2.8) 1.7 (1.0–3.3) 0.057

Neutrophils 0 h, G/L 8.5 (6.2–12.8) 7.8 (6.0–12.8) 9.6 (6.4–13.2) 0.443
Neutrophils 12 h, G/L 10.9 (8.5–14.6) 9.9 (7.7–12.2) 11.8 (8.8–16) 0.051

NLR 0 h 2.5 (1.4–4.4) 2.6 (1.4–4.7) 2.4 (1.3–3.8) 0.375
NLR 12 h 10.3 (6.1–14.8) 6.8 (5.7–11.5) 11.6 (7–18) 0.046 *

cfDNA 0h, ng/mL 1481 (948–2176) 1197 (835–1544) 1898 (1148–2377) 0.007 *
cfDNA 12 h, ng/mL 555 (436–721) 489 (404–634) 593 (516–807) 0.016 *

Nucleosomes 0 h, MoM 4.4 (2.4–7.1) 3.8 (1.6–4.9) 5.6 (2.8–9.7) 0.032 *
Nucleosomes 12 h, MoM 0.7 (0.3–1.8) 0.4 (0.2–1.1) 1.1 (0.5–2.4) 0.036 *

H3Cit 0 h, ng/mL 447 (228–772) 447 (229–744) 434 (205–899) 0.755
H3Cit 12 h, ng/mL 386 (207–968) 299 (146–789) 667 (300–1201) 0.047 *

cfDNA, cell-free DNA; CPC, cerebral performance category; CRP, C-reactive protein; EMS, emergency medical
service; H3Cit, citrullinated histones H3; MoM, multiple-of-the-mean; NLR, neutrophil-to-lymphocyte ratio;
PCI, percutaneous coronary intervention; Temp, temperature; TnT, troponin. * indicates significance.

The poor neurologic function group had higher on-admission levels of cfDNA (1898 vs. 1197 ng/mL,
p = 0.007) and nucleosomes (5.6 vs. 3.8 MoM, p = 0.032), but similar levels of H3Cit (434 vs. 447 ng/mL,
p = 0.755) compared to patients with good neurologic function. While median levels of cfDNA and
nucleosomes decreased in both groups from admission to 12 h, median levels of H3Cit increased in patients
with poor 30 day neurologic function (Figure 1). At 12 h, all three biomarkers were higher in patients with
poor 30 day neurologic function (cfDNA, 589 vs. 493 ng/mL, p = 0.016; nucleosomes, 1.1 vs. 0.4 MoM,
p = 0.036; H3Cit, 667 vs. 299 ng/mL, p = 0.043). The score test showed a consistent trend towards poor
neurologic function with increasing NET biomarker levels (p < 0.05) on admission (p > 0.85). This did not
apply to H3Cit levels (Table S2).

In crude regression analysis, the odds of poor neurologic function on day 30 increased with
increasing levels of NET-related biomarkers at both time points (Figure 2). In this, 0 h levels of cfDNA
and nucleosomes were associated with 1.8 (crude OR, 95% CI: 1.2–2.7, p = 0.007) and 1.7 (crude OR,
95% CI: 1.0–2.2, p = 0.049) times higher odds of poor neurologic function. 12 h levels of cfDNA,
nucleosomes, and H3Cit were associated with 1.6 (crude OR, 95% CI: 1.1–2.4, p = 0.024), 1.7 (crude OR,
95% CI: 1.1–2.5; p = 0.02), and 1.6 (crude OR, 95% CI: 1.1–2.3; p = 0.029) times higher odds of poor
neurologic function. In patients with a CPC of 1–4 (n = 50), the odds of poor neurologic function on
day 30 likewise increased with increasing 12 h levels of H3Cit (crude OR 1.7, 95% CI 1.0–3.0). The test
for deviation from linearity indicated a linear association for all these biomarkers. The effect remained
unchanged after adjustment for covariables (Table S1).
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Figure 1. Plasma levels of neutrophil extracellular trap (NET) components (y-axis) on admission (0 h)
and at 12 h (x-axis) in patients with good (left) and poor (right) 30 day neurologic function. Median
levels of cfDNA and nucleosomes decreased in both groups from 0 to 12 h, while median H3Cit levels
increased only in patients with poor 30 day neurologic function. Grey lines indicate individual data
points, black lines represent median levels of NET-related biomarkers. * indicates significant difference.
Individual and median d-dimer levels at 0 h and 12 h in the poor outcome group are available in the
Supplementary Materials (Figure S2).
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Figure 2. The crude odds of poor 30 day neurologic function (x-axis; crude odds ratio, log scale)
according to plasma level quintiles of NET components (y-axis) on admission (left) and at 12 h (right).
Confidence bands represent 95% confidence intervals. MoM, multiple-of-the-mean.

4. Discussion

Neurologic disability causes a high degree of morbidity in cardiac arrest survivors. This study
investigated whether early plasma NET formation is associated with poor neurologic 30 day function
following successful out-of-hospital resuscitation. The study was built on previous data suggesting
a possible role of neutrophils in the development of post-resuscitative organ damage and was driven
by the hypothesis that excessive NET release upon ischemic reperfusion may contribute to cerebral
micro-circulatory compromise and thus neurologic disability in cardiac arrest survivors [5–8].

Previous studies reported increased mortality and neurologic morbidity in resuscitated cardiac
arrest patients presenting with markers of neutrophil inflammation or elevated neutrophil counts
in proportion to other leucocytes [6–8,26–28]. However, it has not been investigated whether these
findings simply reflect stress response or whether neutrophils might be causally involved in the
progression of organ injury following successful resuscitation.

This study provides a first indication that components of NETs may be involved in post-resuscitative
brain damage. We found that NET-related biomarkers were already markedly elevated in cardiac arrest
survivors at the time of admission, with these being even higher than levels measured in patients with
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cancer [12]. Although median levels of cfDNA and nucleosomes decreased over time, median levels
of H3Cit increased in patients with poor neurologic function and were 30-fold higher at 12 h compared
to those with good neurologic function on day 30.

cfDNA and nucleosomes are structural components of NETs but may have various sources and
do not necessarily indicate their formation. Both are unspecific markers of cell death and cell turnover
and may be interpreted as a measure of disease burden, but do not necessarily reflect the mechanism
or source of disease. In this context, cfDNA levels have previously been shown to correlate with
hospital mortality in cardiac arrest survivors [29]. H3Cit, in contrast, is considered a specific indicator
of NET formation. Consistently, in this study, levels of cfDNA and nucleosomes on admission were
significantly higher in patients with poor 30 day neurologic function, but decreased after successful
resuscitation. In contrast, median H3Cit increased to significant levels at 12 h only in patients with
poor 30 day neurologic function. It is likely that H3Cit are not detectable immediately upon admission,
but take time to be formed, while less-specific markers originating from ischemic cell damage fall after
ROSC. The lack of correlation between cfDNA and nucleosomes and H3Cit levels in our patients may
further suggest that the biomarkers have different origins, and this is consistent with previous data on
NET formation in patients with cancer [12], in whom H3Cit levels were likewise associated with an
increased risk of mortality [30].

Although links in the chain of survival have substantially improved over the past decades,
neurologic outcomes remain poor [31]. This is mainly attributable to the fact that several outcome-success
factors cannot be influenced, such as witness status or a bystander’s capability to provide basic life
support. It might, however, highlight the lack of knowledge of the mechanisms driving post-resuscitative
organ damage, limiting current post-resuscitation care to targeted temperature management [32].

The potential of post-resuscitation care to improve neurologic outcome is yet to be realized.
Timely targeted interventions may offer the opportunity to alleviate or even interrupt early organ
damage cascades triggered by ischemic reperfusion. Our data show that NETs may be associated with
poor neurologic function 30 days after successful resuscitation. In contrast to previously identified
coagulation makers associated with poor outcome after cardiac arrest [33,34], NET components may
have the potential to serve as therapeutic target structures. NET-targeting agents administered soon
after or even during resuscitation could contribute to preventing secondary brain injury and improving
neurologic function. Supporting evidence comes from a recent mouse model study that shows the critical
involvement of high mobility group box 1 formation in NET formation [35]. High mobility group box 1
is released by neutrophils [36], and the inhibition of high mobility group box 1 formation upon ischemic
reperfusion successfully attenuated post-resuscitative brain injury in a rat model study [37].

However, it remains to be determined which step of NET formation should be targeted for therapy
and which component of NETs is most appropriate to serve as a target structure. From our data we
are able to infer that the early inhibition of histone H3 citrullination by selective peptidylarginine
deiminase 4 (PAD 4) inhibitors might be a promising approach. This has already proven effective
in disrupting in vitro NET formation in mouse and human neutrophils as well as in vivo [38,39].
Therapeutic degradation of formed NETs by DNase 1 may be an alternative or additional approach,
one that has already been successfully used in mouse models to prevent thromboembolic disease [40].
In septic mice, infusion of DNase 1 resulted in significantly lower quantities of intravascular thrombin
activity, reduced platelet aggregation, and ultimately improved microvascular perfusion.

The use of DNase 1 might be particularly beneficial in cardiac arrest patients with myocardial
infarction, as coronary DNase activity has been found to negatively correlate with coronary NET
burden and also with infarct size [11]. In this study, we analyzed a group of patients who had cardiac
arrest of cardiac etiology. These patients commonly receive early antithrombotic and anticoagulant
therapy and may thus be prone to experiencing hemorrhagic complications. A possible advantage
of PAD 4 inhibitors and DNase 1 may be that both are considered to preserve physiological coagulation
and thus should not cause additional bleeding risk [40]. Until advancements are made in human
clinical testing, we can only speculate on the safety of these substances in humans. If further studies
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confirm our results, however, interventional trials investigating the safety and efficacy of NET-targeting
agents in resuscitated animals may be warranted.

Limitations

The study was mainly limited by its sample size, resulting in large confidence intervals and
the limited outcome events rate. We attempted to compensate for possible confounding by adjustment
for clinically plausible covariables. Multivariable analyses including each relevant co-variable separately
did not indicate relevant confounding. We included and analyzed a highly selected sample of patients
with cardiac arrest of cardiac etiology who had achieved ROSC prior to hospital admission. Appropriate
caution needs to be taken when interpreting our results. Furthermore, it must be mentioned that single
patients with poor 30 day neurologic function did not show an increase in H3Cit levels from 0 to 12 h,
while H3Cit levels did increase in some individuals with good neurologic outcome. Larger sampled
studies investigating a more heterogeneous sample of cardiac arrest patients over a prolonged period
of time may expand our results and aim at identifying specific patient characteristics, which allow
for reliable prediction of NET formation in the individual patient in the early post-resuscitative stage.

Furthermore, a gold standard method for reliable measurement of NET formation in plasma is not
available. We assessed three established NET-related biomarkers including H3Cit, which is considered
a specific indicator of NET formation in plasma. It is, however, conceivable, that the assessment
of additional NET components may gain test specificity and ultimately provide different results.
The most reliable measure would perhaps be direct visualization of tissue NET formation, which may
be investigated once a validated method becomes available.

Finally, we analyzed NET biomarker levels at only two time points, on admission and 12 h later.
A more precise assessment of the time course of NET formation after cardiac arrest, however, may be
of interest, because any NET-targeted therapy should likely be administered as early as possible
to achieve the maximum beneficial effect.

5. Conclusions

We found that plasma levels of NET biomarkers assessed at an early post-resuscitative stage
are associated with poor 30 day neurologic function in successfully resuscitated adults with OHCA.
Further studies may assess whether NETs are causally involved in the pathophysiology of post-resuscitative
brain damage, as well as discovering which components of NETs may have the potential to serve as
therapeutic target structures to improve neurologic outcomes in cardiac arrest survivors in the future.
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Abstract: The systemic response to ischemia-reperfusion that occurs after a cardiac arrest (CA)
followed by the return of spontaneous circulation leads to endothelial toxicity and cytokine production,
both responsible for the subsequent occurrence of severe cardiocirculatory dysfunction and early
death. Resistin is emerging as a biomarker of proinflammatory status and myocardial ischemic
injury and as a mediator of endothelial dysfunction. The study aimed to analyze the possible
associations between several clinical and biological variables and the serum levels of resistin in
CA survivors. Forty patients with out-of-hospital resuscitated CA, were enrolled in the study.
Demographic, clinical and laboratory data (including serum resistin measurements at admission
and at 6, 12, 24, 48 and 72 h) were recorded. For resistin, we calculated the area under the curve
(AUC) using the trapezoidal method with measurements from 0 to 12 h, 0 to 24 h, 0 to 48 h and 0
to 72 h. Fifteen (37.5%) patients died in the first 72 h after CA. Cardiovascular comorbidities were
present in 65% of patients. The majority of patients had post-CA shock (29 (72.5%)). Resistin serum
levels rose in the first 12–24 h and decreased in the next 48–72 h. In univariate analysis, advanced age,
longer duration of resuscitation, high sequential organ failure assessment score, high lactate levels,
presence of cardiovascular comorbidities and the post-CA shock were associated with higher resistin
levels. In multivariate analysis, post-CA shock or cardiovascular comorbidities were independently
associated with higher AUCs for resistin for 0–12 h and 0–24 h. The only identified variable to
independently predict higher AUCs for resistin for 0–48 h and 0–72 h was the presence of post-CA
shock. Our data demonstrate strong independent correlation between high serum resistin levels,
cardiac comorbidities and post-CA shock. The impact of the post-CA shock on serum concentration
of resistin was greater than that of cardiac comorbidities.

Keywords: cardiac arrest; resistin; post-cardiac-arrest shock

1. Introduction

One of the relatively common presentations in the emergency department (ED) is that of a patient
who suffered an out-of-hospital cardiac arrest (OHCA). Regardless of the etiology of cardiac arrest
(CA), the physicians’ efforts are centered on the early control of all consequences secondary to the
interruption of blood flow to organs and return of spontaneous circulation (ROSC). They are known
under the term of post-cardiac-arrest syndrome (PCAS)—which is responsible for the high mortality of
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post-resuscitation patients [1,2]. In PCAS, four components have been described: post-cardiac-arrest
brain injury, post-cardiac-arrest myocardial dysfunction, systemic response to ischemia/reperfusion
and persistent precipitating pathology [2]. Although post-cardiac-arrest brain injury remains an
important cause of mortality and morbidity among CA patients, the other elements of PCAS (like
systemic response to ischemia/reperfusion) also lead to multiple organ failure and early death [2,3].

The pathophysiology of PCAS is very complex and involves ischemia-reperfusion injury
and activation of nonspecific mechanisms of systemic inflammatory response. Summarizing the
process, the oxygen supply during ischemia is reduced and the cellular metabolism is affected,
ultimately resulting in an increase in the intracytoplasmic calcium concentration responsible for the
first cellular and tissue lesions. During the reperfusion phase, following restoration of the blood
flow, reactive oxygen species formed during the ischemic phase induce cell death through their
cytotoxic effect (inactivation of cytochromes, alteration of membrane transport proteins, inducing lipid
peroxidation of the membrane). The pro-oxidant state that occurs inside the cells marks the transition
to the next stage, characterized by aggressive endothelial toxicity. The onset of vascular endothelial
lesions paves the way to systemic inflammation via the ischemia-reperfusion mechanisms: cytokine
production, complement activation, arachidonic acid synthesis, leukocyte adhesion to endothelial cells
and triggering of activation and chemotaxis of polymorphonuclear neutrophils at the origin of the
inflammatory response. All of these are responsible for the subsequent development of multiple organ
failure. Of note, the activation of the systemic inflammatory response is also associated with changes in
coagulation (intravascular coagulation dissemination), which generate additional endothelial lesions.
This creates a vicious circle where inflammatory lesions and coagulation abnormalities induce further
organ damage by accentuating pre-existing lesions and enhancing the persistence of the precipitating
pathology of CA, more likely in close dependence with the duration of resuscitation and the rhythm of
CA [4–7].

In the past few years, the research community has been focused on identifying biomarkers able to
adequately predict the severity of the lesions that underline the pathophysiological processes in CA.

Resistin is a cysteine-rich, adipose-derived peptide hormone encoded by the RETN gene that
is highly expressed in circulating monocytes, macrophages and vascular endothelium [8–10]. It is
involved in numerous pathological processes (obesity, disorders of glucose and insulin metabolism,
atherosclerosis, malignancies, rheumatic diseases, chronic kidney disease, etc.) [11–14]. Resistin has
been suggested as a marker of the severity of myocardial ischemic lesion [8,12] and proposed as a
mediator of endothelial dysfunction [8,12,15–17]. Moreover, resistin has been potentially introduced
as a marker of proinflammatory status (cytokine-like) in relation to sepsis and in other nonseptic
critical pathologies [8,12–14]. In a previous study, we investigated the role of resistin as a biomarker
for predicting mortality after CA. The results showed that elevated serum resistin levels were highly
predictive of mortality in critically ill patients who survived a CA [14,18].

Taking into account the proposed mechanisms of action of resistin and the pathophysiology of
CA, the aim of our study was to investigate the clinical and biological variables that correlate with
serum resistin levels in CA survivors.

2. Materials and Methods

A prospective, analytical, longitudinal, observational cohort study included consecutive patients
resuscitated after the OHCA and admitted to the ED of County Emergency Hospital Cluj-Napoca
between May 2016 and October 2017. Informed consent for inclusion in the study was obtained from
patients’ proxies in all cases. The study was conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Ethics Committee of “Iuliu Haţieganu” University of Medicine
and Pharmacy, with registration number 59/14.03.2016.

The inclusion criteria were as follows: age between 18–85 years and resuscitated OHCA. The
exclusion criteria were as follows: ages under 18 or over 85 years, pregnancy, re-arrest with unsuccessful
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resuscitation within 6 h from hospital arrival, inmates, absence of informed consent and CA due to
trauma, acute bleeding from nontraumatic condition, hypothermia or terminal neoplastic disease.

2.1. Study Protocol and Laboratory Assays

The management protocol of the patients admitted to the study, the post-CA shock definition and
the lab protocols were previously described [18].

Each patient with out-of-hospital CA admitted to the study was resuscitated by emergency
medical team members according to the recommendations of the European Resuscitation Council
2015 [19,20]. Fluids infusion and vasoactive drugs (adrenaline, noradrenaline, dopamine, dobutamine),
alone or in combination, were administered in order to maintain mean arterial pressure ≥65 mmHg
and urine output ≥0.5 mL/kg/h. For patients remaining comatose after successful resuscitation, able to
maintain a systolic blood pressure above 90 mmHg (mean arterial pressure—MAP ≥65 mmHg) and
without sepsis, controlled therapeutic hypothermia was administered in the first 24 h, in order to
maintain a central temperature with a target between 34–35◦C, using ice bags and cooling blanket.
Reheating was slow, at a rate of 0.25–0.5 ◦C/h. According to local protocols which follow current
guidelines, hyperthermia, seizures and hyperglycemia were avoided and immediately treated [21,22].

Blood samples were drawn from a peripheral vein where no medication was administered,
at 0-time interval (emergency admission), 6, 12, 24, 48 and 72 h following resuscitation. Five-milliliter
biochemistry vacutainers with serum separator clot activator were used for blood sample collection.
To collect blood samples, we used 5 mL biochemistry vacutainers with serum separator clot activator.
The identified hemolyzed samples were excluded and blood samples were immediately repeated.
Samples were centrifuged at 3000 rotation/minutes during the first 60 min after collection and were
stored at −70 ◦C. Subsequently, serum concentrations of biomarkers (resistin, S-100B and NSE) were
analyzed using a quantitative sandwich immunoassay technique (ELISA; BioVendor, LM, Czech
Republic) according to the manufacturer’s instructions. After processing, defrosted blood samples
were no longer used and underwent destruction.

For every patient, the following data were recorded: demographic (age, gender), clinical
(presence of cardiovascular diseases and/or strong risk factors for cardiovascular disease (arterial
hypertension, coronary artery disease, valvular heart disease, congestive heart failure, history of stroke,
diabetes mellitus and obesity), the rhythm of OHCA, duration of resuscitation, body mass index
(BMI), presence of post-CA shock), sequential organ failure assessment (SOFA) score at admission
and laboratory data (lactate and glycemia at admission; resistin at 6, 12, 24, 48 and 72 h). Obesity was
defined by a body mass index (BMI) ≥30 kg/m2. The overweight was classified at a BMI between 25
and 29.9 kg/m2. Post-CA shock was defined as the need to administer vasoactive/inotropic therapy
to maintain a MAP >65 mmHg for at least 6 h immediate after return of spontaneous circulation,
although fluid therapy was adequate.

2.2. Statistical Analysis

Statistical analysis was performed using the MedCalc Statistical Software version 18.11.3 (MedCalc
Software bvba, Ostend, Belgium; https://www.medcalc.org; 2019). Quantitative data normality was
assessed using the Shapiro–Wilk test, measures of skewness and kurtosis and histograms. Quantitative
data were expressed as median and interquartile range (IQR). Qualitative data were characterized
by frequency and percentage. For resistin, we calculated the area under the curve (AUC) using
the trapezoidal method with measurements from 0 to 12 h, 0 to 24 h, 0 to 48 h and 0 to 72 h. The
sample size was calculated from a pilot study (13 patients with post-CA shock and 4 patients without
post-CA shock). Calculated AUC for resistin, for 0–12 h measurements, showed a 24 ng × h/mL
mean difference between the two groups. For a type 1 (a) error of 0.01 and a type 2 (b) error of
0.05, we calculated a sample size of 34 patients. The power of the study was calculated as 95%.
Correlations between quantitative variables were assessed using the Spearman’s rank correlation
coefficient. The differences between groups were verified with Mann–Whitney test. In order to find
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out which variables can be independently linked to resistin, we constructed several models using
multiple linear regressions. Due to the fact that the resistin values followed a non-normal distribution,
we performed a logarithmic transformation. We introduced the variables that were significantly
associated with the AUCs for resistin during the univariate analysis. A p-value of less than 0.05 was
considered statistically significant.

3. Results

Forty patients admitted to ED who met the inclusion criteria were included in the study. Patient
characteristics are described in Table 1. On the first and second day, 12 (30%) patients died, and by
the third day there were another three (7.5%) deaths. The 25 survivors after 72 h were followed for
30 days, and we recorded the deaths of 13 of them in this interval. Most of the recorded CA rhythm
was asystole. Of the total number of patients admitted in our study, only 11 (28.5%) patients did not
develop immediate post-resuscitation shock. Of the total admitted patients, 14 (35%) were obese and
20 (50%) were overweight.

Table 1. Baseline characteristics of the study group.

Characteristics
Eligible Patients with CA

(n = 40)

Age, years, median (IQR) 67 (59.2 to 76.0)

Gender, n (%)
Female 12 (30.0)

Male 28 (70.0)

Presenting rhythm, n (%)

Asystole 23 (57.5)

PEA 5 (12.5)

VF 11 (27.5)

VT without pulse 1 (2.5)

Duration of CPR, minutes, median (IQR) 15 (7.7 to 28.7)

Current smoking, n (%) 4 (10)

Chronic alcohol consumer, n (%) 5 (12.5)

Medical history, n (%)

Non-cardiovascular
comorbidities

18 (45.0)

Cardiovascular comorbidities 26 (65.0)

Arterial hypertension 23 (57.5)

Coronary artery disease 17 (42.5)

Valvular heart disease 8 (20%)

Congestive heart failure 15 (37.5)

Stroke 3 (7.5)

Diabetes mellitus 7 (17.5)

BMI, median (IQR) 28 (26.0 to 31.0)

Obesity, n (%) 14 (35)

SOFA score, median (IQR) 15 (12.0 to 16.0)

Patients with post-CA shock, n (%) 29 (72.5)

Lactate (mmol/L), median (IQR) 10.42 (7.6 to 12.9)

Blood glucose (mg/dL), median (IQR) 249.0 (156.0 to 330.0)

IQR = interquartile range; PEA = pulseless electrical activity; VF = ventricular fibrillation; VT = ventricular
tachycardia; CPR = cardiopulmonary resuscitation; BMI = body mass index; SOFA = sequential organ failure
assessment score; CA = cardiac arrest.
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For serum resistin levels we calculated the AUCs using the trapezoidal method with measurements
from 0 to 24 h, 0 to 48 h and 0 to 72 h. Resistin levels and AUCs showed an increase in the first 12 h
after admission, followed by a gradual decrease in the next 60 h (Table 2).

Table 2. Median serum levels of resistin and the AUC for resistin during the first 72 h.

Variable Median (IQR)

Resistin, (ng/mL)

at 0 h 7.1 (4.6 to 11.8)

at 6 h 9.8 (4.4 to 17.7)

at 12 h 13.5 (5.5 to 21.0)

at 24 h 12.3 (6.7 to 21.0)

at 48 h 7.2 (3.5 to 14.6)

at 72 h 7.4 (3.6 to 11.9)

AUC resistin, (ng × h/mL)

in the first 12 h 26.0 (11.5 to 43.2)

in the first 24 h 25.8 (15.2 to 44.7)

in the first 48 h 16.6 (10.4 to 35.1)

in the first 72 h 34.6 (17.9 to 46.5)

AUC = area under the curve; IQR = interquartile range.

We found that SOFA score and serum lactate values at admission were the most important clinical
and laboratory parameters associated with serum resistin levels (strong positive correlation to all
repeated measurements) (Table 3). The serum resistin levels were not influenced by BMI.

Table 3. Correlations between the AUCs for resistin and the study quantitative variables.

Variable
AUC for 0–12 h AUC for 0–24 h AUC for 0–48 h AUC for 0–72 h

r p r p r p r p

Age, years 0.316 0.04 0.360 0.03 0.467 0.01 0.356 0.08

Duration of CPR, minutes 0.364 0.02 0.386 0.02 0.414 0.02 0.357 0.08

BMI 0.039 0.8 –0.148 0.4 –0.183 0.3 –0.141 0.5

SOFA score 0.586 <0.001 0.579 <0.001 0.510 0.006 0.529 0.007

Lactate (mmol/L) 0.499 <0.001 0.592 <0.001 0.501 0.007 0.509 0.009

Blood glucose (mg/dL) 0.185 0.2 0.417 0.01 0.176 0.3 –0.023 0.9

AUC = area under the curve; CPR = cardiopulmonary resuscitation; BMI = body mass index; SOFA = sequential
organ failure assessment score; r = correlation coefficient.

The AUCs for resistin were higher in patients who presented asystole or PEA rhythm of CA
(especially), cardiovascular comorbidities, history of congestive heart failure, arterial hypertension or
post-CA shock (Table 4). We found no associations between AUCs for resistin and history of coronary
artery disease, stroke, diabetes mellitus, obesity, smoking or alcoholic beverages.

Several models based on multiple linear regression were used in order to determine the
independent association between clinical/laboratory data and the AUCs for resistin. The variables that
were significantly linked to the AUCs in the univariate analysis were introduced in the models. Due
to the fact that the resistin values followed a non-normal distribution, we performed a logarithmic
transformation. When we introduced the history of congestive heart failure or arterial hypertension
as separate variables, we found no statistically significant association with the log AUCs for resistin.
Post-CA shock or cardiovascular comorbidities were independently associated with the log AUC for
resistin for 0–12 h and 0–24 h. The only identified variable independently linked to the log AUC for
resistin for 0–48 h and 0–72 h was the presence of post-CA shock (Table 5).
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Table 5. Multiple linear regression for the AUCs for resistin.

Variables for the log of AUC for 0–12 h B
p 95.0% CI for B

Min Max

(Constant) 0.784 <0.001 0.581 0.988

Post-CA shock 0.528 <0.001 0.309 0.747

Cardiovascular comorbidities 0.214 0.04 0.009 0.419

Variables for the log of AUC for 0–24 h B
p 95.0% CI for B

Min Max

(Constant) 0.954 <0.001 0.768 1.140

Post-CA shock 0.415 <0.001 0.211 0.619

Cardiovascular comorbidities 0.201 0.04 0.004 0.397

Variables for the log of AUC for 0–48 h B
p 95.0% CI for B

Min Max

(Constant) 0.939 <0.001 0.739 1.139

Post-CA shock 0.470 0.001 0.212 0.727

Variables for the log of AUC for 0–72 h B
p 95.0% CI for B

Min Max

(Constant) 1.321 <0.001 1.154 1.488

Post-CA shock 0.303 0.01 0.079 0.526

AUC = area under the curve; B = standardized beta coefficient; CA = cardiac arrest.

4. Discussions

CA involves the most severe form of circulatory failure. The complex changes produced
by disruption of cell morpho-functional integrity during the general ischemia phase do not stop
with the return of spontaneous circulation and are subsequently supplemented by those appearing
during the reperfusion phase. The release of proinflammatory cytokines with the onset of systemic
inflammatory response syndrome and endothelial damage (with coagulation/anticoagulation and
fibrinogenesis/fibrinolysis imbalance) are intricate mechanisms that ultimately contribute to organ
failures with negative impact prognosis of resuscitated patients [6,8,13,14,23].

In our previous study, we investigated for the first time the serum levels of resistin as a possible
predictor of mortality after CA. Our results were promising, showing that high serum values of
resistin accurately predicted death at 30 days, making resistin a marker with a high predictive value of
survival [14,18].

However, resistin levels can be influenced by a variety of factors, such as the presence of
atherosclerosis, obesity or sepsis. In light of this, we investigated the possible correlations of several
clinical and biochemical factors with the serum concentration of resistin in patients with CA, for a
better understanding of its role in CA [18].

Initially described in 1994 as a way of quantifying organ dysfunction by evaluating respiratory,
cardiovascular, hepatic, renal, neurological and coagulation systems [24], the SOFA score remained
useful over the years and is now being used with accuracy in quantifying the prognosis of critically ill
patients [25]. The ischemia-reperfusion lesion is one of the most important mechanisms that link CA to
multiple organ failures, including circulatory and cardiac dysfunction. Our results showed that there
is a strong correlation between the severity of the disease (quantified by the SOFA score) and serum
levels of resistin, a potential marker that may correctly reflect organ failures.

Over time, elevated levels of resistin have been associated with increased risk of coronary heart
disease, especially with myocardial infarction (but not with stroke) [26] and with the degree of heart
failure, both responsible for increasing the rate of cardiac events, including the risk of death [26,27].
At the same time, obesity, diabetes, high carbohydrate and unsaturated fat diet and chronic alcohol
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consumption, but not smoking, were described as cardiovascular risk factors correlated with elevated
human serum resistin levels [28–31]. In our study, we found no associations between resistin levels in
patients with CA and history of coronary artery disease, stroke, diabetes mellitus, obesity, smoking or
alcoholic beverages. This reinforces the idea that in an acute critical illness high levels of resistin (or
other adipokines) are mostly due to inflammatory status and not to adipose tissue mass or pre-existing
unhealthy lifestyle [32].

At multivariate analysis, we found that the presence of post-CA shock and cardiovascular
comorbidities were independently associated with serum resistin levels in the first 24 h after CA.

In fact, the presence of post-CA shock was the only independent variable associated with serum
resistin levels at 48 and 72 h following CA. These results show that the elevated serum concentrations of
resistin might be influenced by the post-CA shock, rather than by pre-CA cardiovascular comorbidities.
The shock that occurs after CA is the result of myocardial dysfunction, vasoplegic shock and systemic
inflammatory response [25]. Part of a complex vicious circle, as this shock becomes more refractory to
treatment, cardiocirculatory dysfunction evolves in turn into a more severe form, resulting in multiple
organ failures responsible for early death. The strong association of resistin with post-CA shock
and with the presence of cardiovascular comorbidities may support the theory that serum resistin
levels correlate equally with both the amplitude of the inflammatory process and cardiac dysfunction
after resuscitation.

In previous studies, increased serum levels of lactate upon admission to the emergency department
and intensive care units were associated with the negative prognosis of patients with acute critical
illness [18]. Our data revealed that high serum levels of lactate at admission correlate strongly with
serum resistin levels. This may support the idea that resistin is directly involved in the process of
systemic inflammation in CA pathogenesis, seeing as elevated lactate levels are in fact associated
with severe cardiocirculatory dysfunction [33]. However, at multivariate analysis, the aforementioned
correlation did not remain statistically significant, suggesting that there were other important factors
that interfere in the CA physiopathological sequence.

To our knowledge, this is the first study that evaluated the factors that influence the kinetics of
resistin after CA. These results were obtained on a small number of patients, although statistically
significant. The high number of measurements present an accurate kinetics of resistin after a CA,
with a peak at 12–24 h and a rapid decrease to admission values after 48 h. This is important for future
studies on acute events, as it shows that the focus on resistin should be especially in the first 24 h.

In order to strengthen our hypothesis, it is essential that we develop further/future studies on larger
groups of patients. Also, they must include other markers of acute inflammation, with a special interest
for those reportedly correlated with resistin during acute cardiovascular events: tumor necrosis factor
α (TNF-α), interleukin-6 (IL-6), high-sensitivity C-reactive protein (hs-CRP) and other proinflammatory
cytokines [34]. Resistin promotes the production of TNF-α, IL-1β, IL-6 and other cytokines [12,35].
There are several drugs that have been shown to reduce the levels of resistin in chronic administration:
statins, anti-TNF-α monoclonal antibodies and folic acid [36–38]. Experimental animal or in vitro
studies in acute situations with drugs that lower resistin concentration are worth considering.

Other markers that could provide insights into the functions and pathophysiological implications
of resistin are the microvesicles (large extracellular vesicles that appear from different cells after
apoptosis) [39]. Platelet-derived microvesicles are a source of TNF-α and IL-6, while endothelial-derived
microvesicles are stimulated by TNF-α [40]. Elevated levels of endothelial-derived microvesicles were
found in acute coronary syndrome patients, but they were not evaluated in patients that survived a
CA; one can speculate that investigating this class of micro-vesicles will offer valuable data [41,42].

Markers that evaluate post-cardiac-arrest myocardial dysfunction should be studied in any future
research on patients after a successfully resuscitated CA. Left ventricular systolic dysfunction is present
in almost 60% of patients resuscitated after CA [33]. The assessment of left ventricle ejection fraction,
biomarkers of ventricular dysfunction and the correlation with proinflammatory markers will generate
a better understanding of the complexity of PCAS. The N-terminal pro-B-type natriuretic peptide
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(NT-proBNP) and marinobufagenin are reliable indicators of ventricular dysfunction and, as such,
can serve as excellent candidates for future studies on OHCA [43,44].

Even though the multivariate analysis showed that the post-CA shock was independently
associated with higher levels of resistin, an important bias could be the presence of cardiovascular
comorbidities. The myocardial systolic and diastolic dysfunctions appear in post-CA shock, even if
the patient does not have a prior coronary disease [45]. Future studies should include patients with
noncardiac causes of CA, because the presence of cardiac diseases aggravates the left ventricular
dysfunction. Other diseases that were proven to have an influence on the resistin concentrations
should be excluded (nonalcoholic fatty liver disease, asthma, autoimmune disease, chronic kidney
disease) [46]. That could provide a clearer picture about the association between post-CA shock and
resistin kinetics.

5. Conclusions

Our findings demonstrate strong independent correlation between high serum resistin levels,
cardiac comorbidities and post-CA shock. The impact of the post-CA shock on serum concentration of
resistin was greater than that of cardiac comorbidities.
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Abstract: Food supply in the Mediterranean area has been recently modified by big retail distribution;
for instance, industrial retail has favored shipments of groceries from regions that are intensive
producers of mass food, generating a long supply chain (LSC) of food that opposes short supply
chains (SSCs) that promote local food markets. However, the actual functional role of food retail
and distribution in the determination of the risk of developing metabolic syndrome (MetS) has not
been studied hitherto. The main aim of this study was to test the effects of food chain length on
the prevalence of MetS in a population accustomed to the Mediterranean diet. We conducted an
observational study in Southern Italy on individuals adhering to the Mediterranean diet. We examined
a total of 407 subjects (41% females) with an average age of 56 ± 14.5 years (as standard deviation)
and found that being on the Mediterranean diet with a SSC significantly reduces the prevalence of
MetS compared with the LSC (SSC: 19.65%, LSC: 31.46%; p: 0.007). Our data indicate for the first time
that the length of food supply chain plays a key role in determining the risk of MetS in a population
adhering to the Mediterranean diet.

Keywords: mediterranean diet; supply chain of food; metabolic syndrome; food retail; cardiovascular
risk

1. Introduction

Several studies have demonstrated that the Mediterranean diet significantly reduces the risk of
developing metabolic syndrome (MetS) [1–4], a cluster of clinical conditions that occur together and
increase the risk of heart disease, stroke, and type 2 diabetes [5–7]. However, the exact role of food
retail and distribution in the risk of developing MetS has not yet been fully determined.

Recently, the development of big retail food distribution has deeply modified food supply in the
Mediterranean area [8,9]. Indeed, industrial retail has favored shipments of groceries from regions that
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are intensive producers of mass foods, generating the long supply chain (LSC) of food [10]; on the
other hand, short supply chains (SSCs) involve local self-producers that promote local food markets [8].
The origin of food, the long period of time elapsing from production to consumption, the need to
add preservatives, as well as the loss of perishable nutrients such as vitamins, can all contribute to
reducing the quality of food. Nevertheless, whether food quality loss has an impact on the health of
the population remains to be determined.

The increasing availability of foods from big retail is a revolutionary event that has impacted
health on a population-size level. In particular, the adherence to the Mediterranean diet is decreasing
even within those regions where it was first discovered [11,12], and such a change in the alimentary
habit is generally seen as one of the potential causes of the obesity epidemic [13], especially among
adolescents [14].

The overarching aim of our study was to test the effects of food chain length on metabolic alterations
in a population accustomed to the Mediterranean diet. Specifically, we compared SSCs of food—in
which aliments are produced in loco, usually with traditional and low-technology methodologies—to
the LSC of food.

2. Methods

2.1. Subjects

We conducted an observational, cross-sectional study on the general population of Salerno
(population: 138,000 inhabitants) and of five nearby villages (population <6000 inhabitants):
Castelnuovo Cilento, Polla, Sapri, San Gregorio Magno, and Satriano di Lucania. In order to be
considered eligible, subjects had to be currently and stably (for at least 10 years) living in the cities
indicated, and to have signed the informed consent.

2.2. Study Approval

The study was approved by the Institutional Ethical Committee of Salerno University Hospital.
Written informed consent was obtained from all participants. The study is registered in the
ClincalTrial.gov database (Trial number: NCT03305276).

2.3. Data Acquisition

On the occasion of 2015–2017 World Hypertension Day (May 17th), booths were organized in
the major squares of the mentioned villages, harnessing a collaborative effort of the Medical School
of Salerno and local authorities [15]. The event was successfully publicized with a 15-day notice via
local media advertisements, and we had the partnership of local authorities and patient associations,
as well as parishes. The population was instructed to show up on the day of the event at the booths,
where subjects were asked to sign the informed consent to participate in the survey and to donate blood
samples for analysis. Anamnesis and anthropometric parameters were obtained including weight,
height, waist and hip circumferences, and BMI. Blood pressure was detected according to the Guidelines
of the European Society of Cardiology and European Society of Hypertension (ESC/ESH) [16]. Current
smokers were defined as those reporting having smoked at least 100 cigarettes during their lifetime
and currently smoking every day or some days [17]. Dietary habits were collected by means of a
questionnaire previously described by Trichopoulou et al. [18]. This nine-question questionnaire allows
a score (Trichopoulou score) to be attributed to each subject. To determine the use of SSCs or the LSC,
we formulated a questionnaire that included the following eight questions: (1) “Do the vegetables
you consume come mainly from your vegetable garden?” (Yes = 1); (2) “Do you buy fruit grown in
your area?” (Yes = 1); (3) “Do you eat seasonal fruit?” (Yes = 1); (4) “Does the meat you consume
come mainly from local farms or from butchers in your area?” (Yes = 1); (5) “Do you eat mostly fresh,
unpackaged food?” (Yes = 1); (6) “Do you eat cookies, snacks, and/or sweets more than once a week?”
(No = 1); (7) “Do you use canned or frozen food?” (No = 1); and (8) “Do you drink carbonated or
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sweetened drinks?” (No = 1). These questions were derived from preliminary interviews performed by
experienced personnel to relatives and families of volunteers in order to verify the kinds of food that
are more frequently acquired from small business stores, as well as the ones mostly purchased from
big food retail shops. According to this survey, fruits, vegetables, and meats were purchased more
often from small business shops, whereas preserved and canned foods, as well as frozen food, sodas,
cookies, and snacks, were mainly obtained from big resellers. In a second phase, we asked one big food
retailer from the city of Salerno and two small business of the city of San Gregorio Magno to provide
us with the suppliers of the listed products, so as to substantiate the actual length of the supply chain
of food. The optimal cut-off of the score (5) was determined by receiver operating characteristic (ROC)
curves (see Supplementary Figure S1), applying Youden’s index [19,20]; with a score ≥5, the subject
was included in the SSC group, whereas with a score <5 the subject was included in the LSC group.
MetS was diagnosed according to the 2009 Harmonized Criteria, implementing the criteria of the
International Diabetes Federation (IDF) to evaluate abdominal obesity [7,21].

2.4. Blood Sample Laboratory Analysis

A venous blood sample was collected from the antecubital vein in a dedicate booth from
experienced volunteer nurses in two tubes of 5.0 mL and centrifuged the same day. The time of the last
meal was recorded during data collection. We measured blood glucose, insulin, total cholesterol, HDL
cholesterol, LDL cholesterol, and triglycerides. The homeostatic model assessment (HOMA) index
was calculated as previously described, based on an adequate fasting time (6 h) [22].

2.5. Statistical Analysis

Continuous data are presented as mean ± SE. Categorical data are presented as absolute values
and/or frequencies. To observe a change of one quartile in frequency with an α cut-off of 5% and a β

cut-off of 20%, and given an estimated incidence of MetS of 26% in our population [23], we calculated
that a n = 398 would have been necessary to reach statistical significance. A Kolmogorov–Smirnov test
was used to verify the normality of distributions of continuous variables. A chi-square (χ2) test was
used to compare frequencies. Independent sample t-tests were used for between-group comparisons.
In all the above-mentioned tests, p < 0.05 was considered statistically significant. Statistical analysis
was performed with SPSS (Statistical Package for the Social Sciences) 24.0 (IBM, Armonk, NY, USA)
and Prism 7 (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Clinical Features of Study Population

A total of 808 subjects (45% male and 55% female, 14–85 years) were recruited during the XI, XII,
and XIII editions of World Hypertension Day, which is celebrated every year on 17 May. We excluded
from the analysis patients younger than 30 (n = 70) and older than 80 years (n = 30) because of
the previously reported relatively low adherence to the Mediterranean diet by populations at those
ages [12,24–26]. We also excluded those with an incomplete database, thereby precluding the calculation
of adherence to the Mediterranean diet, SSCs or the LSC, or the HOMA index (n = 269), as well as
28 outliers (3 SD over/below mean) in MetS determinants.

The main characteristics of our population (407 subjects, 41% females, with an average age of
~56 years) are depicted in Table 1.

3.2. Effects of SSCs on Clinical Features

We divided the population according to the eight-point questionnaire indicated above, using the
score of 5 as a cutoff to indicate adherence to SSCs (≥5) or the LSC (<5). Data are indicated in Table 1.
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Table 1. Impact of SSCs and the LSC on anthropometric and clinical characteristics.

Total LSC SSC p

N 407 178 229 -

Age (years) 55.9 ± 0.58 56.4 ± 0.8 55.52 ± 0.8 0.422

Sex (M, %) 59 60 58 0.765

Weight (Kg) 73.8 ± 0.82 72.2 ± 1.2 75.1 ± 1.08 0.085

Height (cm) 163.7 ± 0.6 164.2 ± 0.6 163.3 ± 0.91 0.399

Waist (cm) 96.3 ± 0.74 96.4 ± 0.84 96,0 ± 1.49 0.803

BMI (Kg/m2) 27.6 ± 0.25 27.1 ± 0.39 27.9 ± 0.34 0.098

SBP (mmHg) 130.6 ± 0.9 131.2 ± 1.3 130.1 ± 1.2 0.523

DBP (mmHg) 79.8 ± 0.5 80.5 ± 0.8 79.2 ± 0.69 0.220

HR (bpm) 72.2 ± 0.6 72.1 ± 0.8 72.28 ± 0.82 0.877

Fasting Glucose (mg/dl) 84.4 ± 1.2 91.28 ± 1.7 79.41 ± 1.5 0.001

Serum Insulin (μU/dl) 17.7 ± 0.97 21.4 ± 1.7 14.9 ± 1.1 0.001

Creatinine (mg/dl) 0.85 ± 0.02 0.88 ± 0.05 0.82 ± 0.01 0.19

Current Smokers (%) 32.0 30.0 34.0 0.427

Cholesterol (Total, mg/dl) 201.4 ± 1.9 201.36 ± 3.2 201.48 ± 2.5 0.977

Cholesterol (HDL, mg/dl) 59.3 ± 0.7 59.03 ± 1.2 59.56 ± 1.0 0.737

Cholesterol (LDL, mg/dl) 124.6 ± 2.1 127.02 ± 3.9 123.43 ± 2.4 0.418

TG (mg/dl) 121.7 ± 3.6 136.14 ± 5.9 110.95 ± 4.3 0.001

Metabolic Syndrome (%) 24.81 31.46 19.65 0.007

Trichopoulous Score 4.98 ± 0.08 4.86 ± 0.13 5.08 ± 0.10 0.180

Frequencies are reported as %, continuous variables as mean ± SE; DBP: Diastolic/systolic blood pressure; HR:
Heart rate; HDL/LDL: High-density/low-density lipoproteins; LSC/SSC: Long/short supply chain; TG: Triglycerides;
Trichopoulous Score: Score of the adherence to a Mediterranean-style diet (9 =max, 0 =min; p value was calculated
applying the t test or χ2, as appropriate).

Our data indicate that SSCs are associated with lower levels of triglycerides and glucose,
and therefore have a marked impact on the occurrence of MetS: indeed, MetS is less frequent among
populations that consume SSC food. Interestingly, adherence to the Mediterranean diet, assessed using
a validated questionnaire, was similar between the two populations, indicating a homogenous high
adherence between the consumers of SSC and LSC foods.

3.3. Effects of SSCs on Insulin Sensitivity

Given the notion that MetS is a hallmark of insulin resistance, we assayed insulin resistance by
means of the HOMA index. As shown in Figure 1, the HOMA index was lower in the SSC than in the
LSC group (2.67 ± 0.20 vs. 4.66 ± 0.44, respectively; p = 0.0002).

Figure 1. Impact of SSCs and the LSC on insulin resistance. LSC: Long supply chain; SSC: Short supply
chain; * p = 0.0002.
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4. Discussion

Our results indicate that the Mediterranean diet with food from a SSC significantly reduces the
prevalence of MetS. These results are consistent with recent observations suggesting that local food
environments might affect health outcomes [27]. Our data are corroborated by the evidence that
insulin resistance is significantly more common among LSC subjects compared with SSC individuals.
With our data, we are among the first investigators to introduce the concept that freshness of food is a
key determinant of health outcomes.

Prevalence of MetS in Southern Italy is reported to be ~25% in young adults [23] and ~65% in
older women after menopause [28]; of note, the area of assessment might slightly impact the occurrence
of MetS [29]. Our population showed overall a prevalence of 35%, and we consider this number to be
fairly representative, given the large age range (from 30 to 80 years) of our population.

Substantial evidence indicates that local food environments might affect health outcomes [27,30–36].
It is therefore possible to speculate that length of a food supply chain might affect cardiovascular risk.
To verify this hypothesis, it is crucial to compare populations that present similar dietary patterns that
derive from different sources (i.e., retail market vs. locally grown food). In this sense, Southern Italy
features examples of urbanization, where retail food is the most important source of food, which is
the opposite to rural areas, where consuming locally grown, seasonal vegetables, as well as meat
of courtyard animals is a fairly regular habit [28,29,37]. These contrasting local food environments,
somehow superimposed on the Mediterranean diet, represent a unique setting to test the impact on
health phenotypes, such as intermediate metabolism and cardiovascular risk [4,38,39].

Our findings are particularly relevant because they provide for the first time an actual evaluation
of how critical the food supply chain is in the context of the Mediterranean diet. Indeed, it is well
established that the Mediterranean diet can ameliorate cardiovascular risk [40]. Therefore, to verify
the existence of a further improvement in health outcomes from SSCs versus the LSC, it is imperative
to compare groups that consume the same diet, with no difference in macro- and micronutrients.
Based on our data on insulin resistance, we can speculate that insulin sensitivity is better preserved
among subjects adhering to the Mediterranean diet who eat SSC foods. Using a previously published
questionnaire [18], we were indeed able to verify the high adherence of Southern Italians to the
Mediterranean diet, and no differences were observed when we divided our population according
to LSC and SSC groups. Therefore, we can conclude that the difference observed in terms of MetS
prevalence cannot be attributable to a different attitude towards the Mediterranean diet.

Our findings should be interpreted in light of several limitations. First and foremost,
the cross-sectional design of the study prevents a determination of causality. Another major issue that
was not addressed by our questionnaires is the lifestyle that accompanies the provision of SSC food,
nor did our questionnaire did not measure the time spent in the production of such food, such as the
time spent looking after crops and/or courtyard animals, which would imply a more active lifestyle.
Likewise, the use of food from the LSC is more distinctive of urban centers, where alternative healthy
lifestyles are also more common (practicing sports, attending the gym). This aspect was also testified
by our observation of no significant differences in body weight or waist between the two populations,
with a tendency of heavier weights detected in the SSC group. Therefore, while we cannot completely
rule out an effect of physical activity on MetS in our study, the evidence that SSC is associated with a
lower prevalence of MetS is suggestive of a fundamental impact of fresh food on metabolic parameters.

If confirmed in larger prospective studies, these results could promote public interventions
to improve lifestyle, preferring, whenever possible, SSCs to the LSC. Therefore, an assessment of
cardiovascular risk should include dietary habits of the studied population.

5. Conclusions

Taken together, our findings indicate for the first time that the length of food supply chain is
crucial in determining the risk of developing MetS as well as in the assessment of cardiovascular risk
in a population adhering to the Mediterranean diet.
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Abstract: Inflammation and immune activation play an important role in the pathogenesis of cardiac
remodelling in patients with heart failure. The aim of this study was to assess whether biomarkers of
inflammation and immune activation are linked to disease severity and the prognosis of heart failure
patients. In 149 patients (65.8% men, median age 49.7 years) with heart failure from nonischaemic
cardiomyopathy, the biomarkers neopterin and C-reactive protein were tested at the time of diagnosis.
Patients were followed-up for a median of 58 months. During follow-up, nineteen patients died, five
had a heart transplantation, two needed a ventricular assistance device, and twenty-one patients
had to be hospitalised because of heart failure decompensation. Neopterin concentrations correlated
with N-terminal prohormone of brain natriuretic peptide (NT-proBNP) concentrations (rs = 0.399,
p < 0.001) and rose with higher New York Heart Association (NYHA) class (I: 5.60 nmol/L, II: 6.90
nmol/L, III/IV: 7.80 nmol/L, p = 0.033). Higher neopterin levels were predictive for an adverse
outcome (death or hospitalisation due to HF decompensation), independently of age and sex and
of established predictors in heart failure such as NYHA class, NT-proBNP, estimated glomerular
filtration rate (eGFR), and left ventricular ejection fraction (LV-EF) (HR 2.770; 95% CI 1.419–5.407;
p = 0.003). Patients with a neopterin/eGFR ratio ≥ 0.133 (as a combined marker for immune activation
and kidney function) had a more than eightfold increased risk of reaching an endpoint compared to
patients with a neopterin/eGFR ratio ≤0.065 (HR 8.380; 95% CI 2.889–24.308; p < 0.001). Neopterin
is associated with disease severity and is an independent predictor of prognosis in patients with
heart failure.

Keywords: Neopterin; inflammation; heart failure; adverse outcome

1. Introduction

Activation and down-regulation of the immune response are important mechanisms to control
tissue damage, initiate the healing process, and to remove dead cells and debris after a harmful
stimulus [1]. However, prolonged immune activation promotes local and systemic inflammatory
processes, thereby contributing to tissue damage and organ failure over time. This has also been shown
in patients with chronic heart failure (CHF) [2], where increased concentrations of circulating cytokines
and biomarkers of inflammation were associated with a poor outcome [3–5]. Therefore, the balance of
physiological and pathological immune activation contributes to heart failure (HF) progression and
determines the outcomes of these patients [2]. Immune activation in CHF is driven by several factors:
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pro-inflammatory cells are found in the failing myocardium itself [3] but systemic immune activation
also plays a role [6]. In fact, low-grade immune activation has been established to greatly contribute to
atherogenesis [7]. Additionally, circulating endotoxins, which translocate from the intestinal tract into
the systemic circulation [8], as well as the hypoxia of body tissues [9–11] and central inhibition of the
parasympathetic nervous system appear to be involved [6].

Elevated parameters of inflammation have been shown to predict an unfavourable clinical course
of patients with cardiovascular diseases [12–14]. Several studies have demonstrated that the pteridine
neopterin is a good prognostic marker for an adverse outcome in patients with clinically inapparent
atherosclerosis [12,15], chronic stable angina pectoris [16–18], and acute coronary syndrome [19].

Neopterin is produced by activated monocytes, macrophages and dendritic cells (DCs) upon
stimulation with interferon gamma (IFN-γ). Therefore, neopterin levels reflect the extent of T-helper
cell type 1 (Th1) immune activation. Monocytes stimulated by IFN-γ also produce reactive oxygen
species (ROS) [20] concomitantly with neopterin, thus inducing oxidative stress, which also plays a key
role in the progress of HF [21–23]. Neopterin was demonstrated to correlate with cardiac dysfunction
following cardiac surgery [24] and cardiac remodelling in patients with CHF [25]. In addition, neopterin
concentrations correlated with the severity of heart failure in patients with preserved ejection fraction
(HFpEF) and the probability of future cardiovascular events [26].

The aim of this study was to assess the relationship between the inflammatory biomarkers,
C-reactive protein (CRP), neopterin, and disease severity, as well as to evaluate the predictive value of
these parameters for the outcome of HF patients with nonischaemic cardiomyopathy (CMP).

2. Experimental Section

2.1. Study Population

We retrospectively analysed the data of 475 caucasian patients with HF caused by nonischaemic
CMP. Patients with more than mild-to-moderate valve disease as well as ischaemic cardiomyopathy were
not included in the study, since there are studies describing significant differences in immune activation
between patients with ischemic and non-ischemic cardiomyopathy [27]. At our department, specific
investigations such as echocardiography, coronary angiography (CAG), right heart catheterization,
and endomyocardial biopsy (EMB) were performed in patients with nonischaemic CAG. These
investigations took place between 2009 and 2014 over the course of an elective hospitalisation, and only
patients with compensated HF were investigated. All patients were diagnosed and treated according
to prevailing guidelines at the cardiology department at Innsbruck University Hospital. Data of all
HF patients with available neopterin and C-reactive protein concentrations (n = 149) were analysed.
The final study population consisted of 98 men and 51 women. The study conformed to the ethical
principles outlined in the Declaration of Helsinki and was approved by the ethics committee of the
Innsbruck Medical University (ID of the ethical votum: UN4280, session number 298/4.11). All patients
gave written informed consent to participate in this study.

2.2. Follow-Up Analysis

Patients were followed up until May 2017. For the outcome analysis, we defined the event-free
survival as time between invasive diagnosis and laboratory testing, and the occurrence of the combined
endpoint. Components of the combined event were death or hospitalisation for cardiac decompensation,
whatever came first. Information about patients’ events was obtained from the clinical information
system (KIS), the local mortality registry, from the patients’ relatives or from the patients themselves.

2.3. Measurements

Blood samples were taken from all patients at their first hospitalisation and stored at −80◦C.
Concentrations of all laboratory variables were measured at the central laboratory of the Innsbruck
University Hospital, which undergoes regular internal and external quality control and evaluation.
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Neopterin was measured by an enzyme-linked immunosorbent assay (IBL International GmbH,
Hamburg, Germany). C-reactive protein (CRP) was detected with an immunoturbidimetry test
(Roche, Mannheim, Germany). In order to estimate the glomerular filtration rate (eGFR), we used the
IDMS-traceable MDRD study equation (eGFR(mL/min/1.73 m2) = 175 × (serum creatinine) − 1.154 ×
age − 0.203 (×0.742 if female)).

Hemodynamic parameters were measured in the course of a right and left heart catheterisation,
while the left ventricular ejection fraction (LV-EF) was measured during an echocardiography.

2.4. Statistical Analysis

Quantitative variables are presented as medians (25th, 75th percentile) because there was no
Gaussian distribution given. Categorical variables are presented as prevalence and percentage.
The Kolmogorov-Smirnov test was used to evaluate the normal distribution of the measured data.
To test for differences between two or more groups, Mann-Whitney-U test (two unpaired groups),
Kruskal-Wallis test (more than two unpaired groups) and Pearson chi-square test were used. Spearman
rank correlation was used to assess cross-sectional relations between neopterin, HF severity and kidney
function. We used proportional hazard regression analysis to analyse the potential risk factors for an
adverse outcome and logarithmised parameters that showed a skewed distribution. All tests used
were two-tailed and p-values < 0.05 were considered as statistically significant. The statistical analysis
was performed with SPSS Statistics Version 24.0 for Macintosh (IBM Corporation, Armonk, NY, USA).

3. Results

Demographic and clinical characteristics, laboratory measurements, and haemodynamic
parameters of the whole population and separately for patients with and without an event within five
years are depicted in Table 1.

Table 1. Patient characteristics.

Variable

Total No Event * Event * Significance

n = 149 n = 115 n = 34
p-Value

Median (IQR) Median Median

Demographic and clinical characteristics

Age (years) 49.7 (38.5–61.7) 48.9 51.4 0.074
BMI (kg/m2) 24.81 (22.00–27.74) 25.25 23.55 0.025

Heart rate (bpm) 70 (60–82) 70 73 0.220
Diast. BP (mmHg) 80 (70–85) 80 77 0.751
Syst. BP (mmHg) 120 (110–132) 120 115 0.193

Hypertension 45.2% 45.5% 44.1% 0.884
Atrial fibrillation 9.7% 9.7% 9.4% 0.952

NYHA class, overall - - - 0.072
NYHA class l 22.4% 26.3% 9.1% -
NYHA class ll 44.2% 43.9% 45.5% -

NYHA class lll/lV 33.3% 29.8% 45.5% -

Laboratory measurements

Neopterin (nmol/L) 6.90 (5.00–9.70) 6.50 10.00 <0.001
CRP (mg/L) 0.20 (0.10–0.63) 0.20 0.20 0.966

eGFR (mL/min/1.73m2) 74.11 (58.39–90.47) 78.29 65.57 0.001
Neopterin/eGFR ratio 0.097 (0.057–0.148) 0.082 0.162 <0.001

NT-proBNP (ng/L) 1340 (501–3266) 1025 3835 <0.001

Hemodynamics

LV-EF (%) 37.0 (25.7–49.7) 36.0 46.0 0.052
Cardiac index (L/min/m2) 1.93 (1.68–2.45) 2.01 1.78 0.003

mean PAP (mmHg) 26.0 (19.0–33.0) 24.0 32.5 0.001
PCWP (mmHg) 17 (11–25) 15 24 <0.001
RAP (mmHg) 9 (6–12) 8 11 0.003
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Table 1. Cont.

Variable

Total No Event * Event * Significance

n = 149 n = 115 n = 34
p-Value

Median (IQR) Median Median

Medication and Treatment

ACE inhibitor/ARB 77.7% 79.8% 70.6% 0.256
Beta-blocker 74.8% 78.8% 61.8% 0.045

MRA 34.5% 33.3% 38.2% 0.598
Diuretics 57.8% 52.6% 75.8% 0.018

Cardiac glycosides 2.0% 1.8% 2.9% 0.666
Pacemaker 3.4% 3.5% 2.9% 0.872

Data from 149 patients are presented as medians (interquartile range). (*) Event within five years. Parameters that
differed significantly are printed in italic letters. IQR = interquartile range; BMI = body mass index; BP = blood
pressure; NYHA = New York Heart Association; CRP = C-reactive protein; eGFR = estimated glomerular filtration
rate; NT-proBNP = N-terminal prohormone of brain natriuretic peptide; RAP = right atrial pressure; mean PAP =
mean pulmonary artery pressure; PCWP = pulmonary capillary wedge pressure; LV-EF = left ventricular ejection
fraction; ACE = angiotensin converting enzyme; ARB = angiotensin II receptor blocker; MRA =mineralocorticoid
receptor antagonist.

The percentage of patients with reduced LV-EF <40% was 63.4% (66.3% of men, 58.0% of
women, p = 0.323). Reduced kidney function (eGFR ≤ 60 mL/min/1.73m2) was found in 40 patients
(26.8%) but only seven of them (4.7%) were presented with advanced renal insufficiency (eGFR ≤ 45
mL/min/1.73m2).

3.1. Inflammation Correlates With HF Severity and Cardiac Function

Inflammatory parameters (CRP and/or neopterin) were elevated in 72 patients (48.3%). Out
of these, 25 patients (16.8%) showed elevated CRP concentrations (>0.5 mg/L), 27 patients (18.1%)
elevated neopterin concentrations (>8.7 nmol/L), and 20 patients (13.4%) showed both elevated CRP
and neopterin concentrations.

Neopterin concentrations were positively correlated with CRP concentrations (rs= 0.343, p < 0.001;
Figure 1A). Additionally, significant correlations were found between neopterin concentrations and
NT-proBNP concentrations (rs = 0.399, p < 0.001, Figure 1B), cardiac index (rs = −0.287, p = 0.001), right
atrial pressure (RAP, rs = 0.170, p = 0.043), pulmonary artery mean pressure (mean PAP, rs = 0.227, p =

0.007) and pulmonary capillary wedge pressure (PCWP, rs = 0.244, p = 0.004) were found. Neopterin
progressively increased with higher NYHA class (I: 5.60 nmol/L, II: 6.90 nmol/L, III/IV: 7.80 nmol/L,
p = 0.033, Figure 1C).

Figure 1. Cont.
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Figure 1. Inflammation and HF severity: Higher neopterin concentrations were associated with higher
CRP (A) and NT-proBNP concentrations (B). Patients with higher neopterin concentrations also had
higher NYHA classes (C).

CRP concentrations also correlated significantly with NT-proBNP concentrations (rs = 0.232,
p = 0.006) and showed a positive dose-response relationship with increasing NYHA class (l: 0.16 mg/L,
ll: 0.17 mg/L, lll/lV: 0.25 mg/L, p = 0.030).

3.2. Neopterin/eGFR Ratio and HF Severity

As patients with reduced eGFR (≤60 mL/min/1.73m2) had significantly higher neopterin
concentrations than patients with preserved kidney function (8.90 nmol/L vs. 6.00 nmol/L, p < 0.001),
we adjusted neopterin concentrations for the kidney function and calculated a neopterin/eGFR
ratio. Correlation analysis showed a highly significant correlation of the neopterin/eGFR ratio with
NT-proBNP concentrations (rs = 0.438, p < 0.001), cardiac index (rs = −0.383, p < 0.001), right atrial
pressure (RAP, rs = 0.172, p = 0.041), pulmonary artery mean pressure (mean PAP, rs = 0.281, p = 0.001)
and pulmonary capillary wedge pressure (PCWP, rs = 0.302, p < 0.001). Patients with a higher NYHA
class showed a significant higher neopterin/eGFR ratio (l: 0.060, ll: 0.098, lll/lV: 0.131, p = 0.003).

3.3. Neopterin/eGFR Ratio and Left Ventricular Ejection Fraction

The LV-EF was reduced (<40%) in 49.7% of our patients (Heart Failure with reduced Ejection
Fraction—HFrEF), while 22.1% had a preserved LV-EF ≥ 50% (Heart Failure with preserved Ejection
Fraction—HFpEF) and 21.5% a LV-EF between 40%–49.9% (Heart Failure with mid-range Ejection
Fraction—HFmrEF). Patients with HFmrEF had the lowest neopterin concentrations (5.35 nmol/L,
p = 0.021) and the highest eGFR (84.28 mL/min/1.73m2, p = 0.003) compared to patients with HFrEF
and HFpEF (Appendix A, Table A1). Interestingly enough, neopterin concentrations did not differ
significantly between patients with HFrEF and HFpEF (7.00 nmol/L vs. 7.40 nmol/L, p = 0.235),
while patients with HFpEF had a significantly lower eGFR compared to patients with HFrEF
(66.15 mL/min/1.73m2 vs. 76.48 mL/min/1.73m2, p = 0.026).

3.4. Laboratory Parameters and Event-Free Survival

The median follow-up of patients in this study was 58 months (0–98). A total of 40 patients
reached the combined endpoint: 19 patients (12.8%) died and 21 patients (14.1%) were hospitalised for
cardiac decompensation.

Patients with an event within five years had significantly higher neopterin and NT-proBNP
concentrations, as well as a higher RAP and were found to have a higher NYHA class, while the cardiac
index and eGFR were significantly lower compared to patients without an event. Interestingly enough,
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CRP concentrations, LV-EF, or age did not differ between patients with or without an event, while
patients with an event showed a higher BMI compared to patients with no event (Table 1).

3.5. Neopterin is a Predictor for an Adverse Outcome in Patients with HF

Patients with neopterin concentrations >8.60 nmol/L (highest tertile) had a fourfold higher risk of
reaching an endpoint compared to patients with neopterin concentrations ≤5.70 nmol/L (lowest tertile)
in Cox regression analysis sex-stratified and adjusted for age (HR 4.118; 95% CI 1.727–9.820; p = 0.001;
Figure 2A). The cumulative five-year event rates for the neopterin tertiles were 8.4% (≤5.70 nmol/L),
20.0% (5.71–8.60 nmol/L) and 46.6% (≥8.61 nmol/L). This was even independent of kidney function
since a higher neopterin/eGFR ratio (logarithmised) was also predictive for future adverse events in
Cox regression analysis sex-stratified and adjusted for age (Table 2). Patients with a neopterin/eGFR
ratio ≥ 0.133 had a more than eightfold increased risk of reaching an endpoint compared to patients
with a neopterin/eGFR ratio ≤ 0.065 (HR 8.380; 95% CI 2.889–24.308; p < 0.001, Figure 2B).

Table 2. Cox regression analysis.

Variable
Univariate Model Multivariate Model

HR 95% CI p-Value HR 95% CI p-Value

Neopterin (nmol/L) _Ln * 2.874 1.663–4.966 <0.001 2.770 1.419–5.407 0.003
eGFR (mL/min/1.73m2) _Ln 0.321 0.174–0.593 <0.001 2.723 0.936–7.926 0.066

NT-proBNP (ng/L) _Ln 1.665 1.253–2.214 <0.001 1.368 0.972–1.926 0.072
NYHA class II vs. I 2.542 0.852–7.578 0.094 3.200 0.830–12.329 0.091

NYHA class III/IV vs. I 3.245 1.070–9.840 0.038 3.126 0.751–13.006 0.117
LV-EF (%) _Ln 2.245 0.989–5.096 0.053 2.884 1.096–7.589 0.032

Neopterin/eGFR ratio _Ln 1.748 1.420–2.152 <0.001
Cardiac index (L/min/m2) _Ln 0.250 0.062–1.008 0.051

mean PAP (mmHg) _Ln 2.979 1.168–7.599 0.022
PCWP (mmHg)_Ln 2.453 1.203–5.002 0.014
RAP (mmHg) _Ln 3.536 1.584–7.894 0.002
BMI (kg/m2) _Ln 0.188 0.032–1.114 0.066

Univariate and multivariate Cox regression analyses models are adjusted for age and stratified for sex. * Neopterin
levels were also adjusted for the eGFR in the univariate model. Variables showing a skewed distribution were
logarithmised with the natural logarithm and marked with “_Ln”. HR = hazard ratio; CI = confidence interval;
eGFR = estimated glomerular filtration rate; NT-proBNP =N-terminal prohormone of brain natriuretic peptide;
NYHA =New York Heart Association; LV-EF = left ventricular ejection fraction; mean PAP = pulmonary artery
mean pressure; PCWP = pulmonary capillary wedge pressure; RAP = right atrial pressure; BMI = body mass index.

284



J. Clin. Med. 2019, 8, 2230

Figure 2. (A) Patients with higher neopterin levels (Neopterin > 8.60 nmol/L) had a fourfold higher risk
of reaching an endpoint compared to patients within neopterin levels ≤5.70 nmol/L in Cox regression
analysis sex-stratified and adjusted for age (p = 0.001); (B) The same was also true for patients with a
higher neopterin/eGFR ratio: Patients with a neopterin/eGFR ratio ≥ 0.133 had a more than eight-fold
increased risk of reaching an endpoint compared to patients with a neopterin/eGFR ratio ≤ 0.065
(p < 0.001).

A multivariate regression model stratified for sex was calculated with neopterin, age, eGFR,
NT-proBNP, NYHA functional class, and LV-EF as co-variates that were considered clinically meaningful.
Multivariate Cox regression analysis showed that baseline neopterin levels were associated with the
combined endpoint, independently of established and widely available predictors of HF such as eGFR,
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NT-proBNP, NYHA class and LV-EF (Table 2). Neopterin was also an independent predictor for an
unfavourable outcome when correcting for co-medications (ACE inhibitor/ARB, beta-blocker, MRA,
diuretics or cardiac glycosides) in Cox regression analysis. Patients with diuretics had significantly
higher neopterin concentrations than those without (7.50 nmol/L vs. 5.80 nmol/L, p = 0.001).

4. Discussion

This study demonstrates that serum neopterin concentrations are linked to disease severity and
can predict a worse outcome in patients with HF caused by non-ischaemic CMP. We also show that
calculation of the neopterin/eGFR ratio is very useful to predict a worse outcome of patients and might
be well suited as a “combined” marker for immune activation and decreased kidney function.

Recent studies have proposed a key role of inflammation in the determination of cardiovascular
risk [28]. Levels of inflammatory cytokines are elevated in HF patients and related to an adverse
outcome [29]. Activation of the immune system following cardiac injury is, per se, a protective (i.e.,
physiological) mechanism. Several studies have demonstrated that a short-term low-grade expression of
stress-activated proinflammatory cytokines within the failing heart has beneficial consequences [30–32].
These cytokines induce the upregulation of so-called protective proteins in the heart that are part
of the myocardial stress response such as cardiac hypertrophy, cardiac remodeling, and cardiac
repair. However, the sustained or excessive expression of proinflammatory cytokines can cause
tissue injury, consequently leading to progressive LV dysfunction and adverse LV remodeling [1,5,30].
Accordingly, patients with chronic inflammatory disease including rheumatoid arthritis [33], systemic
lupus erythematosus [34] or atopic dermatitis [35] were shown to have an increased cardiovascular risk.

Our data show that higher neopterin concentrations, which originate from activated monocytes
and macrophages upon stimulation with the proinflammatory cytokine IFN-γ, are associated with
an impaired cardiac function: Elevated neopterin concentrations were found in patients with higher
NYHA class, lower cardiac index, and increased NT-proBNP concentrations.

The association of neopterin concentrations with the combined endpoint was independent of
age or sex and established predictors in HF such as NT-proBNP, NYHA class, eGFR, and LV-EF.
Interestingly enough, CRP concentrations were not associated with the outcome in our population,
although CRP is regarded as a powerful predictor of adverse outcome in cardiovascular disease
(CVD) and HF [36]. While CRP is an acute phase protein and synthesised by the liver mainly upon
IL-6 [37], neopterin is a more specific marker reflecting the interaction of T-cells (IFN-γ signalling)
and monocytes/macrophages within Th1 immune activation. While CRP was shown earlier to be
elevated in patients with acute cardiac events (unstable angina pectoris, non-ST-elevation myocardial
infarction, or ST-elevation myocardial infarction), neopterin did not differ between these patients, but
was predictive for a higher risk of an adverse long-term outcome in patients with coronary artery
disease compared to high CRP concentrations [12].

There are only few studies in which CRP and neopterin levels were tested in parallel in large
populations: In all these trials, neopterin was predictive for an increased cardiovascular mortality,
but also for the overall mortality, independent of other established risk factors [12,14,19], and also
independent of the acute phase marker CRP. Hazard ratios for adverse outcomes were higher for
elevated neopterin concentrations as compared with high CRP concentrations in the LURIC study
(patients with different kinds of cardiovascular diseases) [12,38], and neopterin was also predictive
of an adverse outcome after adjusting for NT-ProBNP values, while CRP was not. Contrarily, in the
HUSK study (population-based study in West Norway) CRP seemed slightly better for the prediction of
CVD mortality, while IFN-γ-mediated inflammatory markers (neopterin and tryptophan degradation)
better predicted non-CVD mortality [14]. Unfortunately, testing for neopterin is not performed in most
routine labs, while the measurement of CRP is easily available everywhere.

Previous studies have also shown that neopterin, but not CRP, is associated with LV dysfunction [16]
and predicts an increased cardiovascular risk [18] in patients with stable angina pectoris. On the
other hand, elevated CRP levels are an established cardiovascular risk factor [39], which has also been
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used recently in the CANTOS trial, which assessed the effect of anti-inflammatory treatment with
the monoclonal antibody Canakinumab (targeting interleukin-1β) in patients with prior myocardial
infarction and elevated CRP [40]. Canakinumab was very effective in preventing adverse cardiac
events and decreasing CRP concentrations in patients, indicating that the downregulation of chronic
inflammatory processes is able to improve patient outcomes.

Considering this possible role of immune activation in the pathogenesis of cardiovascular disease,
the determination of other inflammatory markers like neopterin appears to be a promising strategy
to assess the actual risk of HF patients for a cardiovascular event. In particular, it may also serve as
decision-making tool for anti-inflammatory therapy to decide if immune activation is over-whelming
or within the normal range. In our population, the neopterin/eGFR ratio was also correlated with all
relevant risk markers as well as with HF severity and it was predictive for a worse outcome. Calculation
of the neopterin/eGFR ratio might in fact allow an even better risk stratification of patients with HF, as
it combines the information from two risk factors (inflammation and decreased renal function). Thus,
it would certainly be interesting to investigate the predictive power of this combined marker in future
HF trials with a higher number of patients.

Still, it has to be emphasised that there are also other very important factors that contribute
importantly to the development of inflammation. Moreover, the interaction between genetic and
environmental factors might play a prominent role and significantly modulates inflammatory
processes [41]. In patients with HF other mechanisms such as transthyretin amyloidosis or HF
with preserved ejection fraction should also be investigated in more detail [42]. Further studies
examining the effects of an impaired cholesterol efflux, which is linked to an increased CV risk, might
provide interesting new data [43]. Last but not least, the role of diet should be evaluated in more
detail in patients with CVD and HF. A very interesting recent study reviewed the impact of diet on
inflammation, and in fact, the change of diet might represent a relatively easy and reasonable strategy
to reduce the risk of CVD [41].

Strengths and Limitations

This study shows the clinical potential of neopterin and neopterin/eGFR ratio for the prediction
of the course of CHF. Unfortunately, neopterin and CRP were not available in all patients who were
initially included in the study, which resulted in a smaller sample size. This must be taken into account
when interpreting the results of multivariate Cox regression analysis. The fact that the study was
carried out with patients with non-ischemic CMP does not allow for a sweeping generalisation about
all HF patients. The collection of event data, including patients questioning themselves and relative
driven information, also represents a certain bias.

5. Conclusions

This study indicates that Th1 immune activation, reflected by neopterin concentrations, plays a
crucial role in the pathogenesis of HF caused by nonischaemic CMP. Neopterin concentrations as well
as the neopterin/eGFR ratio are linked to disease severity and are associated with disease progression
and an adverse outcome for patients with HF. Further longitudinal studies with a higher number of
patients are needed to prove the role of neopterin in HF.
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Appendix A

Table A1. Heart failure classification, demographic and clinical characteristics and laboratory
measurements.

Variable

HFrEF,
LV-EF < 40%

HFmrEF,
LV-EF 40–49.9%

HFpEF,
LV-EF ≥ 50%

Sig.

n = 74 n = 32 n = 33
p-Value

Median (IQR) Median (IQR) Median (IQR)

Demographic and clinical characteristics
Age (years) 46.3 (36.2–55.8) 46.3 (35.3–55.8) 55.6 (48.2–69.2) 0.005
BMI (kg/m2) 24.00 (21.60–27.30) 24.76 (22.35–28.05) 24.40 (22.00–28.90) 0.516

Heart rate (bpm) 72 (63–85) 69 (60–79) 70 (60–81) 0.385
Syst. BP (mmHg) 115 (110 – 140) 126 (110–140) 126 (120–150) 0.003

Laboratory measurements

Neopterin (nmol/L) 7.00 (5.20–9.20) 5.35 (3.95–8.10) 7.40 (5.90–11.50) 0.021
CRP (mg/L) 0.24 (0.13–0.63) 0.25 (0.07–0.63) 0.15 (0.10–0.25) 0.120

eGFR (mL/min/1.73m2) 76.48 (58.09–94.34) 84.28 (71.12–101.40) 66.15 (54.16–74.23) 0.003
Neopterin/eGFR ratio 0.104 (0.059–0.144) 0.061 (0.046–0.103) 0.126 (0.082–0.190) 0.005

NT-proBNP (ng/L) 2072 (949–3681) 198 (96–745) 1989 (703–4644) <0.001

Data from 149 patients are presented as medians (interquartile range). Parameters that differed significantly are
printed in italic letters. HFrEF = Heart failure with reduced Ejection Fraction; HFmrEF = Heart failure with
mid-range Ejection Fraction; HFpEF =Heart Failure with preserved Ejection Fraction; IQR = interquartile range;
BMI = body mass index; Syst. BP = systolic blood pressure; CRP = C-reactive protein; eGFR = estimated glomerular
filtration rate; NT-proBNP = N-terminal prohormone of brain natriuretic peptide; RAP = right atrial pressure; mean
PAP =mean pulmonary artery pressure.
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with Ischemic and Non-ischemic Heart Failure. J. Am. Coll. Cardiol. 2013, 62, C137–C138. [CrossRef]

28. Sorriento, D.; Iaccarino, G. Inflammation and cardiovascular diseases: The most recent findings. Int. J. Mol.

Sci. 2019, 20, 3879. [CrossRef]
29. Fiordelisi, A.; Iaccarino, G.; Morisco, C.; Coscioni, E.; Sorriento, D. NFkappaB is a key player in the crosstalk

between inflammation and cardiovascular diseases. Int. J. Mol. Sci. 2019, 20, 1599. [CrossRef]
30. Mann, D.L. Stress-activated cytokines and the heart: From adaptation to maladaptation. Annu. Rev. Physiol.

2003, 65, 81–101. [CrossRef]
31. Samsonov, M.; Fuchs, D.; Reibnegger, G.; Belenkov, J.N.; Nassonov, E.L.; Wachter, H. Patterns of serological

markers for cellular immune activation in patients with dilated cardiomyopathy and chronic myocarditis.
Clin. Chem. 1992, 38, 678–680. [PubMed]

32. Rudzite, V.; Skards, J.I.; Fuchs, D.; Reibnegger, G.; Wachter, H. Serum kynurenine and neopterin concentrations
in patients with cardiomyopathy. Immunol. Lett. 1992, 32, 125–129. [CrossRef]

289



J. Clin. Med. 2019, 8, 2230

33. England, B.R.; Thiele, G.M.; Anderson, D.R.; Mikuls, T.R. Increased cardiovascular risk in rheumatoid
arthritis: Mechanisms and implications. BMJ 2018, 361, k1036. [CrossRef] [PubMed]

34. Sinicato, N.A.; da Silva Cardoso, P.A.; Appenzeller, S. Risk factors in cardiovascular disease in systemic
lupus erythematosus. Curr. Cardiol. Rev. 2013, 9, 15–19. [CrossRef] [PubMed]

35. Silverwood, R.J.; Forbes, H.J.; Abuabara, K.; Ascott, A.; Schmidt, M.; Schmidt, S.A.J.; Smeeth, L.; Langan, S.M.
Severe and predominantly active atopic eczema in adulthood and long term risk of cardiovascular disease:
Population based cohort study. BMJ 2018, 361, k1786. [CrossRef] [PubMed]

36. Araújo, J.P.; Lourenço, P.; Azevedo, A.; Friões, F.; Rocha-Gonçalves, F.; Ferreira, A.; Bettencourt, P. Prognostic
value of high-sensitivity C-reactive protein in heart failure: A systematic review. J. Card. Fail. 2009, 15,
256–266. [CrossRef] [PubMed]

37. Abrams, J. C-reactive protein, inflammation, and coronary risk: An update. Cardiol. Clin. 2003, 21, 327–331.
[CrossRef]

38. Avanzas, P.; Arroyo-Espliguero, R.; Kaski, J.C. Neopterin—marker of coronary artery disease activity or
extension in patients with chronic stable angina? Int. J. Cardiol. 2010, 144, 74–75. [CrossRef]

39. Fonseca, F.A.; Izar, M.C. High-sensitivity C-reactive protein and cardiovascular disease across countries and
ethnicities. Clinics 2016, 71, 235–242. [CrossRef]

40. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.;
Koenig, W.; Anker, S.D.; et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N.

Engl. J. Med. 2017, 377, 1119–1131. [CrossRef]
41. Gambardella, J.; Santulli, G. Integrating diet and inflammation to calculate cardiovascular risk. Atherosclerosis

2016, 253, 258–261. [CrossRef] [PubMed]
42. Michels da Silva, D.; Langer, H.; Graf, T. Inflammatory and molecular pathways in heart failure-ischemia,

HFpEF and transthyretin cardiac amyloidosis. Int. J. Mol. Sci. 2019, 20, 2322. [CrossRef] [PubMed]
43. Riggs, K.A.; Joshi, P.H.; Khera, A.; Singh, K.; Akinmolayemi, O.; Ayers, C.R.; Rohatgi, A. Impaired HDL

metabolism links GlycA, A novel inflammatory marker, with incident cardiovascular events. J. Clin. Med.

2019, 8, 2137. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

290



Journal of

Clinical Medicine

Review

Inositol 1,4,5-Trisphosphate Receptors in Human
Disease: A Comprehensive Update

Jessica Gambardella 1,2,3, Angela Lombardi 1,4, Marco Bruno Morelli 1,5, John Ferrara 1 and

Gaetano Santulli 1,2,3,5,*

1 Department of Medicine, Einstein-Mount Sinai Diabetes Research Center (ES-DRC), Fleischer Institute for
Diabetes and Metabolism, Albert Einstein College of Medicine, New York, NY 10461, USA;
jessica.gambardella@einsteinmed.org (J.G.); angela.lombardi@einsteinmed.org (A.L.);
marco.morelli@einstein.yu.edu (M.B.M.); j.ferraraeastchester@gmail.com (J.F.)

2 International Translational Research and Medical Education Consortium (ITME), 80100 Naples, Italy
3 Department of Advanced Biomedical Sciences, “Federico II” University, 80131 Naples, Italy
4 Department of Microbiology and Immunology, Albert Einstein College of Medicine, New York, NY 10461, USA
5 Department of Molecular Pharmacology, Wilf Family Cardiovascular Research Institute, Albert Einstein

College of Medicine, New York, NY 10461, USA
* Correspondence: gsantulli001@gmail.com

Received: 9 March 2020; Accepted: 10 April 2020; Published: 12 April 2020
��������	
�������

Abstract: Inositol 1,4,5-trisphosphate receptors (ITPRs) are intracellular calcium release channels
located on the endoplasmic reticulum of virtually every cell. Herein, we are reporting an updated
systematic summary of the current knowledge on the functional role of ITPRs in human disorders.
Specifically, we are describing the involvement of its loss-of-function and gain-of-function mutations
in the pathogenesis of neurological, immunological, cardiovascular, and neoplastic human disease.
Recent results from genome-wide association studies are also discussed.
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1. Introduction

Since their discovery in the 1970s, several studies have provided substantial evidence that inositol
1,4,5-trisphosphate receptors (ITPRs) play a pleiotropic role in the regulation of cellular functions.
Indeed, their ability to regulate calcium handling poses ITPRs at the heart of molecular networks
underlying cellular homeostasis: From proliferation, apoptosis, and differentiation to metabolism
and neurotransmission.

ITPR was identified for the first time as a large membrane protein called P400 [1,2] that was
able to regulate intracellular calcium spikes [1–3]. After protein purification and cDNA isolation,
it became clear that P400 was a channel releasing calcium from the endoplasmic reticulum (ER) [4–6].
Later, ITPR was shown to be a rather peculiar channel, as two-second messengers are needed for its
activation: IP3 and calcium [7–12].

Three isoforms of ITPR have been identified (ITPR13) in mammals, which, albeit produced
by different genes, show 70% of homology in the primary protein sequence [13]. The similarity in
amino acid sequence also reflects the resemblance in protein conformation and spatial organization.
All three isoforms consist of five domains: Suppressor domain (SD), IP3 binding core domain
(IBC), regulatory domain, transmembrane domain (TD), and C-terminus domain (CTD) [14–17].
These domains are organized in a complex tetrameric “mushroom-like” structure (Figure 1), with the
stalk inserted in the ER membrane and the cap exposed to the cytosol [18]. The stalk is mainly
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represented by the transmembrane TM domain, with its six-helices forming the ion-conducting
pore [16]. All the other domains are in the “cap”, exposed to the cytosol. This organization makes
the IBC domain available to IP3 binding, and the regulatory domain to the many interactions and
post-transcriptional modifications that regulate the receptor activity, including phosphorylation and
oxidation [16].

Figure 1. Representative structure of inositol 1,4,5-trisphosphate receptors (ITPRs) (1-3) showing
disease-related mutations. In the middle, representative “mushroom-like structure” of ITPRs. For clarity,
only the crystal of human isoform 3 is shown. Top left corner: View from the top; bottom right corner:
View from the bottom. The residues in red, blue, and yellow indicate the mutations in ITPR1, 2, and 3,
respectively, that have been hitherto reported in humans.

Nevertheless, the information on the ITPR molecular organization is still not sufficient for a
complete mechanistic definition of its structure–function relationship [10,19]. If the central calcium
conducting pore is similar to other ion channels, as suggested by the 4.7 Å structure of ITPR [16],
the spatial arrangement of the cytosolic C-terminus is quite unique for ITPR; in particular, these carboxyl
tails have the ability to interact with the N-terminal domains of the near subunits, suggesting a
mechanism of allosteric regulation dictated by intracellular signals [16]. The feature of ITPR of being
prone to modulation by nearby signals gives an idea of the complexity of the ITPR-interactome. In other
words, ITPRs have the structural complexity to participate in and regulate a dense network of cellular
processes. ITPRs are differently expressed in human tissues, as reported in Table 1, obtained with data
retrieved from the Human Protein Atlas [20]. The effects of ITPRs have been extensively studied in
preclinical models [21–29]. Here, we offer an overview of the human pathologies where ITPR alterations
have a clear causative role. Moreover, we summarize the information derived from innovative studies
of the disease-genome profile association, which also suggests the potential, under-investigated role of
ITPR in several human pathologies.

292



J. Clin. Med. 2020, 9, 1096

Table 1. Protein expression levels of IP3Rs in different human tissues and organs.

Tissue IP3R1 IP3R2 IP3R3

Cerebral cortex XX XX X
Cerebellum XX X XXX

Hippocampus XX
Caudate XX X

Thyroid gland X X
Parathyroid gland XXX

Adrenal gland XX X
Nasopharynx X XX

Bronchus XX XX
Lung X X XX

Oral mucosa X XX
Salivary gland XX

Esophagus X XX
Stomach X XX XX

Duodenum XX XX
Small intestine XX XXX

Colon XX XX
Rectum XX XX

Liver XX XX
Gallbladder XX X

Pancreas XX X
Kidney X XXX X

Urinary bladder X XX
Testis X XX XXX

Epididymis X XX X
Seminal vesicle X X X

Prostate X X
Vagina XX
Ovary X

Fallopian tube XX X
Endometrium XX XXX

Cervix, uterine X XX
Placenta X X
Breast X XXX XX
Heart X XX

Smooth muscle XX
Skeletal muscle XX

Soft tissue
Adipose tissue XX

Skin XX XX
Appendix XX XX

Spleen X
Lymph node X X

Tonsil X X XXX
Bone marrow X

X: Low, XX: Medium, XXX: High protein expression level.

2. ITPRs and Neurological Disorders

The function of ITPR has been historically assessed in the neurological field. Indeed, the first
identification of P400 protein occurred in Purkinje cells and the neurological signs were the first to be
studied in mice [30]. The highest number of ITPR human mutations has been identified in neurological
disorders, in particular affecting the isoform 1. Indeed, ITPR1 is the most abundant isoform in the
brain, regulating important functions including memory and motor coordination [31].
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2.1. Spinocerebellar Ataxia

Spinocerebellar ataxia (SCA) is a term referring to a group of hereditary ataxias characterized
by degenerative alterations in the part of the brain related to the movement control (cerebellum) and
sometimes in the spinal cord. Van de Leemput was the first to identify the deletion of a 5′ portion of
ITPR1 in British and Australian families with type 15 SCA [32]. Thereafter, the deletion of exons 1-48
of ITPR1 was identified in other populations, demonstrating that the haploinsufficiency of ITPR1 is
involved in SCA15-16 [33,34]. Missense mutations in the ITPR1 gene have been later associated with
SCA15: P1059L and P1074L in a Japanese family, and V494I in an Australian family [35,36].

Another form of SCA, SCA29, characterized by an early-onset motor delay, hypotonia, and gait
ataxia, is one of the forms more frequently associated with ITPR1 mutations [37]. The missense
mutations V1553M and N602D, identified by Huang et al. [38], are among the first mutations observed;
G2547A was identified as a de novo mutation but only in one case [39]. In a cohort study on a
population of 21 patients with SCA29, Zambonin et al. identified six novel mutations in the ITPR1
gene [40]: Three mutations in the IP3 binding domain (R269G, K279E, K418ins), two mutations in the
transmembrane domain (G2506R, I2550T), and one in the regulatory domain (T1386M); no specific
genotype–phenotype correlations were observed, but the recurrence in affected subjects suggested the
pathogenic role of these mutations.

SCA has been generally associated with a loss of function of ITPR1, however, Casey et al.
recently identified a gain-of-function pathogenic mutation [41], detecting a R36C missense variant in
three SCA29 affected members of the same family. The resultant ITPR1 mutant displayed a higher IP3
binding affinity than the wild type counterpart, converting the pattern of intracellular calcium release
from transient to sigmoidal. This evidence supports the idea that the enhancement of calcium release
can contribute to SCA29 pathogenesis. In addition to missense mutations of the ITPR1 gene, a splicing
variant was also associated with SCA29: The c.1207-2A-T transition was identified in exon 14 of ITPR1
in four SCA29 patients and was not found in unaffected members of the same family [42].

Notably, all the mutations described above are autosomal dominant variants; however, a missense
mutation in the ITPR1 gene was similarly associated with autosomal recessive SCA: In a family with
congenital SCA history, the homozygous missense mutation L1787P was identified in all affected
individuals, while the heterozygous carriers were asymptomatic [43]. The ability of this mutation to alter
the receptor function is only predictive, but the concerned residue is highly conserved and the transition
of leucine to proline can affect the protein stability with a high probability. Moreover, missense mutations
(T267M, T594I, S277I, T267R) were observed in sporadic infantile-onset SCA [44,45], in congenital
ataxias (R269W, R241K, A280D, E512K) [46], and in another subtype of ataxia, ataxic cerebral palsy
(S1493D) [47]; other mutations have been reported [48–51] in molecularly unassigned SCA forms
(V2541A, T2490M) and in rare forms of cerebellar hypoplasia (T2552P, I2550N).

Intriguingly, there are SCA variants not directly associated with ITPR1 gene mutations,
but involving genes functionally close to ITPR1 and its signaling. A good example comes from
SCA2 and SCA3, where the causative mutations are alterations in ataxin-2 and -3, respectively. In both
cases, the mutant forms of ATXs are able to bind ITPR1 increasing the sensitivity of the channel for
IP3 and enhancing channel gating [52,53]. Of interest, ITPR1-functional alterations by ATXs seem to
have a pathogenic role, as they increase the apoptosis of Purkinje cells in animal models of ataxia [54].
This evidence supports the key role of calcium homeostasis regulation by ITPR1 in these neurological
disorders even if the channel function is not directly altered.

2.2. Huntington’s Disease and Alzheimer’s Disease

To date, genetic mutations in the ITPR1 gene with a pathological relevance in human Huntington’s
Disease (HD) and Alzheimer’s Disease (AD) have not been detected. However, both disorders are
major examples of indirect involvement of ITPR1.

In HD, the causative mutation is the poliQ expansion of Huntingtin (Htt), although the cellular
and molecular mechanisms of GABAergic neurons loss are not clearly understood [55]. Of note,
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the polyQ-Htt can bind ITPR1 with high affinity, sensitizing the receptor activity by IP3 [56,57].
Blocking the Htt–ITPR1 interaction in vivo was shown to regulate the abnormal calcium signaling in
response to glutamate, protecting the neurons from death, and improving motor coordination [58],
posing ITPR1 in a key position in HD pathophysiology and supporting the use of ITPR1-based therapies.

In AD, the pathogenic hypothesis of the beta-amyloid plaque has been extensively and historically
investigated. However, in the last years, new and additional potential mechanisms have been suggested,
including the dysregulation of calcium handling. In particular, ITPRs seem to have a key role in
modulating calcium signals in AD [59]. Alterations in the ITPR function have been detected in
cells derived from patients with AD already in 1994 [60,61]. Later, Ferreiro et al. demonstrated that
antibody-aggregates are able to induce calcium release by ITPR in cortical neurons, leading to apoptosis,
which was prevented by the ITPR inhibitor Xestopongin C [62].

2.3. Gillespie Syndrome

The Gillespie syndrome (GS) is a rare form of aniridia, cerebellar ataxia, and mental deficiency,
described in 1965 by the American ophthalmologist Fredrick Gillespie [63]. Until 2016, its causative
gene and mutations were unknown. Using a whole-exome sequencing approach, Gerber et al.
identified several ITPR1 mutations in five GS-affected families [64]. In particular, the Authors
detected truncating mutations in homozygous (Q1558*, R728*) or in composed heterozygous
(G2102Valfs5/A2221Valfs23); the resultant truncated mutants were unable to generate a functional
channel in a heterologous cell system. In the other two families, the Authors found one missense
mutation (F2553L) and one deletion (K2563del) in the transmembrane domain. The latter, in addition
to producing a dysfunctional channel, was able to exert a negative effect on the product derived from
the wild type allele, with a dominant-negative action.

Later, next-generation sequencing approaches were used to study other GS families. The results
evidenced novel missense mutations in the region of the calcium pore (N2543I), and in the regulatory
domain (E2061G, E2061Q), further extending the ITPR1 mutations spectrum associated to GS [65,66].

2.4. Autism Spectrum Disorder

The Autism spectrum disorder (ASD) is a complex heterogeneous disorder with a poorly
defined etiology and diagnosis criteria. Its high heritability, however, suggests a strong genetic
component [67] and several genetic studies suggest that calcium homeostasis is a key determinant in its
pathophysiology [68]. Recent studies demonstrate that IP3-mediated calcium signals are significantly
depressed in fibroblasts isolated from patients with ASD, identifying ITPR as a functional target in this
disease [69]. These data are consistent with another study done in patients with autism in which a
genetic variant of the oxytocin receptor (implicated in the etiology of ASD), causes a decline in the
IP3/calcium signaling pathway in vitro [70].

2.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a condition characterized by a progressive degeneration
of motor neurons in the brain and spinal cord. ITPR1 and ITPR2 are the main isoforms expressed in
motor neurons [71]. ITPR2 mRNA levels are elevated in peripheral blood samples of patients with
ALS [72] and studies done in human cells suggest that the pharmacological inhibition of ITPR1 is a
potential strategy to prevent motor neuron deterioration in ALS [73].

3. ITPRs in Autoimmune Disorders

ITPRs are important for exocrine fluid secretion including saliva, pancreatic juice, and tear
secretion [74]. Interestingly, anti-ITPR antibodies have been detected in sera from patients with
Sjogren’s syndrome (SS) [75], a chronic autoimmune disease involving lymphocytic infiltration and
loss of secretory function in salivary and lacrimal glands [76]. A recent study demonstrates that
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the expression of ITPR2 and ITPR3 is significantly reduced in the salivary gland of SS patients,
suggesting that deficits in ITPRs may underlie the secretory defect in SS [77].

Antibodies against ITPRs were also found in patients with rheumatoid arthritis and systemic
lupus erythematosus, although the locations of the antigenic epitopes were different among the disease
conditions [75].

4. ITPRs and Anhidrosis

Anhidrosis is the inability to sweat, which is responsible for heat tolerance; it is a rare disorder
occurring even in the presence of morphologically normal eccrine glands, which are the main glands
that respond to thermal stress with a high secretion rate. The whole-genome analysis of a family with
anhidrosis and normal eccrine glands unveiled a novel missense mutation (G2498S) in ITPR type 2 [78].
This mutation occurs in the calcium pore-forming region. This association was corroborated by the
observation of anhidrosis and hyperhidrosis in human pathologies linked to ITPR dysfunction; also,
there was a marked reduction of sweat secretion in ITPR2-/- animals. Interestingly, ITPR2 inhibitors
have the potential to reduce sweat production in hyperhidrosis, suggesting that ITPR2 is a potential
pharmacological target in the treatment of sweat secretion conditions [78].

5. ITPRs and Cancer

Calcium has a key role in proliferation, differentiation, and migration; therefore, it is not surprising
that ITPR, one of the main regulators of calcium handling, is involved in neoplastic transformation
and progression [79]. Neck squamous cell carcinoma (HNSCC) was one of the first diseases connected
to ITPR [80]; a whole-exome sequencing analysis of HNSCC patients revealed missense mutations
affecting the ITPR3 gene, R64H, and R149L, both in the regulatory domain of the receptor [80].
Importantly, ITPR3 gene mutations were detectable only in metastatic or in recurrent tumors, but not
in the respective primary tumors. This finding strongly suggests a role for ITPR3 in the metastatic
process and malignant transformation, very significant if we take into account that the major problem
related to HNSCC is given by recurrent metastases, which occur in more than half of the patients.

An increased expression of ITPR3 was detected in clear renal cell carcinoma compared to the
unaffected part of the kidney [81]; ITPR3 silencing affected tumor growth, in vitro as well as in vivo,
providing a direct proof of the involvement of this receptor in the carcinogenesis. An increased
expression of ITPR3 has been also observed in cholangiocarcinoma [82] and in colorectal cancer [83]; in
both cases the expression of ITPR3 correlated with the degree of neoplasia severity [82,83].

Alterations of ITPR1 and ITPR2 have been associated with the Sézary syndrome, a T-cell lymphoma
with an aggressive clinical course. The analysis of gene mutations in 15 patients with the neoplastic
syndrome unveiled somatic point mutations in ITPR1 including A95T in the regulatory domain and
S2454F in the trans-membrane domain, and mutation in ITPR2, such as S2508L, in the trans-membrane
domain [84]. These discoveries have important implications in considering ITPRs as new therapeutic
targets in cancer.

6. Potential Role of ITPRs in Human Disease: Evidence from GWAS

While an evident role of ITPRs has been recognized for several human pathologies by identifying
specific mutations, a potential role of this channel in other human conditions has been suggested by
genome whole association studies (GWASs). Eleftherohorinou et al. have shown that a defective
second messenger signaling could be involved in the predisposition to rheumatoid arthritis [85].
Specifically, alterations in ITPRs were proposed to be responsible for calcium signaling deregulations
in this disease [85]. As revealed by another GWAS, the involvement of ITPR3 in the release of
the macrophage migration inhibitory factor (MIF) confirmed the role of this receptor in rheumatoid
arthritis [86]. In the same study, ITPR was also associated with type 1 diabetes mellitus [86], reflecting the
similarity of genetic perturbations and the comparable immunological dysfunctions underlying these
diseases, further corroborated by genetic analyses identifying ITPR3 as an independent risk locus in
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Graves’ disease [87] and allergic disorders including asthma, allergic rhinitis, atopic dermatitis [88,89],
and airflow obstruction [90]. The involvement of ITPR3 in diabetes has been also confirmed by the
significant recurrence of single nucleotides polymorphisms (SNPs) in the ITPR3 gene in diabetic
American women [91], as well as in a Swedish nationwide study [92]. The latter study reported
that a variation at rs2296336 (a SNP within ITPR3) might influence the risk of developing diabetes
through an effect on alternative splicing. Moreover, rs3748079, a SNP located in the promoter region of
ITPR3, has been associated with several autoimmune diseases including systemic lupus erythematosus,
rheumatoid arthritis, and Graves’ disease in a Japanese population [93], and the variant rs999943
of ITPR3 has been linked to obesity [94]. Equally important, ITPR1 has been associated in different
GWASs with diabetic kidney disease [95] and obesity-related traits [96]. Of note, a recent GWAS in a
Chinese population identified ITPR2 as a susceptibility gene for the Kashin-Beck disease, a chronic
osteochondropathy characterized by cartilage degeneration [97]; in this study, a significant association
between the disease and nine SNPs of ITPR2 was described. Interestingly, the regulatory role of ITPR2
in apoptosis is a possible contributor to the Kashin-Beck disease, since excessive chondrocyte apoptosis
was found to be related to cartilage lesions in affected patients [98]. Moreover, a GWAS has revealed
that the ITPR signaling pathway is genetically associated with epilepsy [99], and the anti-epileptic drug
levetiracetum is known to act inhibiting the release of calcium by ITPRs, highlighting the relevance of
enhanced ITPRs action in epilepsy [100].

Other association studies have underlined the role of ITPRs in the cardiovascular field.
The association between gene expression and dilated cardiomyopathy (DCM) has been studied
by assessing the presence of CpG sites in the proximity of gene-promoters, as an index of promoter
methylation and consequent downregulation of transcription [101]; using this strategy, the CpG
site “cg26395694” close to the ITPR1 locus (ENSG00000150995) has been shown to be significantly
associated to DCM (p-value: 2.57E-02). More in general, ITPR3-mediated pathways have been also
linked to ischemic heart disease [86] and coronary artery disease [102]. ITPR3 has been associated with
the risk of developing coronary artery aneurism in Taiwanese children with Kawasaki disease [103],
a multisystemic vasculitis that can result in coronary artery lesions and that had been linked to aberrant
calcium signaling [104]. In a case-control study involving 93 Kawasaki disease patients and 680
healthy controls, the frequency of the rs2229634 T/T genotype was significantly higher in Kawasaki
disease patients with coronary artery aneurism than in patients without coronary artery aneurism [103].
The key importance of ITPRs in cardiovascular medicine is confirmed by the crucial role of ITPRs
in cardiogenesis [105–107]; ergo, it may be difficult to detect mutations causing severe heart defects
by using genetic analyses of patient samples postnatally, especially if considering that ITPRs have
been shown to be essential in very early embryogenesis and some mutations might cause lethality in
utero [108,109].

An international GWAS identified ITPR1 between the novel loci associated with blood pressure
in children and adolescents [110]. Finally, in the Hispanic population, ITPR1 was associated to the
pathophysiology of childhood obesity [96], while ITPR3 was linked to body mass index variants
conferring a high risk of extreme obesity [94].

The GWAS demonstrated an association of ITPR1–2 with different forms of cancer, especially breast
cancer [111–113]. Other studies associated the expression level of ITPR3 with the aggressiveness of
different types of tumors, including colorectal carcinoma, gastric cancers [114], and head and neck
squamous cell carcinoma [80]. ITPR3 variants were also found to be implied in cervical squamous
cell carcinoma [115]. Interestingly, ITPR3 appears also to actively participate in cell death in several
tissues and its increased activity was demonstrated to induce apoptosis in T lymphocytes [116,117].
These findings indicate that compounds aimed at controlling the ITPR activity may be useful as a
therapeutic approach for modulating immune responses in cancer.
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7. Conclusions

In this systematic review, we illustrated the association of ITPRs mutations with human disorders.
The mutations of ITPRs reported in humans are summarized in Table 2 and represented in Figure 1.
Throughout the analysis of current literature, the involvement of ITPRs in human disease appears to
be under-investigated.

Table 2. Spectrum of IP3Rs mutations identified in humans.

Mutation IP3R Isoform Effect on Protein Disease Reference

5′ deletion IP3R1 Downregulation SCA15 [32]
1-48 exons deletion IP3R1 Downregulation SCA15-16 [33,34]

P1059L IP3R1 Missense (ND) SCA15 [35]
P1074L IP3R1 Missense (ND) SCA15 [35]
V494I IP3R1 Missense (ND) SCA15 [36]

V1553M IP3R1 Missense (ND) SCA29 [38]
N602D IP3R1 Missense (ND) SCA29 [38]
G2547A IP3R1 Missense (ND) SCA29 [39]
R269G IP3R1 Missense (ND) SCA29 [40]
K279E IP3R1 Missense (ND) SCA29 [40]

G2506R IP3R1 Missense (ND) SCA29 [40]
I2550T IP3R1 Missense (ND) SCA29 [40]

T1386M IP3R1 Missense (ND) SCA29 [40]

R36C IP3R1 Gain-of-function
Increase of IP3 binding affinity SCA29 [41]

c.1207-2A-T IP3R1 Splicing variant SCA29 [42]
L1787P IP3R1 Protein-instability* Autosomal-recessive SCA [43]
T267M IP3R1 Missense (ND) Sporadic infantile-onset-SCA [44,45]
T594I IP3R1 Missense (ND) Sporadic infantile-onset-SCA [44,45]
S277I IP3R1 Missense (ND) Sporadic infantile-onset-SCA [44,45]
T267R IP3R1 Missense (ND) Sporadic infantile-onset-SCA [44,45]
R269W IP3R1 Missense (ND) Congenital-ataxias [46]
R241K IP3R1 Missense (ND) Congenital-ataxias [46]
A280D IP3R1 Missense (ND) Congenital-ataxias [46]
E512K IP3R1 Missense (ND) Congenital-ataxias [46]

S1493D IP3R1 Missense (ND) Ataxic-cerebral-palsy [47]
V2541A IP3R1 Missense (ND) Molecular-unassigned SCA [48]
T2490M IP3R1 Missense (ND) Molecular-unassigned SCA [48]
T2552P IP3R1 Missense (ND) Cerebellar-hypoplasia [50]
I2550N IP3R1 Missense (ND) Cerebellar-hypoplasia [51]
Q1558 IP3R1 Truncating-protein, no functional channel Gillespie syndrome [64]
R728 IP3R1 Truncating-protein, no functional channel Gillespie syndrome [64]

F2553L IP3R1 Missense (ND) Gillespie syndrome [64]

K2563 deletion IP3R1 Dysfunctional channel with dominant
negative action Gillespie syndrome [64]

N2543I IP3R1 Missense (ND) Gillespie syndrome [65]
E2061G IP3R1 Missense (ND) Gillespie syndrome [66]
E2061Q IP3R1 Missense (ND) Gillespie syndrome [66]

A95T IP3R1 Missense (ND) Sézary syndrome [84]
S2454F IP3R1 Missense (ND) Sézary syndrome [84]
S2508L IP3R1 Missense (ND) Sézary syndrome [84]
G2498S IP3R2 Missense: dysfunctional channel * Anhidrosis [78]
R64H IP3R3 Missense (ND) HNSCC [80]
R149L IP3R3 Missense (ND) HNSCC [80]

HNSCC: Head and neck squamous cell carcinoma; ND: Not determined; SCA: Spinocerebellar ataxia; * predicted
effect on protein.

The currently known contribution of the receptor to the pathogenesis of human disease is only the
top of the iceberg. The information about causative genetic alterations affecting ITPRs mainly come
from the neurology-related fields, cancer fields, or rare disease field, where the genetic analysis is a
more common approach included in diagnostic procedures. However, in several studies of large-scale
genome analysis, ITPRs recurrently emerge as a susceptibility gene for several pathological conditions.
This evidence confirms that only little is known about this channel, particularly in cardiac and vascular
homeostasis or metabolism. The recent findings of the physical link between ER and mitochondria,
mediated by a protein complex including ITPR, suggest a potential role of the receptor in the regulation
of calcium-dependent mitochondrial metabolism [118–130]. The ability of ITPR to indirectly regulate
mitochondrial energetic metabolism could have a significant impact on the health and homeostasis of
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the tissues strongly dependent on mitochondrial energetic production, such as cardiac and skeletal
muscle. However, this aspect needs to be further explored.

The underestimated pathophysiological role of ITPR might also depend on the fact that the cellular
context strongly affects the impact of ITPR alterations on calcium handling and the relative cell fate.
A good example comes from a study in neuronal cells about the P1059L affecting the regulatory domain
of ITPR1; this mutation increases the affinity of ITPR1 to IP3, altering the functional output of Purkinje
cells, however, no differences were detected in calcium signaling between the wild type and the same
mutant in B-cells [131]. The regulatory domain of ITPR is the target of several molecular partners
whose expression and activity profile are different among the different cellular contexts. Therefore,
the regulation around the P1059 residue of ITPR could be different—and/or of different impact—in
Purkinje cells compared to other cells, such as B-cells. Nevertheless, the experiments performed in
stable cell lines can alter the impact of ITPR alterations, as several adaptive pathways could affect
the expression of ITPR regulatory proteins minimizing the effects of mutations. These observations
encourage future studies on ITPR in the appropriate native cellular context, both in physiological and
pathological conditions.
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Abstract: Background: Glucose-regulated protein 78/Binding immunoglobulin protein (GRP78/BiP) is
a protein associated with endoplasmic reticulum stress and is upregulated by metabolic alterations at
the tissue-level, such as hypoxia or glucose deprivation, and it is hyper-expressed in fat tissue of obese
individuals. Objective: To investigate the role of the GRP78/BiP level as a metabolic and vascular
disease biomarker in patients with type 2 diabetes (DM), obesity and metabolic syndrome (MS).
Methods: Four hundred and five patients were recruited, of whom 52.5% were obese, 72.8% had DM,
and 78.6% had MS. The intimae media thickness (cIMT) was assessed by ultrasonography. The plasma
GRP78/BiP concentration was determined, and its association with metabolic and vascular parameters
was assessed. Circulating GRP78/BiP was also prospectively measured in 30 DM patients before and
after fenofibrate/niacin treatment and 30 healthy controls. Results: In the cross-sectional study, the
GRP78/BiP level was significantly higher in the patients with obesity, DM, and MS. Age-, gender-
and BMI-adjusted GRP78/BiP was directly associated with LDL-cholesterol, non-HDL-cholesterol,
triglycerides, apoB, and cIMT. GRP78/BiP was positively associated to carotid plaque presence in
the adjusted model, irrespective of obesity, DM and MS. In the prospective study, nicotinic acid
treatment produced a significant reduction in the GRP78/BiP levels that was not observed with
fenofibrate. Conclusions: GRP78/BiP plasma concentrations are increased in patients with both
metabolic derangements and subclinical atherosclerosis. GRP78/BiP could be a useful marker of
metabolic and cardiovascular risk.

Keywords: GRP78/BiP; endoplasmic reticulum stress; atherosclerosis; carotid intima–media thickness;
obesity; type 2 diabetes; metabolic syndrome; cardiovascular risk; fenofibrate/niacin treatment

1. Introduction

Glucose-regulated protein 78/Binding immunoglobulin protein (GRP78/BiP) is an endoplasmic
reticulum stress (ERS) protein that belongs to the Hsp70 multigene family and is located in the
inner membrane of the endoplasmic reticulum. Its main function is associated with the unfolded
protein response (UPR) in ERS situations. GRP78/BiP chaperons newly synthesized proteins until full
maturation. In ERS situations, the proteins are titrated away, which frees ERS proteins that function
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to reduce protein synthesis and increase misfolded protein degradation and the protein-folding
capacity [1]. GRP78/BiP is overexpressed in several tissues under ERS. The GRP78/BiP mRNA levels are
elevated in the livers of obese mice, and high glucose levels result in reduced GRP78/BiP expression [2].
Additionally, the GRP78/BiP levels are increased in the adipose tissue of patients with diabetes
and obesity [3,4]. Hypoxia and glucose deprivation account for the induction of GRP78/BiP [5,6].
Interestingly, this protein has also been detected in cell membranes, where it acts as a multireceptor and
signal receptor transducer and mediates other functions [7,8]. These aspects are particularly relevant in
some neoplastic tissues [9]. GRP78/BiP is released into culture medium from challenged cells to induce
ERS. A soluble part of the protein can be detected in circulation, probably due to active secretion rather
than simply a result of cell necrosis or apoptosis [10–12].

Alterations in ER homeostasis have been observed in obese and diabetic subjects [13].
The pathophysiological role of the UPR in obesity, insulin resistance and diabetes has been demonstrated
in several studies in animal models [14] and humans [15,16]. One of the main findings was the
demonstration that both genetically and diet-induced obese mice exhibited chronic activation of
the UPR [2]. Consistent with these findings, treatment of obese and diabetic mice with chemical
chaperones alleviated ERS and restored glucose homeostasis in the liver, muscle, and adipose tissues [17].
Furthermore, mice heterozygous for Grp78/BiP (Grp78+/−) were protected from the metabolic disorders
linked to a high-fat diet [18]. A decrease in the BMI resulting from bariatric surgery reduced ERS in
insulin-resistant, obese, human patients [19]. In this regard, physical exercise alleviates ERS in obese
individuals through reduction of GRP78/BiP expression and release [4].

Atherosclerosis is the major cause of cardiovascular disease, and UPR activation occurs at all stages
of atherosclerotic lesion development. GRP78/BiP has been found to be highly expressed in macrophages,
smooth muscle cells, and endothelial cells of atherosclerotic lesions [20]. Increased ERS occurs in unstable
plaques, suggesting that ERS-induced apoptosis of smooth muscle cells and macrophages may contribute
to plaque vulnerability. Moreover, unstable atherosclerotic plaques present abnormal numbers of apoptotic
cells, which is related to ERS [21] mainly via robust CHOP expression. ERS markers, such as GRP78/BiP,
are strongly associated with atherosclerotic plaques in human coronary artery lesions [22]. Hemodynamic
shear stress in atherosclerotic regions regulates GRP78/BiP expression in vivo and in vitro, and GRP78/BiP
upregulation in the endothelium has been hypothesized to provide a protective compensatory effect in
response to ERS within early or developing atherosclerotic lesions [23].

ERS is a pathophysiological process that is involved in many metabolic derangements.
Therefore, an ERS biomarker should be highly informative at the clinical level.

To the best of our knowledge, no studies have addressed the relationship between GRP78/BiP,
diabetes, metabolic alterations, and subclinical atherosclerosis. In the present study, we have studied
the associations between GRP78/BiP and metabolic indexes and atherosclerosis in patients with obesity,
type 2 diabetes mellitus (DM), and/or metabolic syndrome (MS). We have also investigated the effect
of lipid-modifying drugs on GRP78/BiP in patients with DM.

2. Research Design and Methods

2.1. Design and Study Subjects

Cross-Sectional Study: For the cross-sectional study, we recruited 405 consecutive individuals
attending the vascular medicine and metabolism unit of our university hospital due to lipid metabolism
disturbances and associated disorders (obesity, DM, and MS) who were willing to participate. DM, MS,
and obesity were diagnosed according to standard clinical criteria. Prediabetes was diagnosed
according to the fasting glucose level (>100 mg/dL and <126 mg/dL). Subjects with chronic lung, renal,
or liver disease, cancer, or any other serious disease were excluded. Patients on lipid-lowering drugs
underwent a 6-week wash-out period (8 weeks if they were on fibrates). Anamnesis, anthropometric,
and physical examination data were recorded.
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Prospective Study: GRP78/BiP was analyzed in deep-frozen stored sera from 29 patients with DM
and 30 gender- and age-matched, apparently healthy, individuals (control group) who participated
in an open randomized control trial to evaluate the impact of fenofibrate and niacin on HDL quality
in DM patients. The details of this study including the flow chart scheme have been published [24]
(ClinicalTrials.gov Identifier: NCT02153879). Briefly, after a 6-week lipid-lowering drug wash-out
period, the patients with DM were randomly distributed into two groups. One group received 20 mg
of simvastatin plus 145 mg of fenofibrate, and the other group received 20 mg of simvastatin plus 2 g
of niacin plus laropiprant for a 12-week period. After a new 6-week lipid-lowering drug wash-out
period, they were shifted to the other lipid-lowering drug in a crossover design for a 12-week period.

The Hospital Ethics Committee approved the study, and all patients provided their written consent
to participate in the study.

2.2. Clinical and Laboratory Determinations

A blood sample was obtained from each patient in the study cohort after overnight fasting.
Aliquots were prepared for immediate storage at −80 ◦C in the BioBanc at our center prior to use.
Biochemical parameters, lipids, and apolipoproteins were measured using colorimetric, enzymatic and
immunoturbidimetric assays, respectively (Spinreact, SA, Spain; Wako Chemicals GmbH, Germany;
and Polymedco, New York, NY, USA; CV < 4%), which were adapted to the Cobas Mira Plus
Autoanalyser (Roche Diagnostics, Spain). The lipid profile was analyzed according to the Spintrol “H”
CAL (Spinreact, SA, Spain) GC–MS reference methods. Spintrol “H” Normal was used as a quality
control. The circulating PCSK9 levels were measured by an enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, Minneapolis, MN, USA). The FABP5, FABP4 and HMW-adiponectin levels
were assessed using commercial ELISA kits (BioVendor Laboratory Medicine Inc., Brno, Czech Republic;
RayBiotech, Inc., Georgia, GA, USA; CV, 5%). The serum GRP78/BiP levels were measured with
an ELISA kit (Enzo Life Sciences, Inc., New York, NY, USA) following the reagent manufacturer’s
instructions. The optical density (OD) of the well was measured at a wavelength of 450 nm ± 2 nm
(Synergy, BioTek Instruments, Inc., Winooski, VT, USA). Each sample was analyzed in duplicate.
The serum GRP78/BiP levels were measured using a standard curve constructed with the kit’s standards.
The homeostasis model assessment–insulin resistance (HOMA–IR) index was calculated from the
fasting glucose and insulin concentrations, as previously reported [25].

2.3. Carotid Ultrasound Imaging

A total of 316 subjects from the entire cohort underwent a vascular study with the Mylab 50
X-Vision ultrasound (Esaote, Italy). A 7.5 MHz linear array and semiautomated software were used to
measure the carotid intima–media thickness (cIMT) in the far wall of both common carotid arteries.
The cIMT mean was the average of 2 territories. Bifurcations and internal carotids were also measured
using a manual method. A plaque was defined as a focal structure that either encroached into the
arterial lumen by at least 0.5 mm or 50% of the surrounding cIMT value or demonstrated a thickness
>1.5 mm, as measured from the media–adventitia interface to the intima-lumen interface, according to
the Mannheim carotid intima–media thickness consensus [26].

2.4. Statistical Analyses

Data are presented as medians and 25th and 75th percentiles or percentages, unless otherwise
indicated. The normality of continuous variables was determined by the Kolmogorov–Smirnov test.
GRP78/BiP was log-transformed to reduce skewness. Unadjusted associations between GRP78/BiP
and continuous variables were assessed by Spearman’s correlation test. Differences in GRP78/BiP
between patients with obesity, DM, and MS were analyzed by the Mann–Whitney test, and differences
between MS components were analyzed using the Kruskal–Wallis test. Group differences between
treatments in the validation cohort were analyzed with the paired Wilcoxon test. Adjusted differences
were investigated using analysis of covariance (ANCOVA). Multivariate linear regression models
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were constructed to search for independent relationships between GRP78/BiP (dependent variable)
and clinical and biochemical variables in the whole study group and in the obese, type 2 diabetic,
and MS subjects. Logistic binary regression models were also performed for dichotomous variables to
assess the risk of obesity, DM, MS, or atherosclerotic plaques based on the serum GRP78/BiP levels.
All statistical analyses were conducted with SPSS 25 (IBM, Armonk, NY, USA). A p value < 0.05 was
considered statistically significant.

3. Results

3.1. Subjects’ Characterisctics

The clinical, anthropometric, and biochemical characteristics of the patients participating in the
cross-sectional study are shown in Table 1. The median (25th percentile–75th percentile) age of the
study subjects was 60 (50–67) years, and 50.9% were women. Obesity was present in 52.5%, DM in
72.8%, and MS in 78.6% of the patients. Carotid atherosclerotic plaques were present in 33.2% of the
patients. The median GRP/BiP level was 7.43 (4.42–13.49) μg/mL. Analysis of our full cohort revealed
no differences in GRP78/BiP between genders, and the level was unrelated to age.

Table 1. Clinical and biochemical characteristics of the study subjects.

N = 405

Women (%) 50.9
Age (years) 60 (50–67)
BMI (kg/m2) 27.53 (27.33–34.75)

Waist circumference (cm) 103.0 (95.0–112.0)
Systolic BP (mmHg) 133 (124–146)
Diastolic BP (mmHg) 80 (71–85)

Glucose (mg/dL) 126.7 (101.0–163.0)
Insulin (%) * 10.43 (6.95–16.48)
HbA1c (%) † 6.40 (5.70–7.50)
HOMA-IR * 3.13 (1.75–6.19)

Lipids and Apolipoproteins
Total cholesterol (mmol/L) 5.20 (4.50–6.19)

LDL-C (mmol/L) 3.18 (2.55–3.97)
HDL-C (mmol/L) 1.38 (1.19–1.59)

Non-HDL-C (mmol/L) 3.80 (3.14–4.73)
Total triglycerides (mmol/L) 1.65 (1.04–2.58)

ApoB100 (mg/dL) 103 (85–120)
ApoA1 (mg/dL) 136 (128–146)
Lp(a) (mg/dL) 8.10 (2.70–22.00)

Protein Biomarkers
GRP78/BiP (μg/mL) 7.43 (4.42–13.49)

PCSK9 (ng/mL) 320.2 (254.4–404.7)
hsCRP (mg/L) 2.09 (1.12–3.75)

FABP4 (ng/mL) 26.06 (16.84–37.24)
FABP5 (ng/mL) 7.74 (6.13–9.92)

HMW-Adiponectin (μg/mL) 5.44 (2.96–8.98)

Disease
Obesity (%) 52.5

Type 2 diabetes (%) 72.8
Metabolic syndrome (%) 78.6

Subclinical Atherosclerosis

cIMT (mm) ‡ 0.685 (0.619–0.776)
Carotid atherosclerotic plaque (%) § 33.2

Data are shown as n (percentage) or median (25th percentile–75th percentile). BMI = body mass index; BP
= blood pressure; LDL-C = LDL cholesterol; HDL-C = HDL cholesterol; Non-HDL-C = non-HDL cholesterol;
ApoB100 = apolipoprotein B100; ApoA1 = apolipoprotein A1, Lp(a) = lipoprotein a; GRP78/BiP = 78 kDa
glucose-regulated protein/binding immunoglobulin protein; PCSK9 = proprotein convertase subtilisin/kexin type 9;
hsCRP = high-sensitivity C-reactive protein; FABP4 = fatty acid binding protein 4; FABP5 = fatty acid binding protein
5; HMW-adiponectin = high-molecular-weight adiponectin; cIMT = carotid intima–media thickness. Measurements
were available in a subpopulation of: * n = 168; † n = 314; ‡ n = 312; § n = 316.
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3.2. Association of GRP78/BiP with the Metabolic Status

The GRP78/BiP serum concentrations were higher in patients with obesity, DM, and MS compared
with patients without metabolic disturbances (5.67 (3.74–11.62) μg/mL vs. 9.15 (5.74–16.38) μg/mL,
p < 0.001; 4.72 (3.63–9.94) μg/mL vs. 8.57 (5.27–16.73) μg/mL, p < 0.001 and 4.15 (2.91–5.76) μg/mL vs.
9.15 (5.85–16.73) μg/mL, p < 0.001, respectively) (Figure 1A,B,C). A direct and positive association was
found with the number of MS components (p < 0.001) (Figure 1D). The differences were independent
of covariates (p < 0.001 for obesity, DM, and MS) (Figure 1).

Figure 1. Circulating 78 kDa glucose-regulated protein/binding immunoglobulin protein (GRP78/BiP)
levels according to obesity (A), type 2 diabetes (B), metabolic syndrome (C) and metabolic syndrome
components (D). The results are expressed as the mean ± SEM. p values for group comparisons are
reported for the age- and gender-adjusted ANCOVA test.

A logistic regression analysis revealed that the serum GRP78/BiP levels were associated with the
presence of obesity, DM, and MS in the crude and in the gender- and age-adjusted model (model 1).
After adjusting for other risk factors (model 2), GRP78/BiP levels remained directly associated with
DM and MS (Supplemental Table S1).

3.3. Associations of GRP78/BiP with the Clinical, Biochemical and Vascular Imaging Data

The associations among GRP78/BiP and the clinical, anthropometric, and standard biochemical data
and the adipokine and vascular values are shown in Table 2. Notably, GRP78/BiP was directly related
to all adiposity indexes, including the BMI, standard lipids, lipoprotein levels, glucose concentrations,
inflammation and adipokines, and was inversely related to apo A1 and HMW-adiponectin. The mean
GRP78/BiP was also directly related to cIMT.
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Table 2. Relationships between log-GRP78/BiP and continuous variables.

Log GRP78/BiP p Value Log GRP78/BiP * p Value *

Age 0.034 0.499 - -
BMI 0.307 <0.001 - -

Waist
Circumference 0.269 <0.001 0.125 0.121

Systolic BP 0.394 <0.001 0.154 0.055
Diastolic BP 0.153 <0.001 0.122 0.129

Glucose 0.296 <0.001 −0.045 0.576
Total cholesterol 0.429 <0.001 0.156 0.052

LDL-C 0.351 <0.001 0.099 0.217
HDL-C −0.011 0.830 0.038 0.637

Non-HDL-C 0.472 <0.001 0.176 0.028
Total triglycerides 0.392 <0.001 0.243 0.002

ApoB100 0.420 <0.001 0.169 0.035
ApoA1 −0.165 0.001 −0.137 0.088
Lp(a) 0.065 0.190 0.039 0.626

PCSK9 0.191 <0.001 0.077 0.340
hsCRP 0.256 <0.001 0.084 0.297
FABP4 0.141 0.005 0.104 0.195
FABP5 0.274 <0.001 0.095 0.236

HMW-Adiponectin −0.176 0.001 −0.055 0.493
cIMT 0.165 0.003 0.244 0.002

GRP78/BiP = 78 kDa glucose-regulated protein/binding immunoglobulin protein; BMI = body mass index; BP = blood
pressure; LDL-C = LDL cholesterol; HDL-C = HDL cholesterol; Non-HDL-C = non-HDL cholesterol; ApoB100 =
apolipoprotein B100; ApoA1 = apolipoprotein A1, Lp(a) = lipoprotein a; PCSK9 = proprotein convertase subtilisin/kexin
type 9; hsCRP = high-sensitivity C-reactive protein; FABP4 = fatty acid binding protein 4; FABP5 = fatty acid binding
protein 5; HMW-adiponectin = high-molecular-weight adiponectin; cIMT = carotid intima–media thickness. p values
for Spearman’s correlations are reported. * p values corrected by age, gender and BMI.

After adjusting for age, gender, and BMI, the relationships that remained statistically significant
with GRP78/BiP were cholesterol, non-HDL-C, triglycerides, apoB100 and cIMT (p < 0.05 for all
comparisons) (Table 2).

Thereafter, a multivariate stepwise regression analysis was used to identify factors influencing
circulating GRP78/BiP across obesity, DM, and MS. In the entire study population, gender, systolic blood
pression, triglycerides, and cIMT were the determinants of circulating GRP78/BiP, accounting for 32.7%
of the observed variance (Supplemental Table S2). Further analysis of obese individuals revealed that
gender accounted for 15.4% of the variance observed in the circulating GRP78/BiP levels. In diabetic
individuals, gender, BMI, triglycerides, and cIMT accounted for 25.3% of the variance. For MS, the
determinants of circulating GRP78/BiP were gender, triglycerides, and cIMT, which accounted for
20.3% of the variance.

3.4. Associations Between GRP68/BiP and the Carotid Plaque Burden

Age- and gender-adjusted GRP78/BiP was higher in patients with carotid plaques (7.13 (4.56–12.63)
μg/mL vs 11.8 (7.91–24.99) μg/mL, p < 0.001, n = 316, respectively) (Figure 2). GRP78/BiP was directly
related to the carotid plaque presence (odds ratio OR, 95% confidence interval [CI]= 7.077 (3.357–14.922),
p < 0.001) in the age- and gender-adjusted model. The direct association of GRP78/BiP with the presence
of a plaque was significant in the patients with obesity (OR [CI] = 5.053 (1.716–14.876), p = 0.003),
DM (OR [CI] = 6.296 (2.521–15.724), p < 0.001), and MS (OR [CI] = 5.109 (2.216–11.778), p < 0.001)
(Supplemental Table S3).
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Figure 2. Circulating 78 kDa glucose-regulated protein/binding immunoglobulin protein (GRP78/BiP)
levels according to the presence of atherosclerotic plaques. The results are expressed as the mean ± SEM.
p values for group comparison are reported for the age- and gender-adjusted ANCOVA test.

3.5. GRP68/BiP and Prediabetes

GRP78/ BiP was increased in the subjects with prediabetes compared with the levels in the subjects
with neither prediabetes nor diabetes (4.46 (3.22–8.66) μg/mL vs. 7.23 (4.54–13.96) μg/mL, p < 0.001,
respectively). Additionally, a positive association was detected with the HOMA-IR (r = 0.407; p < 0.001,
n = 168) that persisted after age and gender adjustment (r = 0.231; p = 0.003). In the patients with
triglycerides < 2.26 mmol/L, GRP78/BiP was significantly higher in those with prediabetes and diabetes
than in the controls, whereas the levels in the patients with high triglycerides (>2.26 mmol/L) were
equally altered (Supplemental Figure S1).

3.6. Effect of Treatment on Circulating GRP78/BiP in DM Patients

The clinical characteristics of the patients participating in the intervention trial were previously
published [24]. The median (25th percentile–75th percentiles) age was 58 (53–65) years, and 36.7% were
women. Similar to the main study cohort, the age- and gender-matched GRP78/BiP levels were higher
in the DM patients than in the control group (p < 0.001). Similar to those of the main study cohort,
GRP78/BiP showed a direct association with triglycerides (r = 0.581; p < 0.001) and the cIMT (r = 0.509;
p = 0.016, n = 22). Interestingly, in the DM patients, treatment with nicotinic acid for a 12-week
period (n = 26) significantly reduced GRP78/BiP by 11% (p = 0.038) (Figure 3). This reduction was
accompanied by the expected reduction in triglycerides (39%, p = 0.003). Treatment with fenofibrate
(n = 29) also accounted for a significant reduction of triglycerides (32%, p = 0.002) but resulted in a
non-significant reduction of GRP78/BiP (p = 0.705).
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Figure 3. Circulating 78 kDa glucose-regulated protein/binding immunoglobulin protein (GRP78/BiP)
in the control group and the type 2 diabetes patients before and after fenofibrate and nicotinic treatment
in a validation cohort. The results are expressed as the mean ± SEM. p values for the group comparisons
are reported for the age- and gender-adjusted ANCOVA test or paired Wilcoxon test.

4. Discussion

We communicate that the circulating GRP78/BiP levels are significantly increased in obese, DM,
and MS patients. Higher GRP78/BiP concentrations are also associated with subclinical atherosclerosis.
The data are robust enough to support the use of GRP78/BiP serum concentrations as a biomarker of
metabolic and vascular derangements. The endoplasmic reticulum is a crucial subcellular organelle that
is responsible for protein, lipid, glucose, and calcium metabolism. Conditions in which its physiological
capacity is overwhelmed are referred to as ERS, in which a complex molecular reaction is activated
and proteins are not properly processed due to the UPR [27]. GRP78/BiP is a cornerstone protein of
this process [1]. It is physiologically located in the inner layer of the ER and maintains the localization
of several proteins associated with the ERS response. In ERS situations, GRP78/BiP frees these proteins
to counterbalance the UPR by reducing protein synthesis, increasing misfolded protein removal and
improving the protein folding capacity. Increased extracellular delivery of GRP78/BiP occurs because
of this process. According to the results of our and other studies [4], this increased secretion leads
to higher circulating GRP78/BiP concentrations in humans. Thus, a high serum GRP78/BiP level
should be interpreted as an ERS marker. Triglycerides and cholesterol esters are assembled in the
ER. ER homeostasis is altered in the presence of a high amount of lipids, leading to ERS [28–30].
Therefore, our data showing an increased amount of a circulating protein associated with ERS in
subjects with important alterations in intermediate metabolism are logical. According to our data,
GRP78/BiP can be detected in the sera at very low levels, which increase in the presence of obesity,
DM, and MS. Interestingly, a robust direct association exists between GRP78/BiP and cholesterol and
triglycerides, suggesting that alterations in lipid metabolism are involved in ERS and the increase in
circulating GRP78/BiP. This finding could be of interest, given that GRP78/BiP expression in vitro is
associated with an increase in expression of the very low-density lipoprotein receptor [6], which is
important in tissues with active fatty acid metabolism. In other words, the high fat pools in tissues
involved in lipid metabolism, such as the liver and adipose tissue, would be at least partially responsible
for ERS. This possibility is of interest in patients with normal triglyceride levels but signs of prediabetes
or resistance to insulin; we observed that GRP78/BiP was already high in these patients, suggesting
that other metabolic alterations might play a role in GRP78/BiP secretion.
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On the other hand, inflammation is also associated with ERS [31]. This fact could also explain
ERS in diabetes and obesity because they are associated to chronic subclinical inflammation. In our
hands, GRP78/BiP was also correlated with the hsCRP concentration.

Interestingly, triglyceride-lowering drugs have different impacts on the GRP78/BiP plasma
concentration, although, as expected, both drugs produced a significant triglyceride-lowering effect.
Niacin but not fenofibrate induced a significant reduction of GRP78/BiP. The lipid-lowering effect of
niacin is not completely understood but seems to be mediated by a decrease in adipose tissue lipolysis,
which reduces the substrate for triglyceride synthesis in the liver, whereas fenofibrate acts mainly
during the catabolic phase [32,33]. The decrease in the intracellular lipid burden mediated by niacin
can most likely explain the observed differences.

An interesting observation of our study is the significant association between GRP78/BiP and
the presence of subclinical atherosclerosis, particularly in those with carotid plaques. We have no
elements to link a direct impact of GRP78/BiP with atherosclerotic pathogenesis, although the protein
is expressed in macrophages, smooth muscle cells, and endothelial cells of atherosclerotic lesions
in animal models [20]. We cannot exclude the possibility that high circulating GRP78/BiP levels
are signaling individuals with more severe metabolic alterations, although the correlation between
GRP78/BiP and carotid plaques is maintained after multiple adjustments.

Our work has some limitations. The cross-sectional design precludes obtaining causal relationships
between GRP78/BiP and metabolic and vascular alterations. The prospective, randomized and
controlled validation study was open, the sample size was small, and the study was not designed for
this objective. However, the data obtained are in concordance with the results from the main part of
the study and provide additional information on the reversibility of ERS.

In conclusion, the circulating GRP78/BiP levels are significantly increased in people with DM,
obesity, and its associated metabolic alterations. The associated hyperlipidemia probably plays a role
in ERS in these patients. GRP78/BiP was also associated with subclinical atherosclerosis. Taking all of
these results together, our work supports the use of the circulating GRP78/BiP level as a marker of
vascular and metabolic risk. Our data provide elements to bring derangement of a crucial cellular
mechanism to the clinical setting.
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Abstract: Chronic kidney disease (CKD) is associated with high risk for cardiovascular disease (CVD).
Gut microbiota-dependent metabolites trimethylamine (TMA), trimethylamine N-oxide (TMAO), and
dimethylamine (DMA) have been linked to CKD and CVD. We examined whether these methylamines
are correlated with cardiovascular risk in CKD children. A total of 115 children and adolescents
with CKD stage G1–G4 were enrolled in this cross-sectional study. Children with CKD stage G2–G4
had higher plasma levels of DMA, TMA, and TMAO, but lower urinary levels of DMA and TMAO
than those with CKD stage G1. Up to 53% of CKD children and adolescents had blood pressure (BP)
abnormalities on 24-h ambulatory BP monitoring (ABPM). Plasma TMA and DMA levels inversely
associated with high BP load as well as estimated glomerular filtration rate (eGFR). Additionally,
CKD children with an abnormal ABPM profile had decreased abundance of phylum Cyanobacteria,

genera Subdoligranulum, Faecalibacterium, Ruminococcus, and Akkermansia. TMA and DMA are superior
to TMAO when related to high BP load and other CV risk factors in children and adolescents with
early-stage CKD. Our findings highlight that gut microbiota-dependent methylamines are related to
BP abnormalities and CV risk in pediatric CKD. Further studies should determine whether these
microbial markers can identify children at risk for CKD progression.

Keywords: ambulatory blood pressure monitoring; cardiovascular disease; children; chronic kidney
disease; dimethylamine; gut microbiota; hypertension; trimethylamine; trimethylamine N-oxide

1. Introduction

Chronic kidney disease (CKD) is associated with high risk for cardiovascular disease (CVD), not
just for adults but also for children [1,2]. Even though overt CVD barely presents in children, the
process of atherosclerosis can originate in early life. Therefore, heightened efforts are needed to identify
CKD children at higher risk for CVD during their lifetimes to develop effective interventions for

J. Clin. Med. 2020, 9, 336; doi:10.3390/jcm9020336 www.mdpi.com/journal/jcm319



J. Clin. Med. 2020, 9, 336

preemption [3]. Several noninvasive procedures, such as 24-h ambulatory blood pressure monitoring
(ABPM) [4], ambulatory arterial stiffness index (AASI) [5], and left ventricular mass [6], are available
to evaluate risk for CVD in children with CKD.

Gut microbiome has been identified as a source of pathogenic mediators in CKD [7]. Certain gut
microbiota-derived metabolites have been shown to correlate with CVD in patients with CKD [8,9].
Among them, trimethylamine N-oxide (TMAO) has attracted increasing notoriety recently as a causative
factor in various CVD. Emerging evidence has linked higher blood levels of TMAO with a higher risk
of CVD [10].

TMAO production is a two-step process. The first step involves the liberation of trimethylamine
(TMA) from dietary precursors (e.g., choline and carnitine) by gut microbes. In the second step, TMA
is oxidized to TMAO by hepatic flavin-containing monooxygenases (FMOs). Both TMAO and TMA
can be subsequently converted to dimethylamine (DMA). Thus, the plasma TMAO-to-TMA ratio may
reflect FMO activity, while DMA-to-TMAO ratio is related to TMAO-metabolizing activity.

Although plasma levels of TMAO, TMA, and DMA are all increased in uremic patients [11], little
attention has been paid to understand the role of their levels and combined ratios in the development of
CVD in children with early-stage CKD. Because TMAO, TMA, and DMA are all tightly linked to each
other and because all these methylamines are excreted into urine [12], we assume that simultaneous
analysis of their combined ratios in the plasma and urine may provide more information to reflect
the TMA–TMAO metabolic pathway. Thus, we assessed the association between CVD assessments,
microbial markers, and TMA–TMAO metabolic pathway in early pediatric CKD.

2. Materials and Methods

2.1. Study Population

This is a cross-sectional study of 115 children and adolescents with CKD who were enrolled in the
Kaohsiung Chang Gung Memorial Hospital from January 2019 to December 2019. Human subjects
review board approval was obtained from the Institution Review Board and Ethics Committee of Chang
Gung Medical Foundation, Taoyuan, Taiwan (Permit number: 201701735A3C501). Our study protocol
was conducted in accordance with the 1964 Helsinki Declaration and its later amendments. Written
informed consent was obtained from all participants. CKD is defined as abnormal kidney structure or
function lasting more than three months [13]. We calculated estimated glomerular filtration rate (eGFR)
with the Schwartz formula according to body height and blood creatinine (Cr) level [14]. Kidney
damage included proteinuria, urine sediment abnormalities, or structural abnormalities and was
detected by histology or imaging. Participants were categorized according to eGFR (mL/min/1.73 m2):
G1 ≥90, G2 60–89, G3 30–59, or G4 15–29. The causes of kidney diseases were divided to two categories:
Congenital anomalies of the kidney and urinary tract (CAKUT) or non-CAKUT. CAKUT structural
anomalies ranged from renal agenesis, kidney hypo-/dysplasia, horseshoe kidney, duplex collecting
system, multi-cystic kidney dysplasia, posterior urethral valves, and ureter abnormalities [15]. Patients
were excluded from the study if they (1) had a history of congenital heart disease; (2) were already
documented as being pregnant; (3) had eGFR <15 mL/min/1.73 m2 or were on dialysis maintenance, or
had ever received renal transplantation; (4) were unable to cooperate with CV assessment.

2.2. Biochemical Analysis

Fasting plasma and spot urine samples were stored at −80 ◦C until analysis. We directed the
family to have their children avoid excessive intake of foods rich in choline and carnitine (e.g., eggs,
fish, or red meat) for 1 week before blood and urine sampling. Blood urea nitrogen (BUN), creatinine,
total cholesterol, low-density lipoprotein (LDL), triglyceride, sodium, potassium, calcium, phosphate,
uric acid, glucose, hemoglobin, hematocrit, and urine total protein-to-creatinine ratio were measured
by the hospital central laboratory as described previously [16].
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2.3. Liquid Chromatography–Mass Spectrometry (LC–MS/MS) Analysis

We analyzed plasma and urinary concentrations of DMA, TMA, and TMAO by LC–MS/MS analysis
using an Agilent 6410 Series Triple Quadrupole mass spectrometer (Agilent Technologies, Wilmington,
DE, USA) equipped with an electrospray ionization source [16]. The multiple-reaction-monitoring mode
was set up using characteristic precursor-product ion transitions to detect m/z 46.1→30, m/z 60.1→44.1,
and m/z 76.1→58.1, for DMA, TMA, and TMAO, respectively. Separation was performed in the Agilent
Technologies 1200 HPLC system consisting of an autosampler and a binary pump. Chromatographic
separation was performed on a SeQuant ZIC-HILIC column (150× 2.1 mm, 5μm; Merck KGaA, Darmstadt,
Germany) protected by an Ascentis C18 column (2 cm × 4 mm, 5 μm; Merck KGaA, Darmstadt, Germany).
Diethylamine was added to samples as an internal standard. The mobile phase containing methanol with
15mmol/L ammonium formate (phase A) and acetonitrile (phase B) was used at a ratio of 20:80 (phase A:
phase B), with the flow rate set as 0.3–1 mL/min. The urinary concentration of each methylamine was
corrected for urine Cr concentration, which was represented in ng/mg Cr.

2.4. Blood Pressure Measurement and Echocardiography

Participants were instructed to measure office blood pressure (BP) at the clinic visit after a 5 min
rest with at least 1 min between recordings. The mean value was used for calculations. The 24-h ABPM
data were collected for subjects aged 6–18 years, handled by an experienced specialist nurse as described
previously [16]. We used the Oscar II monitoring device (SunTech Medical, Morrisville, NC) to measure BP
and pulse rate at 20-min intervals over 24 h. The participants and their parents were requested to complete
a diary of sleeping and waking times, as well as activities that may influence BP measurements. An
abnormal ABPM profile was defined as (1) awake, asleep, systolic, or diastolic BP loads ≥95th percentile
based on gender and height using ABPM reference data [17]; (2) awake, asleep, systolic or diastolic BP
load ≥25%; and (3) asleep decrease of BP load <10% compared with average awake BP load. Next,
the ambulatory arterial stiffness index (AASI) is an index derived from 24-h ABPM for the evaluation
of arterial stiffness [5]. The AASI was defined as 1 minus the regression slope of diastolic BP (DBP)
on systolic BP (SBP) [18]. Echocardiographic examination was performed with commercially available
machines (Philips IE33 system, Philips, Bothell, WA, USA). The left ventricular (LV) mass was calculated
using images obtained in the parasternal long-axis or short-axis view of the left ventricle by M-mode
echocardiography. The LV mass index (LVMI) was obtained by indexing LV mass to height2.7 [19].

2.5. Analysis of Gut Microbiota Composition

Metagenomic DNA was extracted from frozen fecal samples. Simple centrifugation processing was
carried out to remove impurity, proteins, and other organic compounds. As described previously [16],
all polymerase chain-reaction amplicons were mixed together with the Biotools Co., Ltd. (Taipei,
Taiwan) for sequencing using an Illumina Miseq platform (Illumina, CA, USA). Amplicons were
prepared according to the 16S Metagenomics Sequencing Library Preparation protocol (Illumina, CA,
USA), and sequenced using the variable V3–V4 regions of the 16S rRNA gene with the Illumina MiSeq
platform (Illumina, CA, USA) in paired-end mode with 600-cycle sequencing reagent. The sequences
were analyzed using QIIME version 1.9.1. A median of 116,776 raw sequencing reads and 79,067 effective
tag sequences per sample was obtained, respectively. Sequences with a distance-based similarity of
97% or greater were grouped into operational taxonomic units (OTUs) using the USEARCH algorithm.
The phylogenetic relationships were determined based on a representative sequence alignment using
Fast-Tree. Shannon’s index accounting for both abundance and evenness of the taxa present was
analyzed by QIIME version 1.9.1. We evaluated the β-diversity changes in gut microbiota across
groups by the Partial Least Squares Discriminant Analysis (PLS-DA) and the weighted or unweighted
UniFrac distances. To determine the significantly differential taxa, we applied linear discriminant
analysis effect size (LEfSe) to compare samples between groups. The LEfSe uses linear discriminant
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analysis (LDA) to estimate the effect size of each differentially abundant feature. The threshold of the
linear discriminant was set to 3.

2.6. Statistical Analysis

Continuous variables were expressed with the median (25th–75th percentile), and categorical
variables were indicated by number (%). The Mann–Whitney U test or Chi-square test was used to
test the differences in variables between children with normal and abnormal ABPM. The associations
between variables were examined using Spearman’s correlation coefficient. A linear regression model was
performed, followed by the stepwise multivariable analyses integrating relevant parameters to explain
BP load, AASI, and LV mass. A value of p < 0.05 was considered statistically significant. Analyses were
performed using the Statistical Package for the Social Sciences (SPSS) software 14.0 (Chicago, IL, USA).

3. Results

Characteristics of the study subjects are shown in Table 1. A total of 115 children and adolescents
with CKD were enrolled in this study, including 79 G1 subjects (68.7%), 27 G2 subjects (23.5%), seven
G3 subjects (6.1%), and two G4 subjects (1.7%). The median age was 11.3 years. Our study population
had a slight preponderance of males (M:F = 1.4:1). The median eGFR was 100.7 mL/min/1.73 m2,
demonstrating most participants were in the early stage of CKD. The major cause of CKD was due to
CAKUT (66.1%). Among them, 49 cases (42.6%) had office BP exceeding the 95th percentile for age,
gender, and height. As illustrated in Table 1, in terms of biochemical parameters, most patients were
well controlled for common complications of CKD. Thirty-one patients (27%) displayed proteinuria.
There was a trend toward moderate hyperlipidemia: 23 (20%) and 10 (9%) patients were above the
upper normal limit of 200 and 130 mg/dL for total cholesterol and triglyceride, respectively. Moreover,
20 patients (17%) had hyperuricemia. Neither severe anemia nor hyperkalemia was observed.

Table 1. Descriptive statistics for clinical, anthropometric, and biomedical characteristics of 115
study participants.

Characteristics

Age, years 11.3 (7.2–15.5)
Male 67 (58.3%)

CKD staging
Stage G1 79 (68.7%)
Stage G2 27 (23.5%)
Stage G3 7 (6.1%)
Stage G4 2 (1.7%)
CAKUT 76 (66.1%)

Hypertension (by office BP) 49 (42.6%)
Body height, percentile 50 (25–75)
Body weight, percentile 50 (15–85)

Systolic blood pressure, mmHg 112 (101–122)
Diastolic blood pressure, mmHg 71 (66–80)

Body mass index, kg·m−2 17.9 (15.2–21.5)
Blood urea nitrogen, mg/dL 13 (10–15)

Creatinine, mg/dL 0.58 (0.46–0.77)
eGFR, mL/min/1.73 m2 100.7 (82.3–113.4)

Urine total protein-to-creatinine ratio, mg/g 62.7 (33.9–176.9)
Hemoglobin, g/dL 13.3 (12.7–14.1)

Hematocrit, % 40.5 (38.5–43)
Total cholesterol, mg/dL 169 (144–197)

Low-density lipoprotein, mg/dL 93 (74–118)
Triglyceride, mg/dL 70 (51–92)

Uric acid, mg/dL 5.2 (4.3–6.7)
Sodium, mEq/L 140 (139–141)

Potassium, mEq/L 4.3 (4.2–4.6)
Calcium, mg/dL 9.8 (9.6–10.1)

Phosphate, mg/dL 4.6 (4.2–5)

Data are medians (25th, 75th percentile) or n (%). CAKUT = Congenital anomalies of the kidney and urinary tract.
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Table 2 summarizes the results of cardiovascular assessments in children and adolescents with
CKD: 75 patients (65%) aged 6–18 years had undergone 24-h ABPM. In total, 53% (40/75) of them had at
least one BP load abnormality. Among them, seven (9%), seven (9%), and eight patients (11%) had SBP
or DBP load ≥95th percentile at 24-h, awake, and asleep stages, respectively. Additionally, there were
23 patients (31%) with BP load ≥25% and 31 patients (41%) with a non-dipping nocturnal BP profile.
CKD children with stage G2–G4 had a higher awake SBP load than that in CKD stage 1. Moreover, the
cases with asleep BP ≥95th percentile and BP load ≥25% were greater in CKD stage G2–G4 vs. stage
G1 group. The AASI and LV mass were higher in children with CKD stage G2–G4 than those with
stage G1. However, LVMI was not different between the two groups.

Table 2. Cardiovascular assessments in children and adolescents with chronic kidney disease (CKD)
stage G1–G4.

CKD Stage G1 G2–G4

24-h ABPM N = 48 N = 27
Awake SBP load (%) 6.5 (0–13) 15 (1–36) *
Asleep SBP load (%) 8.5 (0–25.3) 21 (6–69)
Awake DBP load (%) 2 (0–6) 3 (0–10)
Asleep DBP load (%) 9 (0–18.8) 7 (0–41)

Abnormal ABPM profile (with any of the following abnormalities) 23 (48%) 17 (63%)
Average 24-h BP >95th percentile 2 (4%) 5 (19%)

Average awake BP >95th percentile 2 (4%) 5 (19%)
Average asleep BP >95th percentile 2 (4%) 6 (22%) *

BP load ≥25% 10 (21%) 13 (48%) *
Nocturnal decrease of BP <10% 18 (38%) 13 (48%)

AASI 0.33 (0.21–0.45) 0.41 (0.33–0.57) *
Left ventricular mass (g) 74.6 (54.6–102) 96 (51.8–141.3) *

LVMI (g/m2.7) 30.8 (25.2–37.1) 32.7 (28.4–36.3)

Data are medians (25th, 75th percentile) or n (%). * p < 0.05 by the Chi-square test or the Mann–Whitney U-test.
ABPM = 24-h ambulatory blood pressure monitoring. AASI = ambulatory arterial stiffness index. LVMI = left
ventricular mass index.

We next analyzed methylamines in the plasma and urine. Children with CKD stage G2–G4
had higher plasma levels of DMA, TMA, and TMAO compared to those with CKD stage 1 (Table 3).
Conversely, urinary levels of DMA and TMAO were lower in patients with CKD stage G2–G4 vs. stage
G1. However, both TMAO-to-TMA and DMA-to-TMAO ratios in the plasma and urine did not differ
between the two groups. Additionally, fractional excretion of DMA, TMA, and TMAO was comparable
between CKD children with stage G1 and stage G2–G4.

Using data pooled from all subjects, correlations between plasma and urinary methylamine levels
and CV risk factors were analyzed (Table 4). We observed that urinary DMA level was negatively
correlated with awake SBP load (r = −0.235, p = 0.043), asleep SBP load (r = −0.289, p = 0.012), awake
DBP load (r = −0.288, p = 0.012), and LV mass (r = −0.554, p < 0.001). Additionally, LV mass exhibited
negative correlations with urinary TMA (r = −0.226, p = 0.016) and TMAO levels (r = −0.324, p < 0.001).
In CKD children and adolescents, there were significantly inverse correlations between eGFR and
plasma DMA (r = −0.718, p < 0.001), TMA (r = −0.371, p < 0.001), and TMAO (r = −0.283, p = 0.002)
(Figure 1).
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Table 3. Plasma and urinary levels of dimethylamine (DMA), trimethylamine (TMA), and
trimethylamine N-oxide (TMAO) in children and adolescents with CKD stage G1–G4.

CKD Stage G1 G2–G4

N = 73 N = 36

Plasma level, ng/ml

DMA 91 (81.7–104.8) 124.4 (107.7–147.4) *
TMA 100.8 (83.9–123.1) 112.6 (105.2–138.6) *

TMAO 170.5 (112.9–232.7) 245.7 (129.6–477.1) *
TMAO-to-TMA ratio 1.56 (1.05–2.33) 2.11 (1.17–4.33)
DMA-to-TMAO ratio 0.57 (0.4–0.86) 0.45 (0.34–1)

Urine level, ng/mg Cr

DMA 222.2 (164.7–281.3) 196.8 (123.8–243.2) *
TMA 3.18 (2.46–5.75) 2.96 (1.44–6.62)

TMAO 271.1 (167.3–417.8) 183.8 (107.5–291.6) *
TMAO-to-TMA ratio 87.5 (55.8–113.7) 68.7 (38.2–112.9)
DMA-to-TMAO ratio 0.84 (0.55–1.15) 0.89 (0.51–1.48)

Fractional excretion of DMA 44.2 (30.2–61.2) 48.8 (36.9–69.6)
Fractional excretion of TMA 1.6 (1.13–2.84) 1.87 (1.13–4.99)

Fractional excretion of TMAO 82.3 67.9–96.8) 81.3 (61–92.1)

Data are medians (25th, 75th percentile). * p < 0.05 by the Mann–Whitney U-test. DMA = dimethylamine; TMA =
trimethylamine; TMAO = trimethylamine N-oxide.

Table 4. Correlation between plasma and urinary methylamines and cardiovascular risk factors in
children with CKD stage G1–G4.

CV Risk Factors

Awake SBP
Load

Asleep SBP
Load

Awake DBP
Load

Asleep DBP
Load

LV Mass

r p r p r p r p r p

Plasma
DMA 0.144 0.221 0.141 0.232 0.117 0.32 0.039 0.74 0.059 0.534
TMA 0.115 0.329 0.133 0.26 −0.029 0.807 0.137 0.244 0.093 0.326

TMAO 0.113 0.339 −0.018 0.879 0.088 0.457 −0.08 0.945 0.024 0.797

Urine
DMA −0.235 0.043 * −0.289 0.012 * −0.288 0.012 * −0.022 0.854 −0.554 <0.001 *
TMA 0.212 0.067 0.07 0.548 0.105 0.368 0.131 0.261 −0.226 0.016 *

TMAO 0.043 0.716 −0.223 0.055 0.013 0.91 0.003 0.980 −0.324 <0.001 *

*p < 0.05 by Spearman’s correlation coefficient. DMA = dimethylamine; TMA = trimethylamine; TMAO =
trimethylamine N-oxide.

As illustrated in Table 5, associations between methylamines and CV risk were further examined
in a multivariate linear regression model. To specify the exact role of each methylamine biomarker in
CV risk, a multivariate linear regression model using the stepwise selection was applied for age, sex,
eGFR, and other methylamines. In the best predictive model (r = 0.479, p < 0.001), office DBP was
associated with urinary TMA (p = 0.009) as well as plasma TMA level (p = 0.02), controlling for age.
Urine DMA-to-TMAO ratio was inversely associated with office DBP controlling for age (r = 0.441, p <

0.001). A positive association between plasma TMA level and awake DBP was found in the adjusted
regression model (r = 0.283, p = 0.015). Additionally, plasma TMA level was associated with asleep
DBP (p = 0.036), controlling for age. We also found that urine DMA-to-TMAO ratio had a negative
association with LV mass controlling for age and sex (r = 0.771, p < 0.001). Furthermore, an inverse
association between plasma DMA-to-TMAO ratio and LVMI was found in the adjusted regression
model controlling for eGFR and sex (r = 0.465, p < 0.001).

324



J. Clin. Med. 2020, 9, 336

Figure 1. Correlation of plasma (A) DMA, (B) TMA, and (C) TMAO levels (ng/mL) with estimated
glomerular filtration rate (eGFR) (ml/min/1.73m2) by Spearman’s correlation coefficient. DMA =
dimethylamine; TMA = trimethylamine; TMAO = trimethylamine N-oxide.

Table 5. Adjusted regression model estimates of the association between plasma and urinary
methylamines and cardiovascular risk factors in children with CKD stage G1–G4.

Dependent
Variable

Explanatory Variable
Adjusted a Model

Beta p Value r p Value

Office DBP Urine TMA −0.227 0.009 0.479 <0.001
Plasma TMA 0.202 0.02

Urine DMA-to-TMAO ratio −0.221 0.012 0.441 <0.001
Awake DBP Plasma TMA 0.283 0.015 0.283 0.015
Asleep DBP Plasma TMA 0.232 0.036 0.423 0.001

LV mass Urine DMA-to-TMAO ratio −0.148 0.018 0.771 <0.001
LVMI Plasma DMA-to-TMAO ratio −0.218 0.012 0.465 <0.001

DMA = dimethylamine; TMA = trimethylamine; TMAO = trimethylamine N-oxide. LVMI = left ventricular mass
index. a Adjusted for age, sex, eGFR, and other methylamines.

We further analyzed the composition of the gut microbiota. We determined α-diversity as the
mean species richness, quantified by the Shannon index, and found that there was no significant
difference between CKD children with normal vs. abnormal ABPM (Figure 2A; p = 0.723). The
β-diversity was measured by calculating the unweighted UniFrac distances between each pair of
samples, and the unweighted UniFrac distance matrix was measured and visualized using a partial
least squares discriminant analysis (PLS-DA) analysis. The score plots of PLS-DA analysis showed that
two groups were well separated (Figure 2B). The unweighted UniFrac results differed from the normal,
and the abnormal ABPM group reached significance (p = 0.005). At the phylum level, we observed
that the main phyla were Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes, and Verrucomicrobia
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(Figure 2C). Although several phyla showed lower abundance in the abnormal vs. normal ABPM
group (Figure 2D), only phylum Cyanobacteria reached the significance (p < 0.05; Figure 2E). Moreover,
the Firmicutes to Bacteroidetes ratio was comparable between two groups.

Figure 2. (A) Fecal bacterial α-diversity in CKD children with normal and abnormal ABPM represented
by the Shannon’s diversity indexes. (B) β-diversity changes in gut microbiota between CKD children
with normal and abnormal ABPM by the partial least squares discriminant analysis (PLS-DA). (C)
Relative abundance of top 10 phyla of the gut microbiota between the normal and abnormal ABPM
group. (D) Heat map of 16S rRNA gene sequencing analysis of gut microbiome at the phylum level.
(E) The abundance of phylum Cyanobacteria in CKD children with normal vs. abnormal ABPM. The
asterisk indicates p < 0.05.

At the genus level (Figure 3A), the abundances of most top 10 genera were not different between
the normal and abnormal ABPM group, except genera Subdoligranulum (p = 0.034) and Ruminococcus

(p = 0.033). Finally, we ran the LEfSe algorithm to identify metagenomic biomarkers (Figure 3B). Our
results identified that genera Subdoligranulum, Holdemanella, and Actinomyces are detected by LEfSe
with a high LDA score (more than three orders of magnitude), reflecting marked higher abundance
in the normal ABPM group. In contrast, the abnormal ABPM group had decreased abundance of
genera Faecalibacterium and Akkermansia. Additionally, the abnormal ABPM group showed a decreased
abundance of genera Providencia (Figure 3C), Gemella (Figure 3D), and Peptosreptoccocus (Figure 3E)
(all p < 0.05).
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Figure 3. (A) Relative abundance of top 10 genera of the gut microbiota in CKD children with normal
and abnormal ABPM group. (B) Linear discriminant analysis effect size (LEfSe) to identify the taxa that
were significantly different between normal vs. abnormal ABPM group. The threshold of the linear
discriminant was set to 3. (C) The abundance of genus Providencia, (D) Gemella, and (E) Peptosreptoccocus

in CKD children with normal vs. abnormal ABPM. The asterisk indicates p < 0.05.

4. Discussion

To the best of our knowledge, this study is the first to evaluate the association between gut
microbiota-dependent methylamines and CV risk in early-stage pediatric CKD. The key findings
are (1) children with CKD stage G2–G4 had higher plasma levels of DMA, TMA, and TMAO, but
lower urinary levels of DMA and TMAO compared to those with CKD stage G1; (2) plasma TMA and
DMA levels were not only inversely associated with high BP load, but also eGFR; (3) CKD children
with abnormal and normal ABPM associated into two distinct enterotypes; (4) CKD children with an
abnormal ABPM profile had decreased abundance of phylum Cyanobacteria, genera Subdoligranulum,
Faecalibacterium, Ruminococcus, and Akkermansia; and (5) TMA and DMA are superior to TMAO related
to CV risk in early-stage CKD children.

In the current study, more than half of CKD children exhibited BP abnormalities on ABPM. Our
data showed the cases with nocturnal hypertension and increased BP load were greater in children with
CKD stage G2–G4 than those with stage G1. Of note is that up to 48% of children with CKD stage G1 had
BP abnormalities on ABPM. Our findings are consistent with previous reports wherein hypertension is
extremely prevalent in CKD children, even in an early stage [20–23]. The present study supported
the notion that ABPM is superior to office BP in identifying children with BP abnormalities [24]. As
expected, the severity of CKD is associated with certain markers of CV risk, like AASI and LV mass
in the current study. AASI, an index of arterial stiffness, has been proposed as a surrogate marker to
predict CV morbidity and mortality [18]. Our previous report demonstrated that high AASI is related
to BP abnormalities in CKD children, even in an early stage [23]. The present results showed AASI was
higher in children with CKD stage G2–G4 than those with stage G1, which ties well with the previous
study in that high AASI worsens GFR decline in adult CKD patients [25]. Left ventricular hypertrophy
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is an index of target organ damage as well as a risk factor for CVD in adult CKD patients [26]. In
keeping with previous studies showing that LV mass is greater in CKD children on dialysis and ABPM
correlates with LV hypertrophy in CKD children [6,27,28], we observed children with advanced CKD
displayed higher degree of LV mass and BP abnormalities.

Gut microbiota-derived metabolites TMAO, TMA, and DMA from dietary methylamines have
recently gained much attention due to their high association with CV risk [8–10,29,30]. In the present
study, our results are consistent with previous reported data in CKD adults [31,32], showing that
TMAO is increased in CKD with a weak inverse correlation (r = −0.283) between plasma TMAO level
and eGFR. Our results are also in agreement with a previous report in CKD adults showing urinary
excretion is a dominant route for TMAO elimination with a steady fractional excretion of TMAO,
regardless of the CKD stages [32]. However, we observed lower urinary TMAO levels in children with
CKD stage G2−G4 than those with stage G1. Either increased or decreased urinary TMAO levels have
been reported in adult CKD patients [32,33]. Conflicting results are likewise seen in this study showing
that decreased urinary but increased plasma TMAO levels in children with advanced-stage CKD may
represent reduced renal excretion of circulating TMAO or increased local renal TMAO metabolism.
Although observational and experimental studies suggest a positive correlation between high plasma
TMAO levels and increased CV risk [10], data are contradictory and the underlying mechanism is not
yet validated [34]. Therefore, it is debated whether TMAO is harmful or beneficial for CV health. Our
data showed no significant association between TMAO and most CV surrogate markers, except that
urinary TMAO level had a negative correlation with LV mass. Therefore, whether plasma and urinary
TMAO may aid in predicting CVD in early-stage pediatric CKD awaits further elucidation.

Strikingly, less attention has been paid to the TMAO precursor TMA in CV risk. TMA is generated
by the metabolism of gut microbes using dietary precursors such as choline or carnitine [34]. Like
TMAO, TMA is considered as a uremic toxin [29]. Results from this study identified plasma TMA level
is increased in CKD children, which is in accordance with data from CKD adults [29,35]. Children
with stage G2–G4 had higher plasma TMA levels than those with stage G1. There was also a trend
towards a higher plasma TMAO-to-TMA ratio, an index of FMO activity, in this group. Taking
into account that plasma TMA and TMAO levels both are simultaneously elevated in children with
advanced CKD, our data suggest their increases could be due to increased gut bacterial production and
TMA-to-TMAO conversion. Of note, eGFR exhibited a stronger correlation with the TMA than with
TMAO. Additionally, TMAO and BP abnormalities were unrelated, whereas plasma TMA level was
positively correlated with awake DBP, asleep DBP, and office DBP. Our findings suggest the superiority
for the TMA over TMAO as a cardiovascular risk index in children with early-stage CKD.

Another important result of this study is the description of an inverse association between plasma
DMA level and cardiovascular risk. Since we found a strong inverse association between plasma DMA
level and eGFR, high plasma level but low urinary level of DMA in advanced CKD is possible due to
decreased renal excretion. On the other hand, both TMAO and TMA can be metabolized to DMA. It is
presumably that an increased plasma DMA level in children with advanced CKD is due to, at least in
part, increased gut microbiota-derived TMA and TMAO production. Our previous study showed that
urine DMA level was negatively associated with asleep BP load in CKD children [36]. In the present
study, we further confirm that urinary DMA level is inversely associated with awake SBP load, asleep
SBP load, awake DBP load, and LV mass. These findings suggest that DMA is superior to TMAO
in predicting CV risk in early-stage pediatric CKD. On the other hand, our data demonstrated that
DMA-to-TMAO ratio, but not TMAO, in the plasma and urine related to several CV risk markers. Given
that phases of TMAO synthesis and metabolism happens simultaneously and that DMA-to-TMAO is
considered as an index of TMAO-metabolizing activity, data from this study suggest that measures of
the combined ratio instead of individual methylamine (i.e., DMA, TMA, and TMAO) may provide us
a better understanding of TMA-TMAO metabolic pathway on CVD in CKD children. On the other
hand, a previous study demonstrated that the presence of gut microbes might not be essential for
DMA production as its excretion is the same in germ-free and control animals [37]. Therefore, DMA
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might be produced from other endogenous pathways. Indeed, DMA is also a derivative of nitric
oxide (NO) metabolism [38]. Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NO
synthase, can be metabolized by dimethylarginine dimethylaminohydrolase to generate DMA and
citrulline [38]. Noteworthily, DMA can come from the TMA−TMAO pathway as well the ADMA−NO
pathway, and TMAO and ADMA both are uremic toxins related to cardiovascular risk [34,39]. Whether
DMA links two pathways together to play a role in the development of hypertension in CKD awaits
further elucidation.

In the current study, CKD children with abnormal and normal ABPM associated into two
distinct enterotypes, represented by β-diversity changes. Our data support the notion that gut
microbiota is linked to the development of hypertension [40,41]. At the phylum level, the abundance
of Cyanobacteria was lower in the abnormal vs. normal ABPM group. This finding is in line with
an animal study showing that minocycline-treated Dahl salt-sensitive rats developed hypertension
related to a decrease in Cyanobacteria [42]. Although the Firmicutes-to-Bacteroidetes ratio has been
linked to hypertension [41], we did not find the difference of this ratio between CKD children with
normal and abnormal ABPM profile. The reason is possibly because we analyzed gut microbiota
in CKD children preceding hypertension onset but not in the stage of established hypertension.
According to our data, CKD children with abnormal ABPM group had decreased abundance of
genera Subdoligranulum, Faecalibacterium, Ruminococcus, and Akkermansia. Low abundance of genera
Subdoligranulum and Faecalibacterium has been identified as a microbial marker in adult hypertensive
patients [40,43]. Ruminococcus abundance was shown to be deficient in hypertension mice [40].
Akkermansia is known as a beneficial gut microbe [44]. Overall, these observations suggest that these
certain bacteria populations might have beneficial cardiovascular properties in CKD children to halt
the development of hypertension. Moreover, CKD children with abnormal ABPM had decreased
abundance of genera Providencia, Gemella, and Peptosreptoccocus. Interestingly, these genera of bacteria
have been reported to be involved in TMA production [45]. Thus, whether these microbes play a
crucial role on the development of hypertension via mediating the TMA−TMAO metabolic pathway in
children with early-stage CKD deserves further clarification. Of note is that a key factor in determining
gut microbiota composition is the type of diet in patients with CKD [46]. Since the Mediterranean
diet that is rich in fiber has been proven to reduce cardiovascular risk [47], it can be speculated that
high-fiber dietary intervention might be an efficient way to control microbiota to further prevent CVD
in CKD children [48,49].

This study has several limitations that should be acknowledged. First, a low number of CKD
children from one hospital would not be representative of an entire population. Multicenter studies of
large numbers of patients may be required to elucidate the true relationship. Second, we presented the
associations between certain microbes and BP abnormalities but we do not reveal the pathophysiological
mechanism by which those specific microbes contribute to the TMA−TMAO pathway and hypertension.
Third, our data might not be applicable to other populations for ethnic reasons. Lastly, there remains a
lack of reference for AASI and LVMI to define a cut-off value to indicate normal versus abnormal in a
pediatric population. We also did not recruit non-CKD controls because children with CKD stage G1
were served as the controls to compare the differences of BP abnormalities and methylamines levels
between two different levels of renal function (i.e., CKD stage G1 vs. stage G2–G4). Although age was
different between the two groups, we adjusted the age factor in the multivariate linear regression model.

5. Conclusions

Our study in early-stage CKD children demonstrates the associations between gut
microbiota-dependent methylamines and BP abnormalities assessed by ABPM. Our results cast a new
light on the link between the TMA−TMAO metabolic pathway, gut microbiota, and cardiovascular
risk in CKD children. As hypertension and CKD both can originate from early life, early identification
of microbial markers related to cardiovascular risk may aid in developing the ideal intervention to
improve cardiovascular outcomes in pediatric CKD.
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Abstract: The natriuretic peptides (NPs) belong to a family of cardiac hormones that exert relevant
protective functions within the cardiovascular system. An increase of both brain and atrial natriuretic
peptide levels, particularly of the amino-terminal peptides (NT-proBNP and NT-proANP), represents a
marker of cardiovascular damage. A link between increased NP levels and cognitive decline and
dementia has been reported in several human studies performed both in general populations and
in cohorts of patients affected by cardiovascular diseases (CVDs). In particular, it was reported
that the elevation of NP levels in dementia can be both dependent and independent from CVD risk
factors. In the first case, it may be expected that, by counteracting early on the cardiovascular risk
factor load and the pathological processes leading to increased aminoterminal natriuretic peptide
(NT-proNP) level, the risk of dementia could be significantly reduced. In case of a link independent
from CVD risk factors, an increased NP level should be considered as a direct marker of neuronal
damage. In the context of hypertension, elevated NT-proBNP and mid-regional (MR)-proANP
levels behave as markers of brain microcirculatory damage and dysfunction. The available evidence
suggests that they could help in identifying those subjects who would benefit most from a timely
antihypertensive therapy.

Keywords: natriuretic peptides; brain; cognitive decline; dementia; cardiovascular diseases;
stroke; hypertension

1. Introduction

Natriuretic peptides (NPs) are a family of cardiovascular hormones mainly secreted by the heart
(atrial (ANP) and brain (BNP) natriuretic peptides) and by the endothelium (C-type natriuretic peptide
(CNP)) that play important protective functions within the cardiovascular system [1,2]. Apart from
their relevant implications in pathophysiology, diagnosis, prognosis and therapeutics of cardiovascular
diseases (CVD) [3], a role of BNP and ANP has been convincingly documented in cardiovascular
prevention in several population studies, both in apparently healthy individuals and in CVD affected
patients [4]. In all circumstances, higher levels of the amino-terminal natriuretic peptides (NT-proBNP
and NT-proANP), the more stable forms, predict future cardiovascular events [4]. Whereas the
prognostic impact of NPs in patients with CVD can be easily explained as a reflection of the underlying
cardiovascular dysfunction and damage, the predictive role of increased NP levels toward future
cardiovascular events in apparently healthy individuals is a very intriguing and still unexplained
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issue. Based on current knowledge on the functional role of the system, it may be supposed that an
elevated level of the amino-terminal-NPs in apparently healthy subjects is an index of a subtle initial
cardiac and vascular damage that becomes later an overt CVD condition. Therefore, NPs appear able
to detect the cardiovascular damage earlier before it could be clinically diagnosed and, while serving as
useful markers, they play an important role in the activation of a timely defensive reaction. However,
despite these important observations, no clinical guidelines include the use of NT-proBNP level for
CVD risk prediction.

Interestingly, the evidence regarding the link between NP level and cardiovascular risk prediction
in both healthy subjects and patients with a known history of CVD appears tightly connected to
another relevant issue in the context of disease prevention, which is the emerging relationship of NP
circulating levels with cognitive decline, vascular dementia and any type of dementia. This important
aspect of the pathophysiological implications of NPs has been highlighted over the last recent years,
and it certainly deserves to be further characterized. Moreover, its underlying pathophysiological
mechanisms need to be better understood.

This article discusses the available evidence on the intriguing relationship between NPs
and cognitive decline/dementia, the most plausible explanations and the clinical implications,
particularly focusing on hypertension-mediated organ damage.

2. Populations-Based Evidence

In the last few years, an increasing body of literature has reported a significant association
between NP level and the development of dementia. One of the first investigation on this matter
showed that NT-proBNP level predicted accelerated cognitive and functional decline as well as
cardiovascular morbidity and mortality in a prospective cohort study of individuals aged 85 years
with a 5-year follow-up [5]. In a Japanese population, NT-proBNP was revealed as a biomarker for the
future development of dementia [6]. Moreover, some population studies conducted in the general
population reported that serum NT-proBNP level was associated with cognitive impairment and
microstructural changes detected by neuroimaging. In particular, Zonnefeld et al. [7] detected an
association between NT-proBNP level and reduction of total brain volume, of grey matter volume and
of microstructural organization of normal white matter, with a consequent increase of white matter
volume. In a community-based middle-aged cohort, higher levels of NT-proBNP were significantly
associated with a smaller total grey matter volume, although this association was attenuated after
adjusting for cardiovascular risk factors and cardiac output [8]. Thus, based on these observations
and on the well-recognized heart–brain link [9], NT-proBNP level can be interpreted as a marker of
subclinical cardiac dysfunction, underlying subclinical brain damage and ultimately dementia. If this
hypothesis holds true, it is expected that, by disrupting early the pathological processes leading to a
rise of NT-proBNP level, we can prevent dementia in older people.

A recent study underscored for the first time the relevance of incremental changes of NT-proBNP
level over time by reporting that they were able to predict future dementia in a Caucasian population [10].
In this study, the baseline NT-proBNP level was associated with the future development of impaired
cognitive function. Most importantly, a 3-year increase of NT-proBNP level over time was associated
with an increased risk of future dementia whereas a decrease of NT-proBNP level was associated with
reduced risk of dementia. The NT-proBNP level increase was correlated to the presence of cardiovascular
risk factors and concomitant comorbidities, such as impaired renal function, hypertension, diabetes
mellitus, smoking habit and coronary artery calcification, which represent potential targets in order to
prevent dementia [11,12]. In fact, this study suggested that early treatment of these risk conditions
and adequate cardiovascular prevention could avoid dementia development in the elderly. Notably,
a higher circulating BNP level appears as a suitable marker for adequate interventional strategies
toward these risk conditions and for a successful prevention of progressive cognitive impairment
and dementia.
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In line with this evidence, a study by Hilal et al. showed that a significant association of NT-proBNP
and cognitive impairment exists only in the presence of cerebrovascular disease. Herein, NT-proBNP
should be considered as a marker of ischemic brain damage [13,14]. These studies supported the role
of circulating markers of cardiac dysfunction reflecting silent brain injury or systemic vascular damage.

On the other hand, few studies have shown that the elevation of NPs in dementia can also occur
independently from CVD risk factors and that an increased NT-proBNP level is an independent risk
marker for dementia particularly among men [15]. Thus, based on this evidence, it has been proposed
that BNP may be a direct marker of neuronal damage and of a pathogenic process located within the
brain. In accordance with this hypothesis, the plasma level of BNP was found associated with levels
of amyloid-β in the cerebrospinal fluid [16]. The association of NT-proBNP level with dementia in
a CVD-free population, as reported by Tynkkynen et al. [15], indicates that the neurodegenerative
changes start very early in the course of CVD, as reflected by early changes of the NT-proBNP level.
The data obtained by Ferguson et al. in a middle-aged population also support, at least in part,
a direct link between BNP and brain damage [8]. Accordingly, in a study by Sabayan et al. [17], a higher
NT-proBNP level was associated with alterations of brain structure and function, independently of
cardiovascular risk factors and of cardiac output, suggesting that NT-proBNP may be directly related
to age-dependent structural and functional brain changes, including decline in brain tissue volume,
cognitive impairment, and increased depressive symptoms. Thus, BNP level can be considered as
a potential marker for timely preventive and treatment strategies in order to avoid development of
dementia later in life [18].

With regard to the relation with age, it is evident that the majority of the studies showing an
association between elevated BNP level and mild cognitive impairment (MCI), including conversion
from MCI to Alzheimer’s disease (AD), and with AD and vascular dementia are confounded by the
fact that, often, the patient population is older than the controls. However, few studies have shown
that the increase of BNP may be also independent from age. In particular, a study by Hiltunen et
al. demonstrated that its prognostic capacity may be only valid among subjects below 79 years of
age [19]. With regard to sex, women are disproportionately affected by AD and other types of dementia
compared to men, have a greater risk of developing cognitive decline in the presence of risk factors
and experience a faster progression of hippocampal atrophy [20,21]. However, although NP levels are
higher in women [22], no evidence exists about its influence in the different evolutions of dementia
according to sex.

Another important component of the NP family was explored for its ability to predict and possibly
associate with dementia. In fact, it was demonstrated that the mid-regional (MR)-proANP level behaved
as a marker of microvascular dysfunction and neurodegenerative process in the transition from MCI
to AD. Interestingly, MR-proANP played its predictive role independently from blood pressure (BP)
level [23]. More recently, an elevated level of MR-proANP was reported to be independently associated
with a higher risk of incident all-cause and vascular dementia in a population-based prospective
study [24]. Thus, these studies highlighted a CVD-independent role of ANP in dementia and supported
some of the findings previously obtained with regard to a direct role of BNP in the brain [15,18].

3. Mechanistic Insights on the Link between NPs and Cognitive Decline/Dementia

3.1. CVD-Dependent Pathogenic Mechanisms

As discussed above, a high NT-proBNP level associates closely with white matter microstructural
damage and brain atrophy in subjects with prior onset of CVD and diabetes and in subjects without
cardio- and cerebrovascular diseases. Due to the fact that the link between NPs and risk of dementia
can be both dependent and independent from CVD and cardiovascular risk factors, the exact
pathophysiological mechanisms underlying this association are complex and they are still in part
unclear. It may be supposed that subjects with subclinical vascular disease, reflected by an increased
NT-proBNP level, first manifest CVD and then dementia. Since BNP is protective and not neurotoxic,
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its increase should be mainly considered as a marker reflecting mechanisms of cerebral hypoperfusion
and neurodegeneration, microemboli and cardioembolic stroke, as the consequence of the cardiovascular
risk factors load [25]. In fact, the latter may contribute to the development of atherosclerotic
disease responsible for ischemia, endothelial dysfunction, abnormalities in microcirculation, hypoxia,
increased inflammation and oxidative stress, interstitial fibrosis, breakdown of blood–brain barrier
(BBB) function and damage of the neurovascular unit. The establishment of cerebral microinfarcts
might explain the consequent development of clinical dementia. For instance, heart failure leads, as a
consequence of reduced cardiac function, to cerebral hypoperfusion, oxidative stress and neuronal
dysfunction via deposition of amyloid-β or neurovascular damage [26]. In hypertension, the loss of
cerebral vascular autoregulation, resulting in hypoxia and regional cerebral atrophy, mediates the
reduction of cognitive function. Thus, an increased NT-proBNP level reflects subclinical disease,
particularly poor cardiac function and volume overload in the presence of CVD. In this view, the BNP
level increase may reflect a combination of cardiac, neurovascular and neurodegenerative aetiologies.
It is also possible that common systemic vascular processes drive both cardiac and brain pathologies.
Importantly, given that a higher NT-proBNP level is detected in subjects with higher loads of vascular
damage, it should be assessed if timely treatment of CVDs and of cardiovascular risk factors would
influence the link between NT-proBNP and brain structural and functional impairments, ultimately
preventing the development of cognitive impairment and dementia.

3.2. CVD-Independent Pathogenic Mechanisms

As mentioned before, a second potential mechanism linking NPs and cognitive impairment/
dementia is a direct relationship between NT-proBNP and brain structure explained by the presence of
BNP [27] and of its receptor in neuronal tissue [28,29]. Several animal and human studies showed an
abundant extensive distribution of all NPs in the central nervous system [27]. Their receptors may
affect cerebral function through the regulation of BBB integrity, synaptic transmission, and modulation
of both systemic and central nervous system stress responses. In fact, it is known that NPs are
involved in neural development, in neurotransmitter release, in synaptic transmission, in regulation
of inflammatory processes at the level of microglia and in neuroprotection [27–30]. Consistently,
ANP has been shown as a neuroprotective agent via upregulation of the Wnt/β-catenin pathway in
an in vitro model of Parkinson disease [31]. An increase of ANP upon neprilysin inhibition therapy
protected from stroke occurrence in a high-salt-fed stroke-prone spontaneously hypertensive rat
model [32]. Furthermore, an increase of circulating ANP levels predicted stroke in apparently healthy
individuals [33]. Based on this knowledge, it may be expected that increased levels of NP can indicate
the presence of initial brain and vascular damage that will become later on a conclamant disease
condition. In this context, as pointed out in the introduction of this article, the NP increase could be
considered both as a marker and as a defensive endogenous reaction toward brain damage. Moreover,
due to the role that NPs play in regulating several functions that are involved in the course of cognitive
impairment, we cannot definitively rule out the possibility that abnormalities of NP regulation and
function, as expressed by high levels, may themselves be involved in the development of cognitive
impairment/dementia. In all cases, the measurement of NT-proNP levels may represent a useful tool to
identify individuals at high risk of developing abnormal brain aging.

It is interesting to note that the protective role of NPs in the brain is strongly supported by the
positive results obtained in the past with the use of nesiritide (a human recombinant form of BNP).
In fact, its infusion led to an improvement of cerebral blood flow and of brain injury, with a better
functional outcome [34]. Moreover, infusion of BNP in ischemic animal models showed a significant
infarct volume reduction and a better sensorimotor recovery [35]. The same study reported that
patients affected by cardioembolic stroke carrying higher circulating BNP levels presented a better
outcome at a 3-month follow-up. Moreover, available evidence shows that low concentrations of NPs
in the brain along with elevated systemic concentration are linked to structural and functional cerebral
alterations. On the other hand, higher levels of NPs in the brain are crucial for the maintenance of brain
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homeostasis [27]. This evidence supports the hypothesis that BNP exerts direct protective effects in the
brain through its own receptor, its increase may truly be a marker of an ongoing pathological process
within the brain and, finally, elevation of BNP level may be a suitable target for therapeutic purposes.

It is likely that both direct and indirect mechanisms underlie the pathogenic relationship between
NPs and cognitive decline/dementia. We also need to point out that the intriguing relationship does
not necessarily mean causation but that it may rather indicate a correlation/association between NPs
and cognitive deficit/dementia.

4. NPs, Cognitive Impairment and Dementia: Implications in Hypertension

Hypertension represents one of the most commonly known risk factors for cognitive impairment
and dementia, also including low levels of education, smoking, high total cholesterol, obesity, diabetes,
atherosclerosis, arteriolosclerosis, hypertensive vascular damage, impaired vascular autoregulation,
heart failure and anaemia. Previous studies showed that high-to-normal BP levels correlated with lower
grey matter volume in several brain regions in young adults. Thus, BP-associated grey matter alterations
start early in adulthood and emerge continuously across the range of BP [36]. High BP in mid-life has
been involved in the development of dementia [37] and even with AD-type pathophysiology, later in
life [38]. Interestingly, BP level is increased from 5 to 15 years before the onset of dementia, and it
declines within the years before overt development of dementia [39].

The relationship between BP and cognitive decline is known to be age dependent. In particular,
low BP level has been constantly associated with poor cognitive function especially in older subjects.
It is known that autoregulation of cerebral vasculature increases the blood flow to the brain during
reduced cardiac function and in the presence of low BP levels. However, this compensatory mechanism
is compromised when systemic blood flow reduction is chronic or subclinical, particularly in the elderly.
On the other hand, since low BP levels associate with impaired cognitive function in the elderly, it is
likely that elevated BP in the same range of age is an indicator of good cardiac pump function required
for adequate perfusion of the brain.

Interestingly, it was observed that the harmful effect of hypertension on the risk of dementia is
higher in females than in males [40]. Also, blacks are more likely than whites to develop hypertension
and the related cognitive decline [41].

At the tissue level, hypertension induces alterations in neurovascular function that, together with
reduced cerebral perfusion, alterations in BBB permeability and deficiency of vascular growth factors,
alter neuronal function in regions involved in cognitive function (hippocampus, entorhinal cortex and
prefrontal cortex) [42]. At the molecular level, the processes of inflammation and of oxidative stress
within the brain tissue may contribute to the link between subclinical CVD and neurodegenerative
changes in hypertension (Figure 1), particularly in the presence of other vascular risk factors such as
diabetes. In fact, endothelial dysfunction may also play a role. In this context, biomarkers for the
microvascular contribution to cognitive impairment and dementia in hypertension are needed.

The relevance of the NP system in this regard is supported by evidence linking BNP to
arterial stiffness and BP variability. Arterial stiffness is known to predict cognitive decline in
hypertension [43–45]. Of interest, a recent study found a significant association between higher
NT-proBNP level and increased arterial stiffness modulated by BP variability [46]. This finding
provides a major strength to the pathophysiological implications of BNP, as a marker of arterial stiffness,
in the prediction of cognitive decline/dementia in hypertension.

It has been reported that NT-proBNP level reflects poor cardiac function and volume overload in
hypertension [47]. An increased NT-proBNP level was independently associated with the presence
of subclinical MRI signs of brain small vessel disease in a cohort of hypertensive patients free of
stroke and dementia [48]. Thus, NT-proBNP level may provide a useful inexpensive tool to identify
subclinical CVD causing subclinical neurodegenerative changes and the need for a timely intervention
strategy. In this regard, a few limitations need to be taken into account when using NPs as markers.
For instance, it is still uncertain the role that NPs may play in the higher predisposition of both female
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sex and black subjects to develop cognitive decline and dementia in the presence of hypertension.
Of note, females have higher NP levels [22] and blacks have lower NP levels [49]. Apart from sex and
race, NP levels are known to be influenced by age, renal function, body mass index and comorbidities
so that the assessed plasma NP level has to be considered once adjusted for the above parameters [4].

Figure 1. Schematic representation of the pathophysiological mechanisms underlying the development
of dementia in hypertension: The role of aminoterminal natriuretic peptides (NT-proNPs) as both
markers of brain damage and neuroprotective agents is highlighted. An appropriate antihypertensive
treatment can be started on time by taking advantage of the NT-proNP levels in order to counteract the
evolution to dementia in older patients.

A study by Kerola et al. [50] reported a trend toward low diastolic BP and new onset of dementia.
In this study, the diagnosis of hypertension was associated with lower incidence of dementia in
the follow-up, independent of known risk factors for dementia, and it was a likely consequence of
the appropriate antihypertensive medications used. Notably, this study, while demonstrating an
independent predictive role of BNP towards dementia in the elderly, indicated that cardiovascular
morbidity and stress significantly affected cognitive decline in older subjects. Therefore, early initiation
of antihypertensive therapy appears of crucial relevance for the prevention of dementia development.
In this regard, a few trials have also shown that treatment of hypertension lowered the incidence of
cognitive decline in the elderly [51–53]. Thus, it is worthwhile considering the impact of antihypertensive
medications on cognitive decline in this group of subjects based on the level of BNP, and, particularly,
considering the opportunity to start early the treatment in those patients with elevated BNP levels.

Of note, antihypertensive therapy was shown to reduce the rate of conversion from MCI to AD
also in subjects with high MR-proANP [54]. Based on these findings, elevated MR-proANP, as a marker
of microcirculatory function in the brain, could help to identify those subjects who would most benefit
from antihypertensive therapy.

However, contrasting data also exist. Some studies have demonstrated that treatment of
hypertension decreased the risk of vascular and all-cause dementia but it did not decrease the risk for
AD, cognitive impairment and cognitive decline. Of note, there are also data regarding the effect of
specific antihypertensive treatments. Observational studies reported potential preventive effects toward
cognitive decline and dementia with the use of calcium channel blockers and of renin-angiotensin
system blockers [55]. Another study [56] has reported that the use of angiotensin converting enzyme
inhibitors (ACEI) might associate with a better outcome in terms of cognitive decline. This is probably
secondary to the decrease in cardiac workload with a consequent reduction of BNP level rather than
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to a direct effect of ACEI on local BNP in the brain. The beneficial effects of ACEI toward cognitive
impairment were more recently confirmed [57]. In the Perindopril protection against recurrent stroke
study (PROGRESS), use of perindopril or indapamide led to a benefit in dementia reduction among
individuals with recurrent stroke [58]. In a recent study, telmisartan (an AT1R blocker) synergistically
interacted with low-dose rosuvastatin to reduce white matter hypertensive progression and cognitive
function decline [59]. Contrasting findings are available with the new pharmacological approach
based on neprilysin inhibition in association with an AT1R blocker (ARNi) [60]. Since neprilysin
normally degrades amyloid-β, its inhibition was initially seen with particular concern due to the
possible risk of increased occurrence of dementia and AD [61]. Other studies, however, have denied a
relationship between neprilysin inhibition and AD. It has been supposed that the increased NPs level,
as a consequence of ARNi treatment, may counterbalance the detrimental effects of cerebral deposition
of amyloid-β [62–64].

It is clear that the optimal antihypertensive regimen able to prevent future cognitive decline or
dementia is difficult to assess for each individual, considering that comorbidities, socioeconomic and
demographic characteristics may impact on the effect of the therapy.

Based on all abovementioned evidence, it is recommended to diagnose early high BP and to start an
appropriate treatment with the aim to avoid cognitive decline and dementia in elderly subjects [65,66].
In this regard, higher NT-proBNP and MR-proANP levels may adequately identify subgroups of
patients with marked endothelial dysfunction and microvascular pathology as the most suitable
inexpensive markers to indicate a timely and efficacious therapeutic intervention to prevent dementia
in hypertensive patients. Finally, based on current knowledge on the neurological functions of NPs,
these hormones and their receptors might be a suitable therapeutic target to treat cognitive impairment
and dementia (Figure 1).
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Abstract: The role of genetic testing over the clinical and functional variables, including data from the
cardiopulmonary exercise test (CPET), in the hypertrophic cardiomyopathy (HCM) risk stratification
remains unclear. A retrospective genotype–phenotype correlation was performed to analyze possible
differences between patients with and without likely pathogenic/pathogenic (LP/P) variants. A total
of 371 HCM patients were screened at least for the main sarcomeric genes MYBPC3 (myosin binding
protein C), MYH7 (β-myosin heavy chain), TNNI3 (cardiac troponin I) and TNNT2 (cardiac troponin
T): 203 patients had at least an LP/P variant, 23 patients had a unique variant of uncertain significance
(VUS) and 145 did not show any LP/P variant or VUS. During a median 5.4 years follow-up, 51 and
14 patients developed heart failure (HF) and sudden cardiac death (SCD) or SCD-equivalents events,
respectively. The LP/P variant was associated with a more aggressive HCM phenotype. However, left
atrial diameter (LAd), circulatory power (peak oxygen uptake*peak systolic blood pressure, CP%)
and ventilatory efficiency (C-index = 0.839) were the only independent predictors of HF whereas
only LAd and CP% were predictors of the SCD end-point (C-index = 0.738). The present study
reaffirms the pivotal role of the clinical variables and, particularly of those CPET-derived, in the HCM
risk stratification.
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1. Introduction

Hypertrophic cardiomyopathy (HCM), the most common genetic heart disease, inherited with
an autosomal dominant pattern, incomplete penetrance and variable expressivity, is characterized
by markedly different instrumental and clinical spectra [1–3]. Accordingly, there is always great
interest in investigating approaches potentially able to identify early those HCM patients at high risk
of cardiovascular events both in terms of sudden cardiac death (SCD) and heart failure (HF). Indeed,
albeit the SCD is a devastating but relatively rare event, HF development and its related complications
still represent an incoming concern in HCM patients [4–6].

In such a context, due to its genetic nature, many researchers attempted not only an HCM
genotype–phenotype correlation but also a possible genotype-based risk stratification. Indeed, HCM is
predominantly a sarcomeric disease and variants in MYH7 and MYBPC3 genes, encoding for the cardiac
thick myofilament proteins β-myosin heavy chain and myosin binding protein C, respectively, together
account about 50% of the HCM families. Conversely, likely pathogenic/pathogenic (LP/P) variants
in thin filament protein genes, such as TNNT2, TNNI3 and TPM1 encoding for cardiac troponin T,
troponin I and alpha-tropomyosin, account for less than 10% [6–9]. Several studies have demonstrated
that being carriers of sarcomeric variants might exert a negative prognostic impact on outcome, as well
as multiple simultaneous variants, such as the so-called “gene dosage effect” [8–13]. What remains
unclear, up to now, is whether the genetic profile of the single HCM patient might provide a real
significant incremental risk prediction beyond the clinical risk factors, including those derived from
a maximal cardiopulmonary exercise test (CPET) [2,3]. Indeed, growing evidence suggests that a CPET
assessment, combined with other clinical and instrumental variables, represents a useful tool in
stratifying both the SCD and the HF-related events’ risk in HCM patients [14–18].

Therefore, the current multicenter retrospective study investigates a possible adjunctive role
of genetic testing analysis in the HCM patients’ management over the main clinical and functional
parameters. Particularly, a genotype–phenotype correlation was performed to analyze possible
differences between HCM patients with and without LP/P variants with respect to their main clinical
and functional features and, mainly, their SCD and HF-related events’ rate.

2. Methods

2.1. Study Sample

Data from a total of 665 consecutive outpatients with HCM were analyzed. All patients were part
of a cohort recruited and prospectively followed in three HCM Italian centers between September 2007
and December 2019: Azienda Ospedaliera Universitaria Sant’Andrea, “Sapienza” University, Rome
(n = 437); Azienda Ospedaliera San Camillo Forlanini, Rome (n = 189); Centro Cardiologico Monzino,
University of Milan, Milan (n = 39). The diagnosis of HCM was based on maximal wall thickness
(MWT) ≥ 15 mm unexplained by abnormal loading conditions or in accordance with published criteria
for the diagnosis of disease in relatives of patients with unequivocal disease [2,3]. Patients with known
metabolic diseases or syndromic causes of HCM were excluded from the present study.

The study complied with the ethical standards of the Declaration of Helsinki and was reviewed
and approved by the institutional ethics committees. Written informed consent was obtained from
all participants. The authors from each participating center guarantee the integrity of data from their
institution and have agreed to the article as written.
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2.2. Patients Clinical and Functional Assessment

Data were independently collected at each participating center using a uniform methodology.
Each HCM patient underwent a clinical assessment, including history with pedigree analysis and
the New York Heart Association (NYHA) classification, 24 h ECG Holter monitoring, transthoracic
Doppler echocardiography and maximal CPET. The usual five SCD risk factors were also collected [2,3]:
(a) FH-SCD (history of HCM-related SCD in at least one first-degree or other relatives younger than
50 years old); (b) massive left ventricular (LV) hypertrophy (maximal wall thickness, MWT, ≥30 mm);
(c) at least one run of nonsustained ventricular tachycardia (NSVT, ≥3 consecutive ventricular beats at
a rate of ≥120 beats per minute and <30 s in duration on 24 h ECG Holter monitoring); (d) unexplained
syncope judged inconsistent with neurocardiogenic origin; (e) abnormal blood pressure response to
exercise (ABPRE, failure to increase systolic blood pressure, SBP, by at least 20 mmHg from rest to peak
exercise or a fall of ≥20 mmHg from SBP).

The following echocardiographic measurements, obtained according to the international
guidelines [19], were considered: LV end-diastolic diameter (LVEDd, parasternal long axis), the greatest
LV thickness (MWT, measured at any LV site), left atrial diameter (LAd, parasternal long axis),
the highest maximal LV outflow tract gradient among those measured at rest, in orthostatic position
and after Valsalva maneuver (LVOTGmax, apical four-chamber view) [20] and LV ejection fraction
with Simpson’s biplane methods (LVEF, apical four-chamber view).

All CPETs were performed using an electronically braked cycle ergometer. A personalized ramp
exercise protocol was performed, aiming at a test duration of 10± 2 min [21]. The exercise was preceded
by a few minutes of resting breath-by-breath gas exchange monitoring and by an unloaded warm-up.
In the absence of clinical events, CPET was interrupted when patients stated that they had reached
maximal effort. A 12-lead ECG, diastolic and systolic blood pressure were recorded during CPET, in
order to obtain the following parameters: rest heart rate (HR), peak HR, %pHR ((peak HR/(220 − age))
× 100), and ΔSBP (peak SBP − rest SBP) [22]. A breath-by-breath analysis of expiratory gases and
ventilation (VE) has been performed, and peak values were obtained in the last 20 s of exercise.
The predicted peak VO2 was determined by using the gender-, age- and weight-adjusted formula.
Circulatory power (CP = peak VO2 × SBP) was obtained considering peak VO2 value as a percentage
of predicted (CP%) [19,23]. Anaerobic threshold (AT) was measured by V-slope analysis of VO2 and
VCO2, and it was confirmed by ventilator equivalents and end-tidal pressures of CO2 and O2 [24].
The end of the isocapnic buffering period was identified when VE/VCO2 increased and the end-tidal
pressure of CO2 decreased. VE/VCO2 slope was calculated as the slope of the linear relationship
between VE and VCO2 from the 1st minute after the beginning of the loaded exercise and the end of
the isocapnic buffering period [24].

2.3. Genetic Testing

All patients included in the study received genetic counseling and underwent genetic testing
for HCM, performed by Sanger sequencing (from 2007 to 2010) or NGS (next-generation sequencing,
from 2011 to 2019). The genes analyzed in the participating laboratories from the HCM centers had
changed and/or added over time. In this retrospective study, we report the genotype–phenotype
correlation analysis only for those patients screened at least for the sarcomeric genes MYBPC3 (myosin
binding protein C, cardiac) MYH7 (β-myosin heavy chain, cardiac), TNNI3 (troponin I, cardiac) and
TNNT2 (troponin T type 2, cardiac). All coding regions and boundaries of flanking introns ±25
were analyzed for all genes considered in this study. In addition, all variants reported in this paper,
identified by NGS technology, were validated by Sanger sequencing. Patients with variants located in
nonsarcomeric genes were also excluded.

All the identified variants were re-evaluated based on new evidence from the scientific literature
and classified according to the criteria of the American College of Medical Genetics and Genomics
(ACMG) [25,26]. Only the genetic variants predicted to alter the protein and with a minor allele
frequency (MAF) ≤0.2% (considering the prevalence of HCM disease in the general population),
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were considered. For this evaluation, we used MAF data derived from GnomAD (Genome Aggregation
Database https://gnomad.broadinstitute.org/). The clinical classification of variants was carried out
according to the 5-class system: benign (B), likely benign (LB), likely pathogenic (LP), pathogenic (P)
and variants of uncertain significance (VUS). Genetic results were considered informative for LP or P
variants, noninformative for B, LB or VUS variants. Variants are reported using the Human Genome
Variation Society nomenclature guidelines (https://varnomen.hgvs.org/).

2.4. Clinical Outcomes

All patients had planned clinical reviews every 6–12 months or earlier according to the clinical
status. Follow-up duration was defined as the time interval between the clinical examination and
either the first event or the last visit/telephone interview in case of no events.

The HF end-point was represented by the following events: death due to HF, cardiac
transplantation, progression to a stable NYHA class III–IV due to an end-stage phase with or
without LVEF < 50% (hypokinetic dilated phase or restrictive phenotype evolution), severe functional
deterioration leading to hospitalization for septal reduction, hospitalization due to HF symptoms or
signs development. The SCD end-point was also tested, which included SCD or an equivalent event.
SCD was defined as witnessing sudden death with or without documented ventricular fibrillation
or death within 1 h of new symptoms or nocturnal deaths with no antecedent history of worsening
symptoms. Aborted SCD during follow-up and appropriate ICD therapies (defined as intervention
triggered by ventricular fibrillation or rapid ventricular tachycardia at >180 bpm) were considered
equivalent to SCD in accordance with previous studies [17,18,27,28].

The causes of death, as well as the other events, were ascertained by experienced cardiologists at
each center using hospital and primary health care records, death certificates, post-mortem reports, and
interviews with relatives and/or physicians. To avoid a composite cardiovascular end-point including
also cerebrovascular events, due to the small number of such events and in accordance with other
studies by our research group [17,18,22], death due to ischemic or hemorrhagic stroke (n. 2 events) and
nonfatal cerebrovascular (n. 5 events), as well as death due to noncardiovascular causes (n. 2 events),
were excluded from the survival analysis.

2.5. Statistical Analysis

All data are expressed as mean ± standard deviation or as absolute number (percentage).
Preliminarily, an extension of the Shapiro–Wilk test of normality was performed. Categorical variables
were compared with a difference between proportion tests whereas a two-sample t-test was used
to compare the continuous data between the two study groups (no variants and VUS Versus LP/P
variants). In comparing the two populations, the variance was estimated separately for both groups
and the Welch–Satterthwaite modification to the degrees of freedom was used.

We, therefore, focused on the distribution of survival times by adopting the Cox proportional
hazards regression model. We performed a backward selection of the predictors to be included in the
model. A 5% significance level was used in the backward elimination procedure to select covariates for
the final multivariate model for the combined as well as the HF end-point while, due to the low events’
number, a 15% significance level was adopted for the SCD one. To avoid the inclusion of collinear
variables in the multivariate Cox analysis, we built several models in which VO2-derived variables,
known to be collinear, were added to the prognostic model one at a time. We retain the model with
the best trade-off between model complexity and model fit judged by the log-likelihood. We also
performed a calibration analysis. We computed the average calibration error for both approaches and
tested the observed versus average predicted probabilities for each class of risk. The Brier quadratic
error score and a χ2 test of goodness of fit based on the Brier score were also checked. We did not
find any clear indication of overfitting from the post hoc analysis and, consequently, in the present
paper we simply reported results based on the backward elimination procedure only. Discrimination
of variables included in the final multivariate model specification was performed by Harrell’s C-index.

348



J. Clin. Med. 2020, 9, 1636

Therefore, we investigated the proportional hazards assumption by tests and graphical diagnostics
based on scaled Schoenfeld residuals. Test of proportional hazards assumption for each covariate was
obtained by correlating the corresponding set of scaled Schoenfeld residuals with the Kaplan–Meier
estimate of the survival distribution. To check for the presence of influential observations, we produced
a matrix of estimated changes in the regression coefficients upon deleting each observation in turn and
comparing the magnitudes of the largest values to the regression coefficients.

Statistical analysis was performed using R (R Development Core Team, 2014). A p-value lower
than or equal to 0.05 was generally considered as statistically significant.

3. Results

From an initial study sample of 665 consecutive HCM outpatients, a total of 294 patients (44%) were
excluded because they did not undergo genetic testing (n = 197), because they were lost at follow-up
(n = 39), because of the presence of nonsarcomeric variants (n = 22) or, eventually, because the genetic
analysis was not performed according to the previously described inclusion criteria (n = 36). Thus,
a total of 371 HCM patients were effectively enrolled and analyzed in the present study. The diagram
displayed in Figure 1 resumes the step-by-step classification of the study population.

Figure 1. Diagram showing the step-by-step classification of the hypertrophic cardiomyopathy (HCM)
population considered in our study. LP/P: likely pathogenic/pathogenic sarcomeric variants; V.U.S.:
variant of uncertain significance; CV: cardiac events; HF: heart failure; SCD: sudden cardiac death.

3.1. Genetic Results

Two hundred and three (55%) genetic tests were informative as they detected at least an LP/P
variant, whereas the percentage of patients with VUS was 6% (n = 23 patients); 39% (n = 145 patients)
did not show any P/LP variant or VUS (Figure 2). Excluding the B/LB variants, 124 unique variants
were identified and detailed extensively in the Supplementary files (Tables S1 and S2). These variants
included 91 (73%) missense, 2 (2%) intronic, 10 (8%) frameshift, 8 (6%) splicing, 11 (9%) nonsense, 1 (1%)
inframe variants (Figure S1). According to ACMG criteria, 94 variants were classified as LP/P and 30 of
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them as VUS. MYBPC3 and MYH7 resulted in the most mutated genes with 88 LP/P variants (75%,
Figure 2). Twenty-four patients resulted to be carriers of multiple variants, considering those with at
least one P/LP variant and other P/LP or VUS variants (Table S3). Among these, 14 patients were double
heterozygous with one variant in two different genes while the remaining 10 had multiple variants in
the same gene. It was not possible to determinate the phase of these variants, since segregation studies
among relatives could not be performed.

Figure 2. (Top panel): results of genetic testing analysis in the overall study sample. (Bottom panel):
type and distribution of likely pathogenic/pathogenic (LP/P) variants and variants of uncertain
significance (VUS). MYL3: myosin light chain 3; TPM1: tropomyosin 1; TNNC1: troponin C1; ACTC1:
actin alpha cardiac muscle 1; TNNI3: cardiac troponin I; TNNT2: cardiac troponin T; MYH7: β-myosin
heavy chain; MYBPC3: myosin binding protein C.

3.2. Clinical and Functional Characteristics

The demographic and clinical data of the entire cohort are reported in Table 1. The population
mainly consisted of middle-aged predominantly male (64%) patients with a quite preserved NYHA
class (NYHA I–II 94%). At the study run-in, echocardiographic evidence of the end-stage phase was
present in 4%, atrial fibrillation in 3% and a septal myectomy had been performed in 11% patients.
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Documented cardiovascular comorbidities included systemic hypertension (27%), diabetes (6%) and
coronary artery disease (4%).

Table 1. Main clinical variables of the entire study sample at the study run-in (n = 371 patients).

General Data

Age, years 49 ± 16
Male, n (%) 238 (64)

Age at diagnosis, years 40 ± 19
NYHA III–IV, n (%) 24 (6)

ICD, n (%) 43 (12)
Previous myectomy, n (%) 20 (5)

SCD risk factors

NSVT, n (%) 121 (32)
FH-SCD, n (%) 48 (13)

MWT > 30 mm, n (%) 26 (7)
Unexplained syncope, n (%) 56 (15)

ABPRE, n (%) 45 (16)

Echocardiographic data

LVEDd, mm 45 ± 5
LAd, mm 43 ± 7
MWT, mm 20 ± 5

LVOT obstruction, n (%) 125 (33)
LVOTGmax, mmHg 11 (6–39)

LVEF, % 62 ± 7

CPET data

Peak HR, % of predicted 79 ± 13
Peak VO2, mL/kg/min 23 ± 7

Peak VO2, % of predicted 77 ± 18
Peak SBP, mmHg 164 ± 27

CP%, % of predicted * mmHg 12,937 ± 4300
VE/VCO2 slope 28.4 ± 5.5

Medical treatment

β-blocker, n (%) 228 (61)
Nondihydropyridine CCB, n (%) 31 (8)

ACE-I/ARB, n (%) 107 (29)
Diuretics, n (%) 78 (21)

Amiodaron, n (%) 33 (9)

Data are expressed as mean ± SD, as an absolute number of patients (% on total sample) or as median (25th–75th
percentile). VUS: variant of uncertain significance; LP: likely pathogenic; P: pathogenic; NYHA: New York Heart
Association; ICD: implantable cardioverter defibrillator; SCD: sudden cardiac death; NSVT: nonsustained ventricular
tachycardia; FH: family history; ABPRE: abnormal blood pressure response at exercise; LVEDd: left ventricular
end-diastolic diameter; LAd: left atrial diameter; MWT: maximum wall thickness; LVOTGmax: maximal LV outflow
tract gradient; LVEF: LV ejection fraction; SBP: peak systolic blood pressure; HR: heart rate; VO2: oxygen uptake; CP:
circulatory power; VE/VCO2 slope: relation between ventilation versus carbon dioxide production; CCB: calcium
channel blocker; ACE-I/ARB: angiotensin-converting enzyme inhibitors/angiotensin receptor blocker.

Table 2 shows the comparison of clinical features between patients with and without LP/P variants.
The LP/P variants group showed a younger age, a slightly higher prevalence of FH-SCD and ABPRE
and a worse functional capacity in terms of pVO2, CP% and VE/VCO2 slope. With respect to the other
clinical features, at the study run-in, the LP/P variants group had a greater prevalence of patients
with end-stage phase (6% vs. 2%, p = 0.011) and atrial fibrillation (3% vs. 1%, p = 0.032), whereas no
difference in the prevalence of previous myectomy was found (5% for both groups). Concerning
the documented cardiovascular comorbidities, no difference was found in coronary artery disease
(3% vs. 5%), whereas the LP/P variants group showed a lower prevalence of systemic hypertension
(15% vs. 31%, p < 0.001) and diabetes (3% vs. 8%, p = 0.007).
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Table 2. Main clinical variables of the study sample at the study run-in according to genetic
testing results.

General Data
No Variants and VUS

(n = 168)
LP/P Variants

(n = 203)
p-Values

Age, years 53 ± 18 45 ± 16 <0.001
Male, n (%) 112 (67) 124(61) NS

Age at diagnosis, years 47 ± 20 35 ± 17 <0.001
NYHA III-IV, n (%) 10 (6) 14 (7) NS

ICD, n (%) 11 (6) 32 (16) 0.019
Previous myectomy, n (%) 9 (5) 11 (5) NS

SCD risk factors

NSVT, n (%) 48 (28) 73 (36) NS
FH-SCD, n (%) 16 (9) 32 (16) 0.049

MWT > 30 mm, n (%) 10 (6) 16 (8) NS
Unexplained syncope, n (%) 29 (17) 26 (13) NS

ABPRE, n (%) 11 (7) 34 (17) 0.003

Echocardiographic data

LVEDd, mm 46 ± 4 45 ± 6 NS
LAd, mm 43 ± 7 43 ± 7 NS
MWT, mm 20 ± 5 20 ± 5 NS

LVOT obstruction, n (%) 79 (47) 45 (22) <0.001
LVOTGmax, mmHg 16 (9–39) 10 (5–33) 0.023

LVEF, % 63 ± 4 61 ± 6 <0.001

CPET data

Peak HR, % of predicted 78 ± 12 79 ± 13 NS
Peak VO2, mL/kg/min 23 ± 7 23 ± 7 NS

Peak VO2, % of predicted 79 ± 18 75 ± 18 0.032
Peak SBP, mmHg 175 ± 26 157 ± 26 <0.001

CP%, % of predicted * mmHg 14,070 ± 4269 12,015 ± 4020 <0.001
VE/VCO2 slope 27.5 ± 4.9 29.1 ± 6.0 0.019

Medical treatment

β-blocker, n (%) 105 (62) 122 (60) NS
Non dihydropyridine CCB, n (%) 11 (7) 20 (10) NS

ACE-I/ARB, n (%) 58 (34) 48 (24) 0.014
Diuretics, n (%) 37 (22) 41 (21) NS

Amiodaron, n (%) 16 (9) 17 (8) NS

Data are expressed as mean ± SD, as the absolute number of patients (% on total sample) or as median (25th–75th
percentile). NS: not significant. See Table 1 for other abbreviations.

3.3. End-Point Analysis

Median follow-up was 5.4 years (25th–75th centile: 2.3 to 8.1 years) with a total of 2271 patients-year.
During the entire follow-up, a total of 129 (35%) patients experienced at least one of the pre-specified
events. In patients who developed multiple events, time to the first was used as an event time
cutoff and, accordingly, SCD or HF-related events at five-years’ cumulative hazard equal to 0.369 was
estimated. Patients who completed the follow-up period before the tenth year were censored at the
time of the last clinical evaluation.

A total of 14 SCD or SCD-equivalents were analyzed. Specifically, SCD occurred in three
patients; four patients experienced a resuscitated SCD and seven patients had an appropriate ICD
intervention. A total of 52 HF-related events were analyzed. Specifically, HF-related death occurred in
two patients, seven patients underwent cardiac transplantation, 20 patients were hospitalized due to
HF signs/symptoms, 12 patients were hospitalized for septal reduction procedure due to significant HF
signs/symptoms development and 11 patients evolved to end-stage or restrictive phenotype evolution.
Table 3 reports the detailed Cox proportional univariate survival analysis for both the study end-points.
Most of the single variables were significantly associated with the HF end-point whereas few of
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them to the SCD end-point. Particularly, besides a number of clinical variables, the LP/P variant
presence was significantly associated with the HF but not to the SCD end-point (Figure 3). Instead,
at multivariate analysis, covariates showing significant effects for the primary HF-related end-point
were the following: LAd, CP% and VE/VCO2 slope (C-index 0.839, p < 0.001) while LAd and the CP%
remained independently associated with the SCD end-point (C-index 0.738, Table 4).

Table 3. Main significant univariate Cox proportional survival analysis according to the clinical
variables for the two main study end-points.

HF Endpoint (n = 52) SCD Endpoint (n = 14)

H.R. (95% C.I.) p-Values C-Index H.R. (95% C.I.) p-Values C-Index

Age at CPET – NS – 0.964
(0.934–0.996) 0.038 0.613

Male sex – NS – – NS –

Age at diagnosis – NS – 0.944
(0.906–0.983) 0.006 0.729

FH-SCD 1.869
(1.010–3.460) 0.046 0.522 2.830

(0.892–8.979) 0.077 0.607

Unexplained Syncope – NS – – NS –

NSVT 1.917
(1.102–3.333) 0.021 0.548 – NS –

ABPRE 3.418
(1.769–6.605) <0.001 0.641 – NS –

MWT > 30 mm – NS – 3.956
(1.210–12.940) 0.023 0.569

MWT – NS – 1.100
(1.012–1.195) 0.025 0.593

LVOTO 2.110
(1.215–3.664) <0.01 0.641 – NS –

LAd 1.077
(1.039–1.116) <0.001 0.704 1.054

(0.984–1.129) 0.112 0.660

LVOTGmax
1.016

(1.008–1.024) <0.001 0.672 0.971
(0.937–1.007) 0.123 0.577

LVEF 0.929
(0.899–0.959) <0.001 0.587 – NS –

pVO2, mL/kg/min 0.851
(0.799–0.905) <0.001 0.739 – NS –

pVO2, % of predicted 0.851
(0.799–0.905) <0.001 0.749 – NS –

VE/VCO2 slope 1.017
(1.069–1.146) <0.001 0.724 – NS –

CP% 0.998
(0.997–0.999) <0.001 0.778 0.998

(0.997–1.000) 0.052 0.705

LP or P variants 2.395
(1.171–4.856) 0.013 0.609 – NS –

H.R.: hazard ratio; C.I.: confidence interval. See Table 1 for other abbreviations.

Figure 3. Kaplan–Meier estimator of survival free from heart failure (HF, left panel) and sudden cardiac
death (SCD, right panel) related events according to the presence of likely pathogenic/pathogenic
sarcomeric variants (PLV/PV).
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Table 4. Significant multivariate Cox proportional survival analysis and test for proportional hazards
assumption for the two study end-points.

Multivariate Cox Proportional Survival Analysis

HF Endpoint SCD Endpoint

H.R. (95% C.I.) p-Values C-Index H.R. (95% C.I.) p-Values C-Index

LAd
1.083

(1.039–1.130) <0.001
0.839

1.078
(1.005–1.163) 0.0485

0.738
CP%

0.998
(0.997–0.999) <0.001 0.998

(0.9996–1.000) 0.0488

VE/VCO2 slope
1.044

(0.999–1.090) 0.05

See Tables 1 and 2 for other abbreviations.

4. Discussion

The present multicenter retrospective study, conducted on a suitable cohort of consecutive HCM
outpatients regularly followed at three Italian tertiary HCM centers, shows that HCM patients with
LP/P sarcomeric variants tend to present a more aggressive form of disease with an earlier onset, a worse
functional status and a greater risk of HF development and HF-related complications, compared to
HCM patients with VUS or any variants. However, contextually, our data do not support a strict
role of genetic testing over HCM patients’ comprehensive clinical assessment. Indeed, the LP/P
variants presence does not emerge at multivariate analysis as an independent risk factor, being other
instrumental variables (i.e., LAd, CP% and VE/VCO2 slope) much stronger outcome predictors.

Over the last decades a number of clinical features were investigated in order to identify those
HCM patients at high risk of adverse events, both arrhythmic and HF-related. Indeed, albeit most of
the cases show a benign course with a life expectancy equal to the general population [1], the SCD
remains a rare but devastating event which is still the leading cause of death in the young population
and athletes [2,3,6]. Furthermore, proper due to the improvement in the HCM management, both
pharmacological and nonpharmacological (i.e., ICD, myectomy, LVAD/heart transplantation), there is
a growing percentage of HCM patients who develop HF as well as HF-related complications [1,5,29].
The present study, as an ancillary result, confirms the abovementioned concern by showing a significant
rate of HF-related events (n = 114 events) with a relatively low number of SCD and SCD-equivalent
(n = 14 events) at a midterm follow-up.

Given the wide HCM clinical spectrum, its genetic nature and the need for targeted prevention
strategies, previous studies sought to investigate and weigh the influence of sarcomere variants on
the HCM clinical phenotype and outcome [7–13,16]. Indeed, HCM represents a sarcomeric disease
with LP/P variants in MYBPC3 and MYH7 genes (thick filaments) together accounting for about 50%
of the HCM families whereas LP/P variants in TNNT2, TNNI3 (thin filaments) accounting for less
than 10% [1,6]. In such a context, an old study by Olivotto and colleagues, conducted in the pre-NGS
scenario on a cohort of 203 HCM patients with a median follow-up of 4.5 years, suggested that HCM
patients with sarcomere variants had a greater probability of a worse outcome (i.e., cardiac death,
nonfatal stroke, end-stage progression) compared to those with nonsarcomeric variants [8]. A more
recent study by Li and colleagues, on a sample of 558 HCM patients with a median follow-up of
4.5 years, demonstrated that LP/P variants were associated to an early disease onset, to a high burden
of established risk factors and, mainly, to a composite HF end-points (i.e., HF-related hospitalization,
heart transplantation, HF-related death, progression to an end-stage phase) [10]. Further support to
a possible role of genetic testing in the HCM risk stratification comes from Velzen and colleagues
that, on a population of 626 HCM patients with a long-term follow-up (>10 years), confirmed that
patients with LP/P variants had a more aggressive phenotype (i.e., young age, high prevalence of
SCD risk factors) and found an independent association with all-cause mortality, HF-related and SCD
mortality [12]. Eventually, the recent SHARE study, conducted on a large cohort of 2763 HCM patients
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followed-up for a median of 2.9 years, confirmed that patients carrying sarcomeric LP/P variants
had an earlier disease onset and a greater risk of developing the overall composite outcome (SCD or
SCD-equivalent, LVAD/cardiac transplantation, progression to an end-stage phase, all-cause mortality,
atrial fibrillation and stroke) [13]. The present study confirms that HCM patients carrying LP/P
variants have a worse clinical feature in terms of disease onset as well as of historical risk factors [29].
However, we proved just a univariate association between the HCM-mutated status and a composite
HF end-point. Although a close comparison with the abovementioned studies remains difficult
because of different methodological approaches (i.e., number of genes screened, variants classification,
end-points’ construction), the most likely reason underlying this negative datum could be the optimal
clinical and functional characterization of our study cohort. Indeed, we specifically challenged the
prognostic impact of LP/P variants not only with the historical variables but also, and specifically,
with the CPET-derived parameters. Thus, we showed originally that patients with LP/P variants,
although younger than the counterpart, exhibited also a more severe functional limitation both in
terms of pVO2 and ventilatory efficiency values. Furthermore, due to a concomitant blunted increase
of SBP during exercise, HCM patients with LP/P variants showed significantly lower values of CP%.
Each of the three abovementioned CPET-derived variables has a specific pathophysiological meaning
in the HCM patients’ context [30,31] and a possible capability as an outcome predictor. Particularly,
the pVO2 is a multidimensional parameter dependent on cardiac output (heart rate * stroke volume) and
artero-venous O2 extraction [24,32] and it has been extensively shown to be a strong predictor of poor
outcome in HCM [14–18] as well as in HF patients [33,34]. The CP%, according to its formula [23,24],
magnifies the prognostic power of the pVO2 through the ABPRE [17,18] which, in turn, depends on
the intrinsic myocardial function/geometry as well on abnormal peripheral autonomic reflexes [35,36].
Eventually, the ventilatory efficiency (i.e., VE/VCO2 slope) has been shown to correlate with pulmonary
capillary wedge pressure and left ventricular diastolic properties in HCM [37]. Although usually
preserved in HCM patients, the VE/VCO2 slope tends to worsen significantly only in the late systolic
dysfunction phase but it is conceivable that it could mirror also an early exercise-induced left ventricular
diastolic functional derangement [16,31,37–39].

5. Limitations

The relatively small number of patients enrolled, together with the low number of hard events,
represents a certain limitation that does not allow us to define the true weight of the genetic analysis
results in terms of HCM risk prediction when compared to a full clinical assessment. However,
it should be noted that our data do not argue against the overall importance of genetic testing in
HCM management. Indeed, the identification of unaffected mutated relatives can be possible only
after the detection of P/LP variants in affected HCM probands by gene sequencing [40]. Furthermore,
molecular analysis of HCM genes remains one of the pivotal approaches in distinguishing the
so-called HCM phenocopies where early diagnosis is crucial to managing it optimally [2,3]. On the
other hand, whenever a P/LP variant is not found in HCM patients, the HCM diagnosis should be
carefully re-evaluated. Again, concerning risk stratification, a comprehensive clinical assessment might
be essential.

Another limitation that needs to be acknowledged is that, apart from the main four genes (MYBPC3,
MYH7, TNNI3, TNNT2) that were tested in all patients, other genes known to be HCM-related
(i.e., ACTC1, TPM1, TNNC1, or MYL2 and MYL3) were tested in most but not all patients. However,
it should be remarked that these variants are rarely detected in HCM patients [6,7]. Moreover, given
the few numbers of patients carrying variants in thin filaments genes (<15%) as well patients with
multiple variants (6%) in our study sample, our survival analysis considered the overall impact of
the LP/P sarcomeric variants without distinguishing the type of compromised filaments or a possible
“gene dosage effect”. Similarly, growing data report possible relationships between specific variants
location in functional domains of sarcomeric proteins and prognostic implications. Particularly,
pathogenic missense variants located in the converter domain of the MYH7 gene were found associated
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with a worse outcome [41,42]. Furthermore, Garcia-Giustiniani and colleagues found a significant
association between p.(Gly716Arg), p.(Arg719Trp) and p.(Arg719Gln) variants with a high risk of events
(i.e., 50-year survival of only 20% of carriers) [43]. In the present study cohort, although six different
pathogenic missense variants falling within the converter domain (p.(Gly716Arg), p.(Arg719Trp),
p.(Arg719Gln), p.(Ile736Thr), p.(Gly741Arg) and p.(Arg723Cys)) were found, the small number of
patients carrying these variants as well as their relatively young age unable us to support their specific
prognostic power. For the same underlying reasons (i.e., small number of patients carrying VUS only),
we cannot speculate about an intermediate prognosis in this subset of patients as hypothesized in the
SHARE study [13]. Eventually, we found multiple variants in the same gene in 10 patients and in this
specific setting, we cannot determinate whether the genetic alterations were on the same chromosome
(heterozygous state) or not (compound heterozygous state).

Finally, besides the genetic profile per se, we examined the prognostic effect of several clinical
and instrumental variables at a single time point. Accordingly, we cannot exclude that changes in
some variables, as for instance an upgrading of treatment during follow-up or upcoming risk factors,
altered our survival analysis. However, it is reasonable that seriate clinical and functional evaluations
in HCM patients at the highest risk could further magnify our findings rather than rebut them.

6. Conclusions

Our data underline the importance of a multidimensional clinical assessment over the genetic
testing analysis in the HCM risk stratification. This unexpected finding, different from other literature
reports, might be likely explained by the limited size of the sample cohort. The LP/P variants were
anyway associated with a more aggressive HCM phenotype in terms of early disease onset, high burden
of historical risk factor and, for the first time, poor functional status. Of note, within a number of
clinical and instrumental variables, the present study reaffirms the pivotal role of the variables derived
from a CPET assessment.
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Abstract: Heart disease is a leading cause of death with unmet clinical needs for targeted treatment
options. Tumor necrosis factor alpha (TNF-α) represents a master pro-inflammatory cytokine that
plays an important role in many immunopathogenic processes. Anti-TNF-α therapy is widely used in
treating autoimmune inflammatory disorders, but in case of patients with heart disease, this treatment
was unsuccessful or even harmful. The underlying reasons remain elusive until today. This review
summarizes the effects of anti-TNF-α treatment in patients with and without heart disease and
describes the involvement of TNF-α signaling in a number of animal models of cardiovascular diseases.
We specifically focused on the role of TNF-α in specific cardiovascular conditions and in defined
cardiac cell types. Although some mechanisms, mainly in disease development, are quite well known,
a comprehensive understanding of TNF-α signaling in the failing heart is still incomplete. Published
data identify pathogenic and cardioprotective mechanisms of TNF-α in the affected heart and highlight
the differential role of two TNF-α receptors pointing to the complexity of the TNF-α signaling. In the
light of these findings, it seems that targeting the TNF-α pathway in heart disease may show therapeutic
benefits, but this approach must be more specific and selectively block pathogenic mechanisms. To this
aim, more research is needed to better understand the molecular mechanisms of TNF-α signaling in the
failing heart.
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1. Introduction

Heart disease refers to a group of diseases characterized by the affected function of the heart muscle.
Epidemiologic data suggest that heart disease is a leading cause of death in the world. Heart failure
affects 26 million people worldwide and causes 1 million annual hospitalizations in the United States
and Europe [1]. Insufficient blood supply of the heart muscle by coronary arteries, which is termed
coronary artery disease, represents the most common cause of heart disease. Extended ischemia in the
myocardium is a life-threating condition that can lead to myocardial infarction or sudden cardiac death.
Aberrant or impaired cardiac function (heart failure) can also develop in the absence of coronary artery
disease. Such non-ischemic heart disease is a consequence of pathological changes in the structure
of the cardiac muscle. In case of heart failure, the heart is unable to efficiently pump the blood due
to ineffective muscle contraction (systolic heart failure) or relaxation (diastolic heart failure). From a
clinical point of view, the type of heart failure depends on the left ventricular ejection fraction (LVEF)
parameter. For LVEF < 40%, systolic heart function is impaired, and this condition is referred to as heart
failure with reduced ejection fraction (HFrEF). Diastolic heart failure patients are often characterized
by LVEF > 50% (or sometimes >40%); therefore, this type of heart failure is currently defined as heart
failure with preserved ejection fraction (HFpEF). Both HFrEF and HFpEF patients show reduced life
expectancy [2,3].
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Inflammation plays an important role in the progression of many types of cardiovascular disease.
On the one hand, the systemic inflammatory condition enhances atherogenesis, leading to coronary
artery disease, but it also can promote the development of diastolic heart failure. On the other hand,
cardiac inflammation occurs in post-ischemic myocardial events, and in more rare cases, it develops as
a response to non-ischemic cardiac injury that often causes pathogenic changes in the cardiac tissue
resulting in systolic dysfunction [4]. Thus, anti-inflammatory treatment has been suggested to protect
the heart and cardiovascular system [5].

Tumor necrosis factor α (TNF-α) represents one of the most potent pro-inflammatory cytokines,
and therefore, it was selected as the first target in the cytokine-targeted approach. Currently, TNF-α
inhibitors are clinically used anti-inflammatory drugs to treat mainly patients with systemic inflammatory
diseases. Roughly 1 million patients receive this type of treatment, and TNF-α antagonists are currently
the most profitable class of drugs in the world, accounting for 25 billion US dollars in sales annually [6].
In case of heart failure, clinical data indicated that TNF-α inhibitors were not effective and even could
worsen disease outcomes. However, the reasons of these disappointing results remain elusive.

2. TNF-α Biosynthesis

In humans, TNF-α is encoded by the TNFA gene located on chromosome 6 and shares locus with major
histocompatibility complex (MHC) class II genes, which plays a central role in antigen presentation [7].
The TNFA gene consists of 200 nucleotide promoters with binding sites for several transcription factors,
resulting in a high plasticity of transcription and responsiveness to various types of stimuli, which also
vary between cell types [8].

At the post-transcript stage, the biosynthesis of TNF-α is controlled mainly through the competitive
binding of the mRNA 3′ AU-rich untranslated region by RNA-binding proteins tristetraprolin (TTP)
and stabilizing factor human antigen R (HuR). The dephosphorylated form of TTP effectively binds to
mRNA and degrades it. The phosphorylation of TTP weakens its affinity to mRNA preventing its
degradation. This allows the binding of HuR to mRNA and enables a more efficient translation of TNFA

transcripts. Pro-inflammatory stimuli, such as lipopolysaccharide (LPS), regulate the activity of TTP
and the translocation of HuR from the nucleus to cytoplasm, thereby enhancing TNF-α biosynthesis.
TTP activity is regulated by p38 mitogen-activated protein kinases (MAPK), which controls TTP
target genes at the post-transcriptional level and the binding of nuclear factor kappa B (NF-κB) to the
promoter of TTP, which positively regulates its translation [9–11]. The deficiency of TTP in mice leads
to increased TNF-α production that results in growth retardation, cachexia, arthritis, and autoimmune
response [12]. The biosynthesis of TNF-α is regulated by a number of inflammatory mediators such as
LPS, interleukin (IL)-1β, IL-6, interferon gamma (IFN-γ), tissue trauma, or hypoxia [13–15].

Upon translation, TNF-α is synthesized as a 17 kDa type II (i.e., possessing a single, uncleavable
transmembrane segment, which anchors the protein in a cell membrane with the C-terminal end
oriented toward cytoplasm) transmembrane protein. This membrane form of TNF-α (mTNF-α) can
function as a ligand. The extracellular domain of mTNF-α can be cleaved by TNF-α cleaving enzyme
(TACE; ADAM17) and released as soluble TNF-α (sTNF-α) [16]. mTNF-α and sTNF-α assemble as
noncovalently bound homotrimers and in this form exert their biological functions [17].

3. TNF-α Receptors

TNF-α represents a ligand for two types of TNF-α receptors (TNFRs), namely TNFR1 (CD120a, p55)
and TNFR2 (CD120b, p75). TNFRs represent single transmembrane glycoproteins with extracellular
TNF-α binding domains characterized by four tandem-repeated cysteine-rich motifs [18]. TNFRs are
typically located on the cell membrane, but they can be shed and released in soluble forms with the
ability to bind and neutralize the activity of circulating sTNF-α. In the body, most cells constitutively
express TNFR1. In contrast, the expression of TNFR2 is often induced by pro-inflammatory factors
and is restricted mainly to immune cells, but it can be also upregulated by endothelial cells or
cardiomyocytes [19,20]. The activation of TNFR1 or TNFR2 depends on the bioavailability of the
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soluble and membrane-bound forms of TNF-α. sTNF-α shows a far greater affinity to TNFR1, whereas
TNFR2 is activated mainly by mTNF-α [21]. The stimulation of TNFR1 and TNFR2 activates a distinct
molecular response resulting in different effector outputs in the affected cell. Furthermore, mTNF-α
is capable of transmitting reverse signaling and therefore must be considered as a receptor, too [22].
In this case, TNFRs (membrane and soluble) serve as ligands for mTNF-α. The mTNF-α reverse
signaling is mainly triggered by TNFR2 [22]. A schematic presentation of TNF-α signaling is shown in
Figure 1.

Figure 1. Overview of tumor necrosis factor-α (TNF-α) downstream signaling pathway mediated by
two TNF-α receptors, TNFR1 and TNFR2, and by membrane form of TNF-α (mTNF-α) reverse signaling.

3.1. TNFR1 Signaling

In the presence of the ligand, TNFR1 recruits a number of adaptor proteins including TNFR-associated
death domain (TRADD), TNF-α receptor associated factor 2 (TRAF2), receptor-interacting protein (RIP)
kinase, inhibitors of apoptosis proteins (IAPs), Fas-associated death domain (FADD) and MAPK activating
death domain (MADD) [19,21]. The newly formed TNFR1/TRADD/TRAF2/RIP/IAPs complex activates
MAPKs, mainly c-Jun N-terminal kinase (JNK) and the p38 isoforms, and inhibitor of kappa B (IκB)
kinases (IKKs). MAPKs transduce a signal into the nucleus through activation protein-1 (AP-1) and
other transcription factors that bind to the specific DNA motifs of the target genes. IKKs activate the
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NF-κB response by degrading the IκB complex and thus releasing the p50 subunit, which translocates
to the nucleus and directly regulates gene expression. These MAPK- and IKK-dependent responses
contribute mainly to pro-inflammatory cytokine production and cell survival, but they also mediate
other processes [19,23]. Alternatively, TNFR1 can be internalized, and due to its intracellular death
domain, it can form the TNFR1/TRADD/FADD complex with pro-caspase-8. Activated caspase-8 initiates
a proteolytic cascade causing cell apoptosis. Of note, TNF-α-induced apoptosis is also mediated by
MAPK/JNK [24]. Furthermore, TNFR1 can induce necroptosis through mitochondrial fission. Necroptosis
is independent of other caspases, and the process occurs under conditions of caspase-8 inhibitor or
depletion. TNF-α mediated necrosome formation critically depends on RIP1, RIP3, and mixed lineage
kinase domain like (MLKL) pseudokinase [25,26].

3.2. TNFR2 Signaling

Unlike TNFR1, TNFR2 lacks the intracellular death domain and is unable to bind TRADD and
initiate caspase-mediated apoptosis. Instead, activated TNFR2 recruits adaptor proteins TRAF2 and
IAPs, activating the canonical NF-κB signaling through IKK. In addition, TNFR2, TRAF2, and IAPs
form a complex with NF-κB-inducing kinase (NIK). As a result, NIK is released from the complex and
activated. Active NIK induces the non-canonical NF-κB pathway through IKKα that ultimately produces
a transcriptionally active p52 subunit [27]. TNFR2 can also activate phosphatidylinositol-3-kinase (PI3K)-
dependent signaling. In this pathway, activated PI3K phosphorylates protein kinase B, also known
as Akt, which in turn modulates several downstream effectors [28]. TNFR2-mediated activation of
the canonical and non-canonical NF-κB and PI3K/Akt pathways typically promotes cell proliferation
and survival. In cells expressing both TNFRs, the cross-talk between TNFR1 and TNFR2 may occur,
which is mediated by TRAF2 [19,29]. As prolonged TNFR2 activation leads to TRAF2 degradation, this
negatively regulates transcription factors and the immune response but enhances TNFR1-dependent
caspase-mediated apoptosis and necroptosis [21,30].

3.3. mTNF-α Reverse Signaling

mTNF-α acts not only as a ligand for TNFRs triggering forward signaling in the target cells but
also transduces a reverse signaling back to the mTNF-α expressing cell. Physiologically, the mTNF-α
reverse signaling is triggered by TNFR2 expressed by the neighboring cells [31]. Furthermore, soluble
TNFRs (mainly TNFR2) or even selected anti-TNF-α antibodies can activate the mTNF-α reverse
signaling [32,33]. The intracellular domain of mTNF-α shows no kinase activity; however, the binding
of TNFR to mTNF-α can activate MAPKs JNK and p38 signaling and the downstream transcriptional
activities in the nucleus. mTNF-α reverse signaling regulates the production of certain inflammatory
cytokines, but it is also involved in the modulation of other immune processes [34]. It should be noted
that the role and mechanisms of mTNF-α reverse signal transduction are not well understood.

4. Anti-TNF-α Therapy and Cardiovascular Diseases in Humans

In the 20th century, TNF-α has been recognized as the key pro-inflammatory cytokine in humans.
This led to the development of the first cytokine-targeted therapy with etanercept approved by the
Food and Drug Administration (FDA) in 1998. Anti-TNF-α therapy has revolutionized the treatment
of autoimmune inflammatory diseases by offering an alternative for non-specific immunosuppressive
drugs, which cause multiple adverse effects for a long-term use [35]. To date, five FDA-approved
TNF-α inhibitors are being used in routine clinical practice to treat patients with rheumatoid and
psoriatic arthritis, psoriasis, ankylosing spondylitis, or Crohn’s disease. TNF-α inhibitors represent the
fusion protein of TNF-α receptors linked to the Fc region of human antibody (etanercept) or chimeric
(infliximab), fully human (adalimumab and golimumab), or modified human (certolizumab–pegol)
anti-TNF-α antibodies [36]. Although all these inhibitors neutralize TNF-α bioactivity, their therapeutic
effect may vary [37,38].
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The positive effects of anti-TNF-α therapy in autoimmune inflammatory diseases encouraged
testing its therapeutic value in patients with systolic heart failure. These patients are characterized by
elevated plasma levels of TNF-α and other pro-inflammatory cytokines [39–42], and improvement of
their cardiac functions has been associated with decreasing TNF-α levels [43]. In fact, heart failure
patients show also elevated cardiac TNF-α levels associated with dynamic changes in TNFR1 and
TNFR2 expression [44]. Furthermore, genetic studies suggested that polymorphism in the TNFA gene
was associated with increased risk of coronary heart disease development [45] and in case of coronary
heart disease with increased risk of gastrointestinal complications [46]. Pilot studies suggested that a
higher dose of etanercept increased the ejection fraction and quality-of-life scores [47,48], as well as
improved systemic endothelial vasoreactivity in patients with advanced heart failure [49]. Nonetheless,
randomized, double-blind, placebo-controlled studies failed to prove the therapeutic effect of etanercept
in heart failure patients with reduced ejection fraction. In fact, the RECOVER (Research into Etanercept:
Cytokine Antagonism in Ventricular Dysfunction) and RENAISSANCE (Randomized Etanercept North
American Strategy to Study Antagonism of Cytokines) clinical trials were terminated early due to
a general lack of improvement in composite clinical score and due to the dose-dependent toxicity
observed in some patients [50]. Furthermore, the ATTACH (Anti-Tnf alpha Therapy Against Chronic
Heart failure) study showed that high doses of infliximab in HFrEF patients increased the risk of death
or heart failure-related hospitalization [51]. The injection of a single high dose of etanercept did not
improve outcomes of patients following acute myocardial infarction [52]. In conclusion, continuous
anti-TNF-α therapy in patients with systolic heart failure show no evident benefits and may even be
harmful and exacerbate the disease. Consequently, the use of TNF-α inhibitors is not recommended
for HFrEF patients.

Unlike for HFrEF patients, a long-term anti-TNF-α therapy in patients with autoimmune inflammatory
diseases is generally not harmful, and it may even protect from enhanced cardiovascular complications
and cardiovascular death [53,54]. Although heart failure cases have been reported in patients treated
with TNF-α inhibitors [55], the risk of new onset of heart failure in patients under age 50 receiving
etanercept or infliximab is low [56]. Anti-TNF-α treatment is most commonly used to treat rheumatoid
arthritis. Importantly, these patients are characterized by a more rapid development of subclinical
changes in diastolic function [57], and in case of incident heart failure, they are more likely to show the
HFpEF phenotype [58]. In fact, rheumatoid arthritis patients with preserved left ventricular function
treated with infliximab showed improvement in cardiac function [59] and decreased the left ventricular
torsion [60]. A growing body of evidence suggests that anti-TNF-α therapy could effectively protect
from the development of vascular diseases and atherosclerosis in particular. Standard anti-TNF-α
treatment employed in treating rheumatoid arthritis has been demonstrated to decrease levels of
soluble endothelial adhesions molecules [61] as well as improve arterial stiffness [62] and endothelial
functions [63]. The use of TNF-α antagonists has been associated with a decreased risk of myocardial
infarction [64] and development of acute coronary syndrome [65] pointing to anti-TNF-α treatment as
an effective anti-atherosclerotic therapy in rheumatoid arthritis. In line with these data, large cohort
clinical studies reported the unchanged or reduced overall cardiovascular-related death of rheumatoid
arthritis patients receiving TNF-α inhibitors [66–69]. Importantly, in rheumatoid arthritis, anti-TNF-α
therapy protects from the development of ischemic cardiac events, but it shows no cardioprotective
effects in the post-ischemic heart [64]. Noteworthy, anti-TNF-α therapy in elderly rheumatoid arthritis
patients might exacerbate heart failure and reduce survival [70].

Psoriasis represents another autoimmune inflammatory disease associated with increased serum
levels of TNF-α [71]. Similarly to other systemic inflammatory diseases, psoriasis patients are at increased
risk of developing cardiovascular diseases [72]. In psoriasis, patients treated with adalimumab showed
improvement in vascular functions [73]. A large retrospective cohort study has demonstrated a significantly
reduced incidence of myocardial infarction in psoriasis patients receiving TNF-α inhibitors [74]. In line
with these findings, the use of TNF-α inhibitors in psoriasis lowered the occurrence of major cardiovascular
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events [75]. Reductions of cardiovascular events due to treatment with TNF-α inhibitors were also
observed in ankylosing spondylitis and psoriatic arthritis [76,77].

Summarizing, in the light of published clinical data (summarized in the Table 1), anti-TNF-α
treatment seems to reduce the risk of cardiovascular episodes mainly by inhibiting systemic inflammation
and thereby suppressing the development of atherosclerosis and ischemic events. On the other hand,
in the failing heart, TNF-α plays more of a cardioprotective role, but the mechanism remains unknown.

Table 1. Effects of anti-TNF-α treatments on cardiovascular outcomes in heart failure and in systemic
inflammatory disease patients.

Type of Trial Disease Intervention Outcomes Ref.

Single-center clinical trial
(18 patients)

Class III NYHA
heart failure

Single infusion of etanercept
(1, 4, or 10 mg/m2)

or placebo

Dose-dependent increased
quality-of-life scores and ejection

fraction measured at 14th day
[47]

Single-center clinical trial
(47 patients)

Class III-IV NYHA
heart failure

Biweekly injections of
etanercept for 3 months (5 or

12 mg/m2) or placebo

Dose-dependent increase in
functional status, LV functions,
and remodeling after 3 months

[48]

Single-center clinical trial
(13 patients)

Class III NYHA
heart failure

Single injection of etanercept
(25 mg) in combination with

standard treatment

Major improvement in systemic
endothelial vasodilator capacity 7

days from intervention when
compared to standard

treatment group

[49]

Multi-center, double-blind
clinical trial RECOVER

(1123 patients)

Class II-IV NYHA
heart failure

Weekly or biweekly
injections of 25 mg

etanercept for 6 months
or placebo

Prematurely terminated due to lack
of improvement in clinical outcome.

No change in hospitalization or
death occurrence

[50]

Multi-center, double-blind
clinical trial RENAISSANCE

(925 patients)

Class II-IV NYHA
heart failure

Biweekly or 3 times a week
injections of 25 mg

etanercept for 6 months
or placebo

Prematurely terminated due to lack
of improvement in clinical outcome.
Worsened clinical composite score

in some patients

[50]

Multi-center, double-blind
clinical trial ATTACH

(150 patients)

Class III-IV NYHA
heart failure

Injections of 5 or 10 mg/kg
infliximab at 0, 2,

and 6 weeks or placebo

After 14 weeks modest
improvement in ejection fraction at
5 mg/kg dose. No improvement in
composite clinical score at either

dose, increased hospitalization and
death occurrence at 10 mg/kg dose

[51]

Randomized controlled trial
(26 patients)

Acute myocardial
infarction

Single infusion of 10 mg
etanercept in combination
with standard treatment

Reduced systemic inflammation,
increased platelet activation. No
effect on peripheral vasomotor or

fibrinolytic function when
compared to standard treatment

[52]

Single-center clinical trial
(23 patients)

Rheumatoid
arthritis

3 mg/kg infliximab infusions
every 2 months

Improvement in LV ejection fraction,
reduction in IL-6, endothelin 1,
and NT-proBNP serum levels

[59]

Single-center clinical trial
(68 patients)

Rheumatoid
arthritis

180 days of infliximab or
prednisolone treatment

Improvement in LV longitudinal
and radial systolic deformation and
decreased LV torsion in comparison

to prednisolone treatment

[60]

Multi-center comparative
study (14258 patients)

Rheumatoid
arthritis

90+ days of adalimumab,
etanercept, or infliximab

treatment with median of 5
years follow-up

Significantly decreased risk of
myocardial infarction in comparison

to patients receiving
synthetic DMARD

[64]

Multi-center comparative
study (7704 patients)

Rheumatoid
arthritis

Long-term treatment
(average of 2 years) with
adalimumab, etanercept,

and infliximab

Significantly decreased risk of acute
coronary syndrome compared to

biologic-naïve RA patients or
DMARD treatment

[65]

Multi-center comparative
study (10,156 patients)

Rheumatoid
arthritis

Long-term treatment
(median exposure period of

22,9 months) with
adalimumab, etanercept,

and infliximab

Reduced risk of
cardiovascular-related death

compared to patients
receiving DMARD

[66]

Multi-center retrospective
comparative study

(20,811 patients)

Rheumatoid
arthritis

Long-term treatment
(median duration of

20 months) with
TNF-α inhibitors

No change in cardiovascular-related
death risk, improved cardiovascular

outcomes in younger patients
[67]
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Table 1. Cont.

Type of Trial Disease Intervention Outcomes Ref.

Multi-center retrospective
comparative study

(7077 patients)

Rheumatoid
arthritis

Long term (up to 5 years)
treatment with

TNF-α inhibitors

Reduction in cardiovascular-related
death in women [68]

Multi-center retrospective
comparative study

(20,243 patients)

Rheumatoid
arthritis

Switch from non-biological
disease modifying

antirheumatic drug to
TNF antagonists

No change in risk of cardiovascular
event (including in patients with

heart failure history)
[69]

Multi-center retrospective
comparative study

(7077 patients)

Rheumatoid
arthritis

Long-term treatment (1–2
years) with TNF-α inhibitors

or methotrexate

Increased risk of heart failure onset
and exacerbation of existent heart
failure in elderly patients treated

with TNF-α inhibitors

[70]

Multi-center comparative
study (8845 patients) Psoriasis

At least 2 months of
adalimumab, etanercept,
or infliximab treatment

Reduced risk of myocardial
infarction in comparison to TNF-α

inhibitor naïve patients
[74]

Multi-center comparative
study (17,729) Psoriasis

150 days of adalimumab,
etanercept, infliximab,

or methotrexate treatment

Treatment with TNF-α inhibitors
was shown to reduce overall
cardiovascular event risk in
comparison to methotrexate

[75]

Multi-center retrospective
comparative study

(4140 patients)

Rheumatoid
arthritis, psoriasis,

ankylosing
spondylitis

Long-term treatment
(at least 1 year) with

TNF-α inhibitors

Continuous use of TNF-α inhibitors
reduced the incidence of major

cardiovascular events in comparable
manner in all studied diseases

[76]

Multi-center comparative
study (319) Psoriatic arthritis Long-term treatment (2–3

years) with TNF-α inhibitors

Reduced atherosclerosis in men,
but not women, receiving TNF-α
inhibitors. Reduction of vascular

inflammation in both sexes

[77]

LV: left ventricle, NT-proBNP: N-terminal prohormone of brain natriuretic peptide, DMARD-disease-modifying
antirheumatic drugs.

5. TNF-α in Animal Models of Cardiovascular Diseases

Results of anti-TNF-α treatments in patients with heart failure or with autoimmune inflammatory
diseases demonstrated the relevance and a dual role of TNF-α in cardiovascular diseases in humans.
However, these clinical data are insufficient to elucidate the underlaying mechanisms. Animal models
of cardiovascular diseases, on the other hand, can be used to specifically define the role of gene
of interest and to study cellular and molecular mechanisms. In the case of TNF-α signaling, there
is a number of available transgenic mouse models allowing for the systemic or cell type-specific
overexpression or genetic knockdown of selected components of the TNF-α pathway. The results of
these animal studies are summarized in the Table 2. A growing body of experimental data confirmed a
dual role of TNF-α and pointed to the opposing effects of TNFR1 and TNFR2. Thus, experimental data
from transgenic mouse models might explain the failure of clinical application of anti-TNF-α inhibitors
in heart failure patients. Prospectively, these data suggest that targeting TNFRs, rather than TNF-α,
with selective agonists or antagonists might represent a more promising cardioprotective strategy in
the post-ischemic heart.

5.1. TNF-α in Gain-of-Function Approaches

A gain-of-function approach is based on the overexpression of the gene of interest in a cell or
in an organism and represents one strategy to study its function. A popular knock-in mice model
non-specifically overexpressing human TNF-α shows high TNF-α production mainly in synovial
fibroblasts and in endothelial cells (without evident effects in other cell types) and develops severe
erosive arthritis [78,79]. Therefore, these mice are used as a mouse model of rheumatoid arthritis. Instead,
transgenic mice overexpressing TNF-α in cardiomyocytes are considered as a better model to address the
role of TNF-α in the heart. An initial study showed that the cardiac-restricted overexpression of TNF-α
caused lethal myocarditis with diffuse lymphohistiocytic infiltrates and interstitial edema that led to
cardiac death at the age of 7–11 days [80]. In contrast, in other cardiac-restricted TNF-α overexpressing
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models (TNF1.6 and MHCsTNF strains), most of the transgenic mice survived and developed mild
inflammation and dilated cardiomyopathy phenotype with cardiac tissue remodeling as well as systolic
and diastolic dysfunction associated with atrial and ventricular arrhythmias [81–83]. Mathematical
modeling suggested that the reentrant arrhythmias spontaneously occurring in these mice are caused
by a reduced intercellular coupling [84]. Yet, it needs to be noted that cardiac tissue levels of TNF-α in
these models were elevated up to 200-fold comparing native myocardium. The pathogenic effect caused
by cardiac-restricted TNF-α overexpression depended mainly on the TNFR1 signaling. Accordingly, left
ventricular dysfunction was preserved by the adenoviral-mediated expression of soluble TNFR1 [83],
and the genetic deletion of Tnfrsf1a (gene encoding TNFR1) improved cardiac functions and completely
protected from cardiac death [85]. On the contrary, Tnfrsf1b (gene encoding TNFR2) genetic deficiency
exacerbated heart failure and increased the lethality of TNF-α overexpressing mice pointing to the
cardioprotective role of TNFR2 [85]. Interestingly, the overexpression of non-cleavable mTNF-α in
cardiomyocytes led to a concentric cardiac hypertrophy phenotype without evidence of myocarditis
or systolic dysfunction [86]. This may suggest that in the TNF-α overexpressing heart, the mTNF-α
reverse signaling regulates different processes than TNFR1 and TNFR2.

5.2. Atherosclerosis and Ischemic Heart Disease Models

Atherosclerosis is a pathogenic condition of arteries characterized by the development of atherosclerotic
plaques. A rupture of atherosclerotic plaques and the subsequent blood clot formation can cause
life-threatening ischemic events, such as myocardial infarction or sudden cardiac death. In a typical
clinical scenario of myocardial infarction, atherosclerotic plaque rupture and the subsequent thrombosis
blocks blood flow in larger coronary arteries, causing an ischemic condition in the myocardium and
death of cardiomyocytes. Myocardial infarct size depends on the time and the extent of ischemia as
well as the subsequent inflammatory response. In animal models, myocardial infarction is typically
performed in non-atherosclerotic condition.

5.3. Atherosclerosis

Experimental atherosclerosis is typically induced by feeding animals an atherogenic high-fat,
high-cholesterol diet over at least 3 months. The development of atherosclerotic plaques is significantly
enhanced in mice with naturally elevated plasma cholesterol levels, such as Apoe−/− or Ldlr−/− mouse
strains. In mice, TNF-α has been recognized as one of the most potent proatherogenic cytokines,
and the formation of atherosclerotic lesions was preceded by an increased expression of TNF-α, TNFR1,
and TNFR2, which were elevated even further during plaque growth [87]. Knockout of the Tnfa

gene in Apoe−/− mice fed a high-fat diet retarded the progression of plaque growth and decreased
levels of pro-atherosclerotic factors without affecting cholesterol levels [88,89]. Experiments with the
APOE*3-Leiden Tnfa−/− strain fed a high-cholesterol diet also demonstrated that TNF-α promoted
necrosis in plaque-infiltrating cells and enhanced advanced lesion formation [90]. Data obtained from
bone marrow chimeric mice suggested that TNF-α expressed by the bone marrow cells played a key
role in an Apoe−/− mouse model of atherosclerosis [91]. In line with this data, Apoe−/− mice on a high-fat,
high-cholesterol diet receiving recombinant TNF-α developed an enhanced atherosclerotic phenotype,
which could be reversed by NF-κB inhibitors [92].

In contrast to data from transgenic models, the results of the pharmacological inhibition of TNF-α in
mouse models were less consistent. It has been demonstrated that recombinant soluble TNFR1 successfully
attenuated the formation of aortic lesions in an Apoe−/− model [91]. Beneficial effects of infliximab on
endothelial reactive oxygen species (ROS) production and plaque formation were further confirmed in
Apoe−/−mice kept in hypoxia conditions and fed a high-fat diet [93]. However, in Ldlr−/−mice, monotherapy
with etanercept failed to reduce the development of atherosclerotic plaques, and the atheroprotective effect
of etanercept was observed only in combination with cholesterol-lowering drugs [94]. Instead, treatment
with anti-TNF-α monoclonal antibody CNTO5048 (neutralizing specifically murine TNF-α) surprisingly
increased plaque burden, the expression of vascular inflammatory genes, and the pro-atherogenic lipid
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profile in hypercholesterolemic Ldlr−/−mice [95]. These inconsistent findings could potentially be explained
by the involvement of mTNF-α, because most of the anti-TNF-α antibodies neutralize exclusively sTNF-α.
Indeed, the proatherogenic effect of mTNF-α has been associated with its presence on exosomes produced
by dendritic cells and the activation of the pro-inflammatory NF-κB pathway in endothelial cells [96].
Although experiments with transgenic mice expressing an exclusively non-cleavable form of mTNF-α
demonstrated the involvement of mTNF-α, these findings pointed primarily to the key role of sTNF-α in
mouse atherogenesis [97–99]. On the other hand, mice with an increased expression of mTNF-α (due to a
reduced expression of Adam17) showed enhanced macrophage adhesion and atherosclerosis in an Ldlr−/−

mouse model [98]. It should be noticed that in this model, an increased expression of mTNF-α was
associated with the constitutive activation of TNFR2 signaling. Mouse models have been also used to
elucidate the role of TNFR1 in the pathogenesis of atherosclerosis. Tnfrsf1a−/− were initially reported to
develop enhanced atherogenesis when fed an atherogenic diet [100]. However, Tnfrsf1a−/− mice on a
proatherogenic Apoe−/− background showed reduced atherosclerosis, and the data pointed to the key role
of TNFR1 expressed in arteries [101]. Summarizing, the proatherogenic role of TNF-α has been generally
confirmed in animal studies, but there is a surprisingly high discrepancy in results obtained from different
models. It seems that Apoe−/−, rather than Ldlr−/− or non-transgenic mice, represents the most relevant
animal model to study TNF-α signaling in atherosclerosis.

5.4. Myocardial Infarction

Experimental acute myocardial infarction is typically achieved by permanent or temporary
mechanical ligation of the left anterior descending coronary artery. Animals surviving this procedure
eventually develop fibrotic scars (that replaces necrotic myocardium), and their hearts show impaired
function and hemodynamic abnormalities. Published data report elevated sTNF-α levels in the serum
of post-infarcted mice and increased mTNF-α expression in the infarct and peri-infarct zones [102].
In a permanent occlusion model, Tnfa−/− mice showed a significantly smaller infarct area, decreased
expression of intercellular adhesion molecule 1 (ICAM-1), and lower numbers of heart-infiltrating neutrophils
and macrophages [103]. However, in the same model, a lack of both TNFRs led to a significant increase
in the infarction size and to an increased apoptosis of cardiomyocytes [104]. A smaller infarct size, better
cardiac function, and reduced inflammatory response were observed in Tnfa−/− mice also in a myocardial
ischemia–reperfusion injury model [105]. Similarly, the blockade of TNF-α with etanercept 10 min prior
to ischemia–reperfusion injury improved cardiac functions, reduced infarct size, and cardiomyocyte
apoptosis [106]. Moreover, a single dose of etanercept injected at the time of myocardial infarction
improved long-term cardiac function and reduced cardiac tissue remodeling in rats [107]. In another
study, pharmacological inhibitor preventing TNF-α binding to its receptor (CAS1049741-03-8) reduced
post-infarction inflammatory response but worsened cardiac function due to enhanced cardiomyocyte
apoptosis [108]. The injection of anti-TNF-α antibody 3 h prior to ischemia–reperfusion was also shown
to reduce endothelial dysfunction by reducing the production of endothelial ROS [109]. Pathogenic
processes over a long term are primary mediated by TNFR1-dependent pathways, as Tnfrsf1a−/− mice
were consistently reported to develop less impaired cardiac contractile functions and showed better
survival rates up to several weeks after infarction [110–113]. This phenotype was associated with the
reduced expression of inflammatory cytokines, matrix metalloproteinase activity, and diminished NF-κB
and MAPK activation in the cardiac tissue. Data from mice lacking an NF-κB p50 subunit confirmed the
involvement of this TNFR1-downstream pathway in the pathogenesis of myocardial infarction [114].
The pathogenic role of TNFR1 in myocardial infarction is not limited to its signaling in the heart.
Cardiovascular homeostasis is regulated by the subfornical organ located in the forebrain, which
controls cardiac sympathetic excitation. The targeted inactivation of TNFR1 in the subfornical organ
reduced left ventricular dysfunction induced by coronary artery ligation in rats [115]. Unlike TNFR1
signaling, TNFR2-dependent pathways mainly activate cardioprotective processes in the post-infarction
heart. Accordingly, Tnfrsf1b−/− mice showed exacerbated cardiomyocyte apoptosis and fibrosis as
well as worsened cardiac function and long-term survival in a permanent occlusion model [110,111].
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Of note, ischemia–reperfusion experiments on isolated hearts confirmed the deteriorating effect of
TNF-α [116] and cardioprotective role of TNFR2 on myocardial function recovery [117]. Summarizing,
mouse data underlined the activation of TNF-α signaling in the infarcted myocardium and highlighted
the counteractive effects mediated by both TNFRs.

5.5. Non-Ischemic Heart Failure Models

Non-ischemic heart diseases refer to cardiac abnormalities occurring in the absence of coronary
artery diseases. Cardiomyopathies represent the most common type of non-ischemic heart disease,
in which ventricles become enlarged and stiff. Cardiomyopathies may be caused by an abnormally
thick myocardium (hypertrophic cardiomyopathy) or by the dilatation of the ventricles (dilated
cardiomyopathy) [118]. Hypertrophic cardiomyopathy may be genetic or can be caused by chronic
hypertension or stress, and it is characterized by ineffective muscle relaxation. On the other hand,
the phenotype of dilated cardiomyopathy, which is associated with left ventricular or biventricular
dilatation and systolic and diastolic dysfunction, can be a consequence of the ongoing inflammatory
processes in the heart. Cardiomyopathies are often progressive pathologies causing not only impaired
blood pumping but also heart valve problems, blood clots, and arrhythmias, leading to heart and secondary
organ failures. There is a number of established animal models that reproduce both hypertrophic and
dilated cardiomyopathy conditions [119].

5.6. Hypertrophic Cardiomyopathy

Experimental hypertension in rodents is commonly achieved by the partial occlusion of the aorta
(transverse aortic constriction model) or by continuous infusion of the vasoconstrictor angiotensin II
using osmotic minipumps. In these models, increased blood pressure in the heart induces a compensatory
mechanism, by which the left ventricle becomes over time thicker and thereby less effective in muscle
relaxation. On the cellular level, cardiac tissue is characterized by cardiomyocyte hypertrophy and
interstitial fibrosis. Data from a mouse model of pressure overload induced by aortic banding pointed
to the active role of TNF-α–TNFR1 signaling in the development of hypertensive cardiomyopathy,
as initially suggested by the correlation between progressive hypertrophy and increasing myocardial
levels of TNF-α, TNFR1, and TACE [120,121]. In line with this suggestion, Tnfa−/− mice developed
significantly lower inflammatory response, cardiac hypertrophy, and left ventricular remodeling,
showing preserved cardiac functions in several studies [120–123]. This phenotype was attributed
to the abrogated production of superoxide in a TNF-α/PI3K-dependent manner in cardiomyocytes
and in cardiac fibroblasts [122], changes in the expression and activity of metalloproteinases [120],
decreased cardiac inflammation, and abrogated cardiomyocyte apoptosis [121]. Interestingly, in this
model of hypertension, cardiac TACE activity and TNF-α levels were controlled by tissue inhibitor of
metalloproteinase (TIMP)-3 [120]. The pathogenic mechanism is mainly mediated by TNFR1. Accordingly,
Tnfrsf1a−/− mice are partially protected from transverse aortic constriction-induced hypertrophy and
are characterized by better survival rates [124]. In the same model, mice lacking the TNFR1 adaptor
molecule TRADD also developed significantly attenuated fibrosis with better cardiac functions,
suggesting a key role of the TNFR1–TRADD-dependent cell death in hypertrophic cardiomyopathy [125].
This pathogenic TNFR1 signaling seems to be counter-regulated by TNFR2. In response to the increased
blood pressure induced by transverse aortic constriction, mice lacking Tnfrsf1b showed worsened
survival rates and increased cardiac hypertrophy, and the cardioprotective TNFR2 signaling has
been linked to its effects in mitochondria [124]. Moreover, mice with cardiac-specific TRAF2 deletion
developed exacerbated heart failure with pathological remodeling and cardiomyocyte necroptosis [30].

Similar data were obtained in another model of hypertrophic cardiomyopathy. In an angiotensin II
osmotic minipump model, Tnfa−/− and Tnfrsf1a−/−mice showed significantly attenuated phenotype [126,127].
In-depth analysis demonstrated reduced immunofibrotic changes in the myocardium of Tnfrsf1a−/−

mice, but there was no protective effect on diastolic dysfunction in this model [127]. In contrast,
Tnfrsf1b−/− mice receiving angiotensin II infusion developed fibrosis and showed only slight changes
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in expression of pro-fibrotic genes [128]. Thus, it seems that also in this model of hypertrophy, TNF-α–
TNFR1 signaling is involved in disease progression.

Cardiac hypertrophy associated with diastolic dysfunction can be alternatively induced by
the continuous delivery of β-adrenergic agonist isoproterenol. In this model, mice lacking TNFR1
developed reduced inflammatory response, but this was insufficient to protect them from isoproterenol-
induced hypertrophy, whereas mice deficient of TNFR2 showed an increased pro-inflammatory
response and exacerbated cardiac hypertrophy [129]. Of note, in vitro experiments confirmed that
TNF-α indeed could enhance isoproterenol-induced cardiomyocyte hypertrophy, but surprisingly, this
effect was completely blocked by anti-TNFR2 antibody [130].

Mice consuming increasing doses of ethanol over longer periods of time develop a specific type of
alcoholic cardiomyopathy with fibrotic and structural changes in the left ventricle. In this model, mice
showed TNFR1-dependent elevated serum levels of TNF-α, left ventricle dysfunction, and increased
cardiac ROS and pro-inflammatory cytokine production [131]. Increased TNF-α levels have been also
observed in a rat model of adriamycin-induced cardiomyopathy. Animals with higher serum TNF-α
levels showed worse heart function and increased mortality [132].

Summarizing, data from hypertrophic cardiomyopathy models suggest that targeting TNF-α indeed
might successfully prevent from disease development. It should be noted that as in other cardiovascular
diseases, pathogenic TNF-α signaling is mainly mediated by TNFR1.

5.7. Inflammatory Heart Diseases

In animal models, heart-specific inflammation is induced either by infection with cardiotropic
virus (mainly coxsackievirus B3) or by the active induction of heart-specific autoimmunity [133]. In the
infectious model, myocarditis is triggered by the immune response to the virus infecting and replicating
in cardiomyocytes, whereas in the autoimmune model, myocarditis is mainly mediated by the activated
heart-specific CD4+ T lymphocytes. Published data suggest that the TNF-α–TNFR1 axis plays an active
role in the development of myocarditis. In a coxsackievirus B3 model, Tnfa−/− and Tnfrsf1a−/− but not
Tnfrsf1b−/− mice showed strikingly reduced cardiac inflammation [134]. Interestingly, defects in TNF-α
signaling showed no effect on viral titers. In a mouse model of experimental autoimmune myocarditis
induced by immunization with cardiac myosin, TNF-α/β neutralizing antibodies delivered prior to but
not after immunization reduced the incidence of myocarditis [135]. Furthermore, Tnfrsf1a−/− mice were
completely protected from the development of myocarditis induced by immunization with cardiac
myosin or by an adoptive transfer of autoreactive T lymphocytes [136]. Although published data point
to the pathogenic role of TNF-α signaling in the development of inflammatory heart disease, it should
be noted that current knowledge is based on a few studies only and that the role of TNF-α signaling in
the transition from myocarditis to dilated cardiomyopathy remains unknown.

Table 2. Summary of phenotypes observed in animal models of cardiovascular diseases in relation to
modification of the TNF-α signaling pathway.

Model Transgene/Intervention Phenotype Ref.

Overexpression

Cardiomyocyte-
specific TNF-α
overexpression

none Lethal myocarditis with interstitial edema [80]

none Progressive heart failure with severe LV remodeling [81]

none Calcium-dependent atrial and ventricular arrhythmias [82]

sTNFR1 overexpression Preservation of LV function [83]

Tnfrsf1a−/− Improved cardiac function, reduced mortality
[85]

Tnfrsf1b−/− Exacerbated heart failure, increased mortality

Cardiomyocyte-
specific mTNF-α
overexpression

none Cardiac hypertrophy without inflammation and
systolic dysfunction [86]
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Table 2. Cont.

Model Transgene/Intervention Phenotype Ref.

Atherosclerosis

Atherogenic diet

Tnfa−/−
Protection from atherosclerotic lesion formation, lowered

atherogenic lipid profile, decreased IL-6 levels
[99]

Exclusive expression of mTNF-α
Partial protection from atherosclerosis. Lower lipid

deposition and macrophage accumulation, no changes in
atherogenic lipid profile and IL-6

Apoe−/− on
atherogenic diet

Tnfa−/−
Slower plaque growth, decreased atherosclerotic markers,

no changes in cholesterol levels [88,89]

Tnfa−/− Reduced plaque growth

[91]sTNFR1 treatment Reduced plaque growth

Transplantation of Tnfa−/−

bone marrow
Reduced plaque growth

Tnfrsf1a−/− grafted arteries Reduced plaque growth and adhesion molecule expression [101]

Weekly infliximab injections Improved endothelial functions, reduced atherosclerotic
plaques, and decreased ROS [93]

Single injection of DC-derived
mTNF-bearing exosomes

Increased levels of adhesion molecules in lesions, increased
plaque formation [96]

Apoe*3-Leiden on
atherogenic diet Tnfa−/−

Higher number of early lesions and lower number of
advanced lesions. Decreased necroptosis and increased
apoptosis in lesion area. No changes in inflammatory

parameters and lipid profiles

[90]

Ldlr−/− on
atherogenic diet

ADAM17 deficiency(increased mTNF
and permanent TNFR2 activation)

Faster plaque growth, enhanced macrophage adhesion,
increased macrophage, and smooth muscle proliferation [98]

Etanercept in combination with
pravastatin/saprogrelate therapy

Decrease in aortic lesion area, endothelial adhesion
molecules, and improved lipid profile in comparison to

pravastatin/saprogrelate
[94]

Monoclonal anti-mouse TNF-α
antibody administration

Reduced plaque stability, increased vascular
pro-inflammatory gene expression, and larger plaque area [95]

Recombinant TNF-α administration Increased plaque burden and endothelial LDL transcytosis.
Prevented by pharmacological NF-κB inhibitors [92]

Myocardial Infarction

Permanent
occlusion

Tnfa−/−

Lower infarct area, less infiltrating mononuclear cells,
reduced expression of endothelial adhesion molecules at

day 1 and 7
[103]

Improved cardiac functions up to 3 days, but not at day 7 [113]

Tnfrsf1a−/−

Improved contractile functions, diminished hypertrophy
and remodeling, reduced NF-κB activation after 4 weeks [110]

Lower infarct area and fibrosis, preserved cardiac functions
at day 7 [113]

Improved contractile functions, increased survival rate after
4 weeks [111]

Protection for infarction-induced death, improved LV
functions, and decreased hypertrophy after 6 weeks [112]

Reduced mortality 24 h post infarction, lower inflammation,
and improved cardiac recovery after 28 days [123]

Pharmacological TNFR1 inactivation
in subfornical organ Reduced LV dysfunction after 4 weeks [115]

Tnfrsf1b−/−

Worsened remodeling, hypertrophy and contractile
functions, increased fibrosis and apoptosis at day 28 [110]

Worsened cardiac functions, increased infarct size,
exacerbated fibrosis at day 3 and 7 [113]

Exacerbated hypertrophy, fibrosis, ventricular dilatation,
and dysfunction after 4 weeks [111]

Increased mortality during the first 7 days, reduced number
of functional blood vessels in infarct area after 28 days [123]

Daily monoclonal anti-TNF-α antibody
administration during the first week

after myocardial infarction

Reduced inflammation, worsened cardiac functions,
inhibited autophagy and increased apoptosis in

cardiomyocytes after 1, 2, 3, and 4 weeks
[108]

Single etanercept injection directly
after myocardial infarction

Reduced inflammation, improved remodeling,
and preserved LV functions after 4 days [107]
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Table 2. Cont.

Model Transgene/Intervention Phenotype Ref.

Myocardial Infarction

Ischemia-
reperfusion

Tnfa−/−
Lower infarct area, improved cardiac functions, reduced

cardiac NF-κB activation measured 120 min
from reperfusion

[105]

Etanercept administration 10 min prior
to myocardial infarction

Lower infarct area, improved cardiac functions, 3 h, 24 h,
or 14 days after reperfusion [106]

Anti-mouse TNF-α antibody injection
3 h prior myocardial infarction

Preserved endothelial functions, reduced endothelial
production of ROS 90 min after reperfusion [109]

Hypertrophic Cardiomyopathy

Transverse aortic
constriction

Tnfa−/−
Reduced inflammatory response, decreased hypertrophy,

improved cardiac functions [121]

Tnfa−/−Timp3−/−

Attenuated LV dilation, improved cardiac functions,
increased survival after 7 weeks. Complete prevention of

heart disease upon additional MMP
inhibitors administration

[120]

Tnfa−/−
Improved cardiac functions, suppression of MMPs

expression, reduction in superoxide production [122]

Tnfrsf1b−/−
Increased survival rates, decreased hypertrophy, improved

mitochondrial functions [124]

Tradd−/−
Reduced hypertrophy with improved cardiac functions,

attenuated TAK1/p38 MAPK phosphorylation [125]

Tnfrsf1a−/−Tnfrsf1b−/−
Increased mortality, hypertrophy, and mitochondrial

DNA damage [124]

Traf2−/−
TNFR1-dependent pathological remodeling and increased

cardiomyocyte death [30]

Angiotensin
II-induced

hypertrophy

Tnfa−/− Reduced hypertrophy and hypertension [126]

Tnfrsf1a−/−
Slower progression of hypertrophy, reduced fibrosis and

immune response [127]

Tnfrsf1a−/−
No effect on early inflammatory phase, increased uptake of

bone marrow-derived fibroblasts progenitors and
exacerbated fibrosis

[128]

Tnfrsf1b−/− No effects [128]

Isoproterenol-
induced

hypertrophy

Tnfrsf1a−/−
Reduced inflammatory response at day 1, unchanged

hypertrophy at day 7
[129]

Tnfrsf1b−/−
Increased inflammatory response at day 1, exacerbated

hypertrophy at day 7

Alcoholic
cardiomyopathy Tnfrsf1a−/−

Preserved LV functions, decreased ROS in LV, lower serum
levels of TNF-α [131]

Inflammatory Heart Diseases

Coxsackievirus B3
induced

myocarditis

Tnfa−/− Reduced myocarditis, no changes in virus titers
[134]Tnfrsf1a−/− Reduced myocarditis, no changes in virus titers

Tnfrsf1b−/− Unaffected myocarditis, no changes in virus titers

Myocarditis
induced by cardiac

myosin
immunization

Anti-TNF-α/β before immunization Reduced myocarditis
[135]

Anti-TNF-α/β after immunization Unaffected myocarditis

Tnfrsf1a−/− Protection from myocarditis despite of T cell activation

[136]
Myocarditis
induced by
autoreactive

T cell transfer

Tnfrsf1a−/− Protection from myocarditis

LDL: low-density lipoprotein LV: left ventricular, MMP: matrix metalloproteinase, ROS: reactive oxygen species,
Timp3−/−: metalloproteinase inhibitor 3 knockout, Tnfa−/−: tumor necrosis factor-α knockout, Tnfrsf1a−/−: TNFR1
knockout, Tnfrsf1b−/−: TNFR2 knockout, TRADD−/−: tumor necrosis factor receptor type 1-associated death domain
protein knockout.

6. Cellular and Molecular Mechanisms of TNF-α Signaling in Cardiovascular Diseases

The heart is made up of three main cell types: cardiomyocytes, cardiac microvascular endothelial
cells, and cardiac stromal cells (mainly fibroblasts). In addition, heart-resident macrophages represent
a small but important cell population in the healthy heart. Furthermore, in response to injury, cardiac
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tissue is infiltrated by immune cells, such as inflammatory monocytes and lymphocytes. It should be
noted that TNF-α can be produced by many cardiac cell types, but immune cells seem to represent
a particularly important source of this cytokine in cardiac pathology. TNF-α signaling controls
many biological processes ranging from pro-inflammatory and proapoptotic to regenerative and
cardioprotective (Figure 2). The actual effect of TNF-α depends not only on the cell type and activation
of other molecular pathways, but also on expression of inducible TNFR2 (TNFR1 is generally stably
expressed in nearly all cell types). As demonstrated in animal models, the deleterious effects of TNF-α
are mainly mediated by the prolonged or excessive activation of TNFR1, while the activation of TNFR2
often exerts cardioprotective results.

Figure 2. Biological effects mediated by TNFR1 and TNFR2 in main cellular components of the heart.
ECM: extracellular matrix, LDL: low-density lipoprotein, MMP: matrix metalloproteinase, NO: nitric oxide.

6.1. Pathogenic Mechanisms

The activation of endothelial cells represents one of the best described pro-inflammatory mechanisms.
Endothelial cells respond to TNF-α by an increased expression of adhesion molecules, which control the
rolling and adhesion of inflammatory immune cells into the tissue. In this mechanism, both TNFRs are
also critically engaged in the process of diapedesis [137]. TNF-α is also known to increase ROS levels and
decrease nitric oxide production in blood vessels, which can lead to endothelial dysfunction: an initial
step in atherogenesis [138]. In this process, TNF-α-induced ROS production depends on the activation of
NADH oxidase [139,140]. TNF-α contributes also to the development of atherosclerotic plaques through
an increase of LDL transcytosis in endothelial cells [91,92] and by regulating the activity of macrophage
scavenger receptor and foam cell formation [141]. TNFR2 signaling contributes also to deleterious effects
by increasing macrophage and smooth muscle proliferation [98].

In cardiomyocytes TNF-α triggers a hypertrophic response and induces apoptosis [131]. Endogenous
TNF-α contributes to increased protein synthesis and hypertrophy [142] through the NF-κB-mediated
production of ROS [143]. In cardiomyocytes, this process is dependent on TNFR1 activation, but it also
negatively regulates calcium handling and cell contractility [144]. Moreover, TNF-α-induced superoxide
production was shown to depend on NADPH oxidase activation by PI3K and to control the secretion of
several matrix metalloproteinases (MMPs) [122]. Oxidative stress mediated by TNF-α is also responsible
for mitochondrial DNA damage through the sphingomyelin–ceramide signaling pathway [145], which was
also shown to induce apoptosis in cardiomyocytes [146]. TNFR1 promotes also cardiomyocyte apoptosis
independently of NF-κB through RIP1–RIP3–MLKL axis activation by apoptosis signal-regulating kinase
1 (ASK1) [20,30].
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Cardiac fibroblasts represent another heart-resident cell type that can be activated by TNF-α.
In response to TNF-α, cardiac fibroblasts contribute to the inflammatory cascade by secreting monocyte
chemoattractant proteins (MCP)-1 and MCP-3, which control monocyte recruitment but also positively
regulate TNF-α production [147]. Furthermore, TNF-α mediates ROS production and MMP secretion in
cardiac fibroblasts via the activation of PI3Kγ [122]. TNF-α contributes to hearts fibrosis also by stimulating
cardiac fibroblasts proliferation and fibronectin deposition [148]. Moreover, TNF-α induces MMP9 production
and promotes the transition of cardiac fibroblasts into pathogenic myofibroblasts [149]. Excessive collagen
deposition and the expression of pro-fibrotic genes in these cells leading to pathological heart remodeling
is controlled by TNFR1 [128,149]. TNFR1 is also important to induce fibroblast maturation from
myeloid cells [150]. All these data demonstrate a wide spectrum of pathogenic effects of TNF-α in all
cardiac cell types.

6.2. Cardioprotective Mechanisms

Most of the cardioprotective mechanisms are mediated by TNFR2. It seems that one of the most
important effects of TNFR2-dependent signaling is to suppress activation of the pathogenic TNFR1
downstream pathways. It has been observed that in the absence of TNFR2, there is an increased
activity of TNFR1 downstream effector molecules NF-κB [110] and MAPK p38 [129] as well as an
increased production of pro-inflammatory cytokines IL-1β and IL-6 [111]. The TNFR2 cardioprotective
mechanism has been described to counter-regulate the deleterious effects of TNFR1-mediated signaling
in cardiomyocytes. Accordingly, the activation of TNFR2 protected cardiomyocytes from apoptosis
and promoted cell cycle entry by activating endothelial/epithelial tyrosine kinase (ETK) [20], enhanced
resistance to oxidative stress [130,144], and mediated positive calcium transient [144]. Of interest,
TNFR2 was also shown to be critically involved in the differentiation of cardiomyocytes from stem cells
in vitro [151] and in promoting cell cycle entry in resident cardiac stem cells [152]. Furthermore, TNFR2
signaling plays an important role in immunosuppression. In particularly, the activation of TNFR2 on
regulatory T cells stimulated their expansion [153] and suppressed effector T cell differentiation [31].
TNFR2 signaling plays also a crucial role in the recruitment of myeloid suppressor cells [154], which
exert cardioprotective functions in heart failure [155]. It should be noted that the immunomodulatory
effect of TNF-α in heart failure is not well understood, mostly because of its involvement in the
activation of endothelial cells and pro-inflammatory role during the early inflammatory phase.

7. Clinical Perspectives

TNF-α is undoubtedly an important pro-inflammatory cytokine playing a key role during the early
inflammatory phase. Clinical studies and data from animal models confirmed that TNF-α enhanced the
development of a number of cardiovascular pathologies. However, preventive anti-TNF-α therapy would
not be recommended due to side effects and economic reasons. Instead, such targeted immunomodulatory
therapeutic intervention was considered in heart failure patients, but the failure of anti-TNF-α therapy
could be explained by the cardioprotective properties of TNF-α in the failing heart. Currently, our
knowledge on the beneficial activity of TNF-α is limited; therefore, more experimental research is
needed to uncover these processes and the underlying mechanisms. Available data suggest that most
of the cardioprotective activity is mediated by TNFR2, whereas the activation of TNFR1 initiates
pathogenic processes. So far, most of these findings have been obtained in mouse models using
transgenic mice lacking one or the other TNFR. In the next step, targeting these receptors, either by
blocking TNFR1 or activating TNFR2, should be performed pharmacologically. The development of
drugs selectively targeting TNFRs, rather than blocking TNF-α activity, might represent a novel and
more effective therapeutic concept in the treatment of heart disease.
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Abstract: The beneficial effects exerted by levosimendan against cardiac failure could be related
to the modulation of oxidative balance. We aimed to examine the effects of levosimendan in
patients with cardiogenic shock or low cardiac output on cardiac systo-diastolic function and plasma
oxidants/antioxidants (glutathione, GSH; thiobarbituric acid reactive substances, TBARS). In four
patients undergoing coronary artery bypass grafting or angioplasty, cardiovascular parameters and
plasma GSH and TBARS were measured at T0 (before levosimendan infusion), T1 (1 h after the
achievement of the therapeutic dosage of levosimendan), T2 (end of levosimendan infusion), T3 (72 h
after the end of levosimendan infusion), and T4 (end of cardiogenic shock). We found an improvement
in the indices of systolic (ejection fraction, cardiac output, cardiac index) and diastolic (E to early
diastolic mitral annular tissue velocity, E/’; early to late diastolic transmitral flow velocity, EA) cardiac
function at early T2. A reduction of central venous pressure and pulmonary wedge pressure was also
observed. Plasma levels of GSH and TBARS were restored by levosimendan at T1, as well. The results
obtained indicate that levosimendan administration can regulate oxidant/antioxidant balance as an
early effect in cardiogenic shock/low cardiac output patients. Modulation of oxidative status on a
mitochondrial level could thus play a role in exerting the cardio-protection exerted by levosimendan
in these patients.

Keywords: antioxidants; calcium sensitizer; heart failure; mitochondria function; peroxidation

1. Introduction

Levosimendan is an inotrope used for the treatment of acutely decompensated heart failure
patients with low cardiac output or cardiogenic shock [1–4].

Among its mechanisms of action, the sensitization of cardiac troponin C to calcium in cardiac
muscle [5–7] and the opening adenosine triphosphate-sensitive potassium (KATP) channels in vascular
smooth muscle cells [8,9] have been described. Due to these pharmacological actions, levosimendan
improves atrio-ventricular coupling and cardiac mechanical efficiency without increasing myocardial
oxygen consumption [10–13]. Moreover, levosimendan has been shown to have a direct effect on
mitochondria [14–19].

Preliminary data obtained in vitro, ex vivo, and in vivo in animal models have shown that
levosimendan could improve endothelial and mitochondrial function, and protect against peroxidation,
as well. In anesthetized pigs subjected to renal ischemia/reperfusion, the intrarenal levosimendan
administration was able to increase renal function and keep the oxidant balance, as shown by the
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increased plasma levels of glutathione (GSH) and the reduced release of peroxidation markers, like
thiobarbituric acid reactive substances (TBARS) [20]. Similar nominally beneficial effects against
peroxidation were observed in anesthetized rats subjected to hepatic ischemia/reperfusion and treated
with levosimendan [21].

TBARS, which reflect the release of malon(MDA) generated through the peroxidation of
polyunsaturated fatty acids, have been widely adopted as indicators of oxidative stress in various
cardiovascular diseases [22]. GSH plays an important role in the maintenance of the thiol-redox status
of the cell, and for this reason could act as antioxidant. GSH deficiency might manifest itself through
an increased susceptibility to oxidative stress and to the augmented onset and progression of many
diseases, including the cardiovascular diseases [23].)

Similar beneficial effects against peroxidation, as were observed in the renal model of
ischemia/reperfusion, have been observed in anesthetized rats subjected to hepatic ischemia/reperfusion
and treated with levosimendan [21]. Finally, in rat hepatocytes, the administration of levosimendan
dose-dependently counteracted the injuries caused by oxidative stress, as evidenced by the keeping
GSH content and the reduction of TBARS release [24]. In all the above conditions, endothelial and
mitochondrial function were found to be ameliorated by levosimendan, which prevented the fall of
mitochondrial membrane potential and restored nitric oxide (NO) release.

The beneficial effects elicited by levosimendan against oxidative stress could represent a further
mechanism of protection in heart failure (HF) patients. The implication of oxidative stress in the
pathophysiology of HF is well established. Oxidative stress may impair cardiac functions through
damage to the cellular proteins and membranes by initiation of lipid peroxidation, thereby inducing
cellular death and apoptosis. Moreover, it could exert direct negative inotropic effects through the
reduction of cytosolic intracellular free calcium [25]. Thus, there is strong circumstantial evidence
that oxidative stress is a prognostic factor in HF patients. Keith et al. showed that circulating MDA,
a marker of lipid peroxidation, was significantly different between control subjects and patients with
HF [26]. In addition, MDA plasma levels have been positively correlated not only with the presence of
HF, but also with New York Heart Association (NYHA) functional class [27].

It is worth noting that levosimendan administration to decompensated HF subjects was able
to improve oxidative damage, as shown by the TBARS measurement, by five days [28]. To date,
however, the information available about the effects of levosimendan on oxidative stress and cardiac
systo-diastolic function in cardiogenic shock/low cardiac output patients for ischemic disease, is scarce.

For this reason, in the present study, we aimed to examine, at the same time, the effects of
intravenous levosimendan treatment on (1) systolic and diastolic functions, (2) hemodynamic variables,
and (3) oxidant/antioxidant systems, in patients admitted to the cardiothoracic intensive care unit (ICU)
for cardiogenic shock or decompensated heart failure after coronary artery bypass grafting (CABG) or
percutaneous transluminal coronary angioplasty (PTCA). To our knowledge, this is the first time these
parallel assessments have been performed in a clinical setting.

2. Materials and Methods

This was a prospective, longitudinal study approved by the Ethical Committee of Azienda
Ospedaliero Universitaria (AOU) Maggiore della Carità of Novara (655/CE; Studio n. CE 107/17;
approval date 16/06/2017). All procedures were compliant with the ethical standards of the Helsinki
Declaration and conformed to standards currently applied in Italy. Patients’ informed written consent
was collected before starting the study.

In this pilot study, 4 adult patients admitted to the cardiothoracic ICU of AOU Maggiore della
Carità of Novara were enrolled.

Inclusion criteria were: Aged over 18 years, reduced systolic function (ejection fraction, EF, < 30%)
due to cardiogenic shock post-CABG or decompensated heart failure after PTCA.

Exclusion criteria: Acute renal or liver failure, septic condition.
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Two male patients underwent CABG for three vessel-diseases. In PTCA patients (one male and
one female), three arterial grafts were positioned on the left anterior descending coronary artery,
and intra-aortic balloon pumps (IABP) were used. Demographic data are reported in Table 1.

Table 1. Demographic data of patients.

Males/Females 3/1

Age (years) 63 ± 13.5

BMI (body mass index) 26.63 ± 1.2

Diabetes 1/4

Hypertension 0

Smoker (>1 cigarette) 0

Dyslipidemia 0

Hemodynamic variables were monitored by means of a Swan–Ganz pulmonary artery catheter in
all patients [29,30].

The central venous pressure (CVP), mean pulmonary arterial pressure (PAP), cardiac output (CO),
cardiac index (CI), systemic vascular resistance index (SVRI), pulmonary vascular resistance index
(PVRI), and the pulmonary capillary wedge pressure (PCWP) were continuously measured. Heart rate
(HR), and systolic (SAP) and diastolic (DAP) arterial blood pressure were also recorded. Arterial and
venous oxygen partial pressure (pO2), and arterial and venous oxygen saturation (SO2) were examined
by hemogasanalyis (Radiometer ABL 90 Flex).

In all patients, systo-diastolic cardiac function was examined by an expert cardiologist through
echocardiography (GE Vivid-i), following the time-course reported below, and as recommended by
international guidelines [31–33].

After baseline data evaluation, levosimendan was administered intravenously at the dose of
0.1 μg/kg/min without a loading dose, which is adopted in the ICU for the treatment of cardiogenic
shock or low cardiac output patients [34,35]. In all patients, vasopressor support was implemented by
epinephrine (0.01–0.1μg/kg/min) and in one patient with dopamine (2μg/kg/min), as well. Mechanically
assisted ventilation was provided to CABG patients.

Venous samples were taken for GSH and TBARS measurements, following the time-course
reported below.

2.1. Collection of Samples

For the determination of GSH and TBARS, 10 mL of blood samples were taken from each
donor using BD Vacutainer tubes (sodium heparin as anticoagulant). Each sample was immediately
centrifuged by a refrigerated centrifuge (Eppendorf, mod. 5702 with rotor A-4-38) for 10 min, at a
speed of 3100 g at 4 ◦C. The plasma obtained was divided into 5 tubes that were stored at −20 ◦C at the
Physiology laboratory of the University of Eastern Piedmont of Novara.

2.2. GSH Quantification

GSH measurement was performed by using the Glutathione Assay Kit (Cayman Chemical,
Ann Arbor, MI, USA), as previously described [36,37]. Each plasma sample was deproteinated by
adding an equal volume of MPA solution to the sample which was then centrifuged at 2000 g for 2 min.
The supernatant was collected, and 50 μL/mL of TEAM reagent was added to each sample in order
to increase the pH. Fifty microliters of the samples were transferred to a 96-well plate where GSH
was detected following the manufacturer’s instructions through a spectrophotometer (VICTOR™ X
Multilabel Plate Reader), at excitation/emission wavelengths of 405–414 nm. Glutathione was expressed
as μM. The measurements were performed in triplicate.
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2.3. TBARS Quantification

TBARS were determined as MDA release. The MDA measurement was performed by using the
TBARS assay Kit (Cayman Chemical), as previously [36,38]. For the assays, 100 μL of each plasma
sample was added to 100 μL of sodium dodecyl sulfate (SDS) solution and 2 mL of the Color Reagent,
following the manufacturer’s instructions. Each sample was boiled for 1 h and then transferred to ice for
10 min in order to stop the reaction. Each sample was centrifuged for 10 min at 1600 g at 4 ◦C and 150 μL
was transferred to a 96-well plate where MDA was detected following the manufacturer’s instructions
through a spectrophotometer (VICTOR™ X Multilabel Plate Reader), at excitation/emission wavelengths
of 530–540 nm. MDA production was expressed in μM. The measurements were performed in triplicate.

2.4. Time-Course of Measurements

T0, before the beginning of levosimendan administration: Hemodynamic variable measurements
and cardiac systo-diastolic evaluation, GSH and TBARS sampling.

T1, at the end of 0.1 μg/kg/min levosimendan infusion (duration 24 h): Hemodynamic variable
measurements and cardiac systo-diastolic evaluation, GSH and TBARS sampling.

T2, 24 h after the end of levosimendan infusion: Hemodynamic variable measurements and
cardiac systo-diastolic evaluation, GSH and TBARS sampling.

T3, at 72 h after the end of levosimendan administration: Hemodynamic variable measurements
and cardiac systo-diastolic evaluation, GSH and TBARS sampling.

T4, at the end of inotropic support: Hemodynamic variable measurements and cardiac
systo-diastolic evaluation, GSH and TBARS sampling.

2.5. Statistical Analysis

All data were recorded using the Institution’s database. Statistical analysis was performed by
using GraphPad Prism 6.0. Non-nominal variables were checked for normality before statistical
analysis. ANOVA for repeated measurements was used to compare results obtained in each patient at
various timings. All non-nominal data were expressed as means ± standard deviation (SD). A p value
lower than 0.05 was taken for statistical significance.

3. Results

The patients were overweight, and one patient was diabetic, but major cardiovascular risk factors
like hypertension, smoking, or dyslipidemia were not identified (Table 1). At T0, mean EF amounted
to 25%. In the two patients who underwent cardiothoracic surgery, extracorporeal circulation lasted
145 ± 21 min.

Improvements were recorded in CO, CI, and SAP, as shown in Figures 1 and 2A,B.
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Figure 1. In (A,B), effects of levosimendan on cardiac output (CO) and in (C,D), on cardiac index (CI).
In A and C, values are means ± SD. In B and D, columns represent single patients. * p < 0.05 vs. T0.
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Figure 2. In (A,B), effects of levosimendan on systolic (SAP) and in (C,D), diastolic (DAP) arterial
blood pressure. In A and C, values are means ± SD. In B and D, columns represent single patients.
* p < 0.05 vs. T0.

EF increased from mean 26.25% ± 2.2 to 43.7% ± 2.9 at early T2, and to 48% ± 1.4 at T4 (p < 0.05).
A reduction of CVP, pulmonary capillary wedge pressure (wedge), and PVRI was also observed
(Figure 3A,B and Figure 4B,D). PAP at T4 was lower than PAP at T0 (Figure 3C,D).
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Figure 3. In (A,B), effects of levosimendan on central venous pressure (CVP) and in (C,D) on mean
pulmonary arterial pressure (PAP). In A and C, values are means ± SD. In B and D, columns represent
single patients. * p < 0.05 vs. T0.
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Figure 4. In (A,B), effects of levosimendan on pulmonary capillary wedge pressure (wedge) and in
(C,D), on pulmonary vascular resistance index (PVRI). In A and C, values are means ± SD. In B and D,
columns represent single patients. * p < 0.05 vs. T0.

Indices of diastolic function (E/E’, E/A) were improved by levosimendan administration (E to
early diastolic mitral annular tissue velocity, E/, from mean 14.5 ± 1.3 at T0, to mean 11 ± 1.4 at T2,
to mean 6.7 ± 1.7 at T4; early to late diastolic transmitral flow velocity, E/A, from >1 at T0 to <1 at
T4; p < 0.05). No significant changes of HR were observed (mean values at T0 to T4, respectively:
96.75, 90.75, 95.75, 88, 91 beats/min), nor in DAP (Figure 2C,D). In the two PTCA patients, IABP was
removed at T2 and mechanical ventilation was suspended after 1 and 3 days, respectively. In all
patients, epinephrine was reduced from mean 0.06 ± 0.04 μg/kg/min at T0, to 0.04 ± 0.02 μg/kg/min at
T2, to 0.001 ± 0.009 μg/kg/min at T3; at T4 it was suspended. Dopamine was reduced from 2 μg/kg/min
at T0, to 1 μg/kg/min at T2; at T4 it was suspended.
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Arterial oxygen saturation and oxygen partial pressure amounted to about 98% and 96 mmHg at
T0 and did not vary significantly throughout the time-course (Figure 5).

Figure 5. In (A,B), effects of levosimendan on arterial partial pressure (pO2) and in (C,D), on arterial
oxygen saturation (SO2). In A and C, values are means ± SD. In B and D, columns represent
single patients.

ygen venous partial pressure and venous oxygen saturation amounted to about 37 mmHg and
63% at T0 and did not show any changes (Figure 6).
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Figure 6. In (A,B), effects of levosimendan on venous oxygen partial pressure (pO2) and in (C,D), on
venous oxygen saturation (SO2). In A and C, values are means ± SD. In B and D, columns represent
single patients.

As depicted in Figure 7, at T0, the levels of GSH and MDA were 0.21 ± 0.16 μM and 7.1 ± 1.9 μM,
respectively. Immediately after levosimendan administration, an improvement of the above parameters
was observed. GSH at T1 rose to 1.16 ± 0.5 μM, whereas MDA declined to 4.3 ± 1.1 μM (both p < 0.05
vs. T0). At T2, T3, and T4, the levels of GSH increased (3.1 ± 1.3; 3.8 ± 1.2; 2.8 ± 1.2 μM, respectively;
all p < 0.05 vs. T0) and those of MDA decreased progressively (2.5 ± 0.9; 2.4 ± 0.9; 2.1 ± 0.8 μM; all
p < 0.05 vs. T0).
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Figure 7. In (A,B), effects of levosimendan on plasma glutathione (GSH) and in (C,D), on plasma
malonyldialdeide (MDA) concentration. In A and C, values are means ± SD. In B and D, columns
represent single patients. * p < 0.05 vs. T0.

4. Discussion

The results obtained in the present study show protective effects elicited by levosimendan
administration in cardiogenic shock or low cardiac output patients post-CABG or PTCA, through the
modulation of oxidant/antioxidant balance.

The balance between ROS production and their removal by antioxidant systems is described as the
“redox state”. Oxidative stress arises any time the production of ROS exceeds the levels of antioxidants.
In HF, an increased production of ROS, originating mainly by mitochondria from failing hearts, has
been widely evidenced [39]. Chronic increases in ROS production may lead to a cycle of mitochondrial
DNA damage, leading to a functional decline, further ROS generation, and cellular injury. ROS can
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directly impair contractile function by modifying proteins central to excitation–contraction coupling,
ion transporters, and Ca2+ cycling, as well [40].

It is noteworthy that cardiac oxidative stress has been associated with diastolic dysfunction, as
well [41], via changes in Ca2+ handling. Hence, increased ROS production can impair the activity of
Ca2+/calmodulin kinase (CaMK) II or SERCA2, or affect Ca2+ sensitivity of myofilaments. As a result,
a diastolic SR Ca2+ leak and a reduction of relaxation stiffness of cardiomyocytes would happen [42].

In addition, changes of mitochondrial function could lead to increased intracellular Ca2+, resulting
in cardiomyocyte super-contracture, disruption of plasmalemma and therefore necrotic cell death.
Although it was not clearly shown, at the basis of the above effects there could be the increased
mitochondrial ROS generation [43].

Furthermore, KATP channels could represent a target for ROS in HF [44]. It has been shown that
ROS-dependent modification of mitochondrial KATP channels, in particular, could represent a feedback
mechanism for the regulation of mitochondrial KATP channel activity itself. Moreover, KATP channels
have been widely shown to play important roles in protection of the heart from ischemic injury [45].
The opening of KATP channels could contribute to the regulation of cardiac mitochondrial function [46]
and cardioprotection induced by ischemic preconditioning, as well.

For this reason, any factor able to affect KATP channel activity could represent a rescue method
against cardiac damage.

The mechanisms of action of levosimendan are mainly related to the increase of Ca2+ sensitivity
of troponin C and the opening of KATP channels in myocardium and vessels. Being a calcium sensitizer
and not a calcium mobilizer, levosimendan does not increase myocardial oxygen consumption nor
prevent myocardial apoptosis and remodeling [1].

For those reasons, levosimendan is widely used for the treatment of low cardiac output conditions
for its effects on systemic and pulmonary hemodynamics and for the relief of symptoms of HF [47].

Recent evidence indicates that levosimendan could reduce oxidative markers and increase the
antioxidant system. In decompensated HF patients, a reduction of TBARS levels was observed after
5 days from the start of levosimendan administration [28], while, in the animal model of renal and
liver ischemia/reperfusion plasma, TBARS and GSH concentration was restored by levosimendan
infusion [20,21]. A role for the modulation of the “redox state”, as a possible mechanism of action of
levosimendan in the protection against HF, might therefore be hypothesized.

In our study, the infusion of levosimendan in cardiogenic shock or low cardiac output patients
post-CABG or PTCA improved GSH and reduced TBARS early at the achievement of the therapeutic
levosimendan dosage. Those effects preceded those on hemodynamics and cardiac systo-diastolic
function, which were evidenced by the improvement of EF, CO, CI, E/E’, and E/A.

Our data confirm previous data about the protective effects exerted by levosimendan against
peroxidation, and highlight their potential as further mechanisms through which levosimendan could
exert its action on cardiac function. Although it was not examined, the maintenance of mitochondria
function by levosimendan could be presumed to play a role in its antioxidant effects.

Hence, mitochondria have emerged as a central factor in the pathogenesis and progression of HF.
It is widely accepted that mitochondrial dysfunction can contribute to impaired myocardial energetics
and increased oxidative stress in cardiomyopathies, cardiac ischemic damage, and HF. Mitochondrial
permeability transition pore opening has been shown to act as a critical trigger of myocyte death and
myocardial remodeling. Increased mitochondrial permeabilization is a mechanistic pathway at the
basis of myocardial apoptosis [48].

Previous findings have evidenced that levosimendan is able to prevent the fall of mitochondrial
membrane potential and transition pore opening in cardiomyocytes [49]. In this way, it could modulate
ROS release and apoptotic signaling. Thus, it could be hypothesized that the keeping mitochondrial
function by levosimendan could represent the starting mechanism for the reduction of ROS release
and the restoration of myocardial energetics and cell viability. These events would be followed by the
improvement of cardiac systole and diastole and hemodynamics.
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In conclusion, the results obtained have shown that levosimendan improved GSH and reduced
TBARS early before the onset of the cardiovascular effects.

The main limitation of this study is the low number of patients and the different etiologies.
However, the aim of this pilot study was to evaluate if levosimendan could exert its protective effects
in patients with cardiac low output syndrome or cardiogenic shock on cardiovascular function and
hemodynamics as a result of its ability to prevent the GSH reduction and TBARS increase, regardless of
the etiology. Moreover, no comparison was performed with a “control” group. However, in this study,
all patients were in control of themselves and we analyzed, at different time points, the concomitant
changes of hemodynamic variables and cardiac systo-diastolic function, as well as the changes in the
levels of oxidants and antioxidants. The results obtained have shown that levosimendan improved
GSH and reduced TBARS early before the onset of the cardiovascular effects. Thus, in spite of the low
number of cases, levosimendan infusion was able to significantly exert beneficial effects on both the
oxidant and antioxidant system, hemodynamics, and cardiac function in cardiogenic shock/low cardiac
output patients. A larger number of cases will be necessary to perform a more detailed analysis of the
protective effects of levosimendan and evaluation of any differences among various patients.

Overall, the results obtained in this pilot study set the rationale for a clinical trial in a larger
population, whose number will be established through a power calculation, and stratified for age, sex,
BMI, comorbidities, and etiologies. In this regard, the role of IABP as a modulator of oxidative stress
could be further analyzed. In addition, it would be interesting to collect more data about the “redox
state” and inflammation and compare the effects of levosimendan with those of other inotropes.

Finally, it seems important to follow the putative anti-inflammatory effects of this drug, not only in
cardiac patients, but also in patients with conditions such as pulmonary hypertension or amyotrophic
lateral sclerosis, in which levosimendan is currently being clinically evaluated [50,51].
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Abstract: Experimental and human autopsy studies have associated adventitial lymphangiogenesis
with atherosclerosis. An analysis of perivascular lymphangiogenesis in patients with coronary
artery disease is lacking. Here, we examined lymphangiogenesis and its potential regulators in
perivascular adipose tissue (PVAT) surrounding the heart (C-PVAT) and compared it with PVAT of
the internal mammary artery (IMA-PVAT). Forty-six patients undergoing coronary artery bypass
graft surgery were included. Perioperatively collected C-PVAT and IMA-PVAT were analyzed using
histology, immunohistochemistry, real time PCR, and PVAT-conditioned medium using cytokine
arrays. C-PVAT exhibited increased PECAM-1 (platelet endothelial cell adhesion molecule 1)-positive
vessel density. The number of lymphatic vessels expressing lymphatic vessel endothelial hyaluronan
receptor-1 or podoplanin was also elevated in C-PVAT and associated with higher inflammatory cell
numbers, increased intercellular adhesion molecule 1 (ICAM1) expression, and fibrosis. Significantly
higher expression of regulators of lymphangiogenesis such as vascular endothelial growth factor
(VEGF)-C, VEGF-D, and VEGF receptor-3 was observed in C-PVAT compared to IMA-PVAT. Cytokine
arrays identified angiopoietin-2 as more highly expressed in C-PVAT vs. IMA-PVAT. Findings were
confirmed histologically and at the mRNA level. Stimulation of human lymphatic endothelial cells
with recombinant angiopoietin-2 in combination with VEGF-C enhanced sprout formation. Our study
shows that PVAT surrounding atherosclerotic arteries exhibits more extensive lymphangiogenesis,
inflammation, and fibrosis compared to PVAT surrounding a non-diseased vessel, possibly due to
local angiopoietin-2, VEGF-C, and VEGF-D overexpression.

Keywords: coronary artery disease; human; inflammation; lymphangiogenesis; perivascular
adipose tissue

1. Introduction

Accumulating clinical and experimental data suggest an active contribution of the adventitia
to remodeling processes in the vascular wall, including neointima formation and atherosclerosis.
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For example, preclinical studies in hypercholesterolemic animal models have shown that
adventitial angiogenesis promotes atherosclerotic plaque progression, whereas inhibition of plaque
neovascularization reduced lesion growth [1–3]. The expansion of thin-walled, leaky vasa vasorum and
microvessels within atherosclerotic lesions has been pathophysiologically linked to plaque instability
by increasing inflammatory cell infiltration and intraplaque hemorrhage [4–6], among others.

In addition to arteries and veins, lymphatic vessels exist and develop in parallel with blood vessels
in most organs. Although the extent and complexity of the lymphatic vasculature has been known for
more than a century [7], its role in the pathogenesis of cardiovascular disease processes has received
little attention. Lymph vessels control the drainage of interstitial fluids and macromolecules (proteins,
lipids) leaking from capillaries back to the venous circulation and are thus critical for the maintenance
of tissue homeostasis [8]. In addition, they have an important function in immune surveillance and
may accelerate the resolution of inflammation by removing inflammatory mediators or trafficking
immune cells to draining lymph nodes. Lymph vessel dysfunction results in lymphedema, but also
may play a role during inflammation, cancer, obesity, or hypertension (reviewed in [9]).

Regarding atherosclerosis, which is characterized by chronic inflammation and cholesterol
accumulation in the arterial wall, the possibility of a direct contribution of adventitial lymphangiogenesis
has only been recently addressed. Studies in animal models after experimentally induced lymphostasis
or genetic modulation of lymphatic vessel formation suggested a protective role of the lymphatic
vasculature during atherosclerosis [10,11]. Moreover, cardiac lymphangiogenesis has been shown
to take part in the clearance of immune cells and resolution of inflammation after myocardial
infarction [12,13]. A causal role of lymph vessel dysfunction in the pathophysiology of atherosclerosis
is further supported by findings in mice that excessive cholesterol accumulation is associated with
structural and functional alterations of lymphatic vessels [14], and that lymphatic dysfunction develops
before atherosclerotic lesion formation [15]. As far as human atherosclerosis is concerned, the available
knowledge is limited to autopsy studies of large arteries from organ donors and the clinical observation
that (adventitial) lymphangiogenesis correlates with atherosclerosis severity [11,16–18]. Similar
findings were obtained in 21 endarterectomy samples from patients with internal carotid artery stenosis
showing a more developed lymphatic network in the adventitia of atherosclerotic lesions compared
to healthy arteries [19]. Whether these observations reflect lymphatic dysfunction or the reactive
enlargement of perivascular lymphatic networks to local cues or systemic differences between patients
at risk and control individuals remains unknown.

Given the anatomical proximity of perivascular adipose tissue (PVAT) with the adventitia and its
known paracrine activities on the underlying vessel, studied by our group [20] and others (reviewed
in [21]), we hypothesized that differences may exist in the extent of the lymphatic vasculature and
the expression of lymphangiogenic growth factors between PVAT surrounding the aortic root and
coronaries of patients with coronary artery disease (CAD) and PVAT of the internal mammary artery
(IMA), an artery protected from the development of atherosclerosis [22].

2. Materials and Methods

2.1. Study Patients

Forty-six patients (76% male; mean age, 68.6 ± 9.8 years; mean body mass index, 29.1 ± 5.4 kg/m2)
undergoing elective coronary artery bypass graft surgery in two university medical centers were
included in the study. All patients had been diagnosed with multivessel CAD via coronary angiography.
The left (and in some cases also the right) IMA was used as an aortocoronary bypass in all patients.
The study complied with the declaration of Helsinki and was approved by the Ethics Committee of the
University General Hospital of Alexandroupolis, Greece, and the University Medical Center of the
Johannes Gutenberg University Mainz, Germany, respectively. All patients signed a written informed
consent prior to inclusion in the study. Due to the limited amount of tissue from each patient, not all
analyses could be performed in all patients, and samples had to be split into groups.
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2.2. Tissue Specimen Collection

‘Cardiac’ perivascular adipose tissue (C-PVAT), located adjacent to the aortic root and around
the coronary arteries, and PVAT surrounding the IMA (IMA-PVAT) was collected perioperatively
and immediately transferred to the laboratory in ice-cold sterile saline solution (Braun). IMA-PVAT
was collected immediately after preparation of the arterial bypass graft and before establishing the
extracorporeal circulation. C-PVAT was collected during extracorporeal circulation, immediately
after removing the aortic cross-clamp, from the same position in all patients, regardless of the
localization of atherosclerotic lesions within the coronary tree. PVAT specimens were briefly rinsed
with sterile saline and visible connective tissue or blood vessels removed. PVAT samples were then
either directly processed under sterile conditions for the preparation of conditioned medium (CM)
or stored at −80 ◦C pending protein or RNA isolation. Specimens intended for RNA isolation were
transferred to TRI Reagent®Solution (ThermoFisher Scientific; Dreieich, Germany) before storage at
−80 ◦C. PVAT samples intended for histology/immunohistochemistry were fixed in 10% zinc formalin
(Sigma-Aldrich; Darmstadt, Germany), embedded in paraffin wax (Leica; Wetzlar, Germany) and cut
into 5-μm-thick sections.

2.3. Generation of Perivascular Adipose Tissue Conditioned Medium

For the generation of PVAT-derived CM, C-PVAT and IMA-PVAT specimens were cut into pieces
under sterile conditions and then transferred into Dulbecco’s Modified Eagle’s medium (ThermoFisher
Scientific) supplemented with 1% penicillin/streptomycin and 0.5% fetal bovine serum (both Biosera).
A standard culture medium volume/tissue mass proportion of 2 μL per mg of tissue was employed.
Culture medium and PVAT were then incubated in a cell culture incubator (New Brunswick, Eppendorf;
Wesseling-Berzdorf, Germany; 37 ◦C, 5% CO2) for 24 h. Control medium was prepared in parallel
by incubating medium without PVAT tissue. After removal of PVAT pieces, CM was centrifuged at
20,000 g for 10 min and the supernatant kept at −80◦C pending analysis.

2.4. Membrane-Based Protein Array

C-PVAT- and IMA-PVAT-derived CM (1 mL) from five patients with CAD was examined for
secreted proteins using a customized RayBio®membrane-based antibody array against 29 target
proteins (RayBiotech, Hölzel Diagnostika Handels GmbH; Köln, Germany), following the instructions
of the manual. Chemiluminescence detection was performed using a ChemiDoc™MP imaging system
(Bio-Rad; Rüdigheim, Germany). Semi-quantitative analysis was performed by densitrometry using
ImageJ software (version 1.52, NIH) and Gilles Carpentier’s Protein Array Analyser for ImageJ macro
(rsb.info.nih.gov/ij/macros/toolsets/ProteinArrayAnalyzer.txt). Negative control dots were used for
background subtraction and positive control dots to normalize values and to allow comparison among
array membranes. Quantitative data were expressed as fold change vs. IMA-PVAT.

2.5. Reverse Transcription Quantitative Real-time PCR

PVAT was homogenized in TRI Reagent®solution using a rotating homogenizer (ART Prozess and
Labortechnik GmbH; Müllheim, Germany). For RNA isolation from human dermal lymphatic
endothelial cells (HDLECs), cells were directly harvested from the culture plate using TRI
Reagent®solution and a cell scraper. RNA isolation was performed using a standard protocol.
For PVAT samples, an additional purification step was performed using NucleoSpin®RNA columns
(Macherey-Nagel; Düren, Germany). The amount of RNA was quantified on a NanoDrop™ 2000
spectrophotometer (ThermoFisher Scientific). Reverse transcription was performed using M-MLV
reverse transcriptase (Promega; Mannheim, Germany) or iScript™ cDNA Synthesis Kit (Bio-Rad).
For quantitative real-time PCR (qPCR), SsoAdvanced™ Universal SYBR®Green Supermix (Bio-Rad)
and a CFX Connect™ Real-Time PCR Detection System (Bio-Rad) were used. Two technical replicates
were prepared for each sample. For PVAT gene expression analysis, LRP10 was used as endogenous
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reference gene [20]. For HDLECs, preliminary analysis of common reference genes indicated 18S as
the most stably expressed gene. The sequences of all primers that were used are shown in Table S1.
Data were normalized to the respective reference gene and are expressed as 2(-DCq) values for C-PVAT
and IMA-PVAT or as 2(-DDCq) (fold change vs. control-treated samples) for HDLECs.

2.6. Spheroid Lymphangiogenesis Assay

HDLECs were cultured in Endothelial Cell Growth Medium MV2 (PromoCell; Heidelberg,
Germany) and analyzed up to passage 5. Spheroids of HDLECs were prepared on day one following a
standard protocol. In short, cultured HDLECs were detached using 0.05% trypsin-EDTA (ThermoFisher
Scientific) and resuspended at a density of 400 cells per 100 μL Endothelial Cell Growth Medium MV2
containing 20% methylcellulose in Medium 199 (both Sigma-Aldrich). Subsequently, 100 μL of the
cell suspension were transferred to the wells of a round-bottom 96-well suspension culture plate and
incubated for 24 h at 5% CO2, 37 ◦C in order for HDLEC spheroids to form. On day two, spheroids were
collected from the 96-well plate. After centrifugation at 390 g for three minutes, the supernatant was
discarded and spheroids resuspended at a 1:1 mixture of 50% rat tail collagen I (Corning; Wiesbaden,
Germany), 0.05% acetic acid (in Medium 199) and 5% fetal bovine serum in methylcellulose/Medium
199 solution. The suspension was transferred to the wells of a 24-well plate and incubated for 30 min
before adding Endothelial Cell Growth Medium MV2. Spheroids were stimulated with recombinant
human angiopoietin-2 (ANGPT2; 100 ng/mL) and/or recombinant human vascular endothelial growth
factor (VEGF)-C (100 ng/mL; both from R&D Systems) for 24 h. Images of five randomly selected
spheroids per well were captured using an inverted microscope (Motic AE31; Wetzlar, Germany).
The number of sprouts was manually counted and the cumulative sprout length measured using
ImageJ software.

2.7. Histology and Immunohistochemistry

Masson’s trichrome stain was used for the histological examination of PVAT specimens. For the
immunohistochemical staining of the paraffin-embedded tissue sections, a standardized protocol was
used. Briefly, paraffin sections were deparaffinized and epitopes were retrieved by heating in 10 mM
Tris buffer containing 1 mM EDTA or in 0.1 M citrate buffer (pH 6.0), depending on the target epitope.
Unspecific binding sites were blocked using 10% normal goat serum (Abcam; Cambridge, UK). Vessel
endothelium was stained using an anti-PECAM-1 antibody (mouse monoclonal; Dako; Santa Clara,
CA, USA). Anti-podoplanin (PDPN; rabbit polyclonal; Novus Biologicals) and anti-lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE-1; rabbit polyclonal; Novus Biologicals) antibodies were
used to selectively stain lymphatic endothelium. Tissue macrophages were visualized using anti-CD68
antibodies (mouse monoclonal; Dako), ANGPT2-expressing cells using anti-ANGPT2 antibody
(rabbit polyclonal; Novus Biologicals; Wiesbaden, Germany). After incubating with biotinylated
secondary goat anti-mouse or anti-rabbit antibodies (ThermoFisher Scientific), sections were incubated
with avidin–biotin complex (Vector Laboratories; Burlingame, CA, USA). Diaminobenzidine or
aminoethylcarbazole (Vector Laboratories) substrate was used for visualization, followed by brief
counterstaining using Gill’s hematoxyline (Sigma-Aldrich). Negative controls were prepared for all
immunohistochemical stainings by omitting the primary antibody (representative images shown in
Figure S1).

2.8. Image Acquisition and Analysis

Histology and immunohistochemistry sections were examined and representative images
were captured using an Olympus BX51 microscope (Hamburg, Germany). The number of total
vessels and lymphatic collector vessels was quantified by manually counting PECAM-1- and
PDPN-immunopositive vessel-like structures per 200×microscope field, respectively. The number of
lymphatic capillaries was quantified by manually counting LYVE-1-immunopositive structures per
200× microscope field. The number of tissue macrophages was determined by manually counting
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CD68-immunopositive cells per 400× microscope field. Results were expressed as number of
immunopositive vessel-like structures or cells per mm2. Sections stained with Masson’s trichrome
stain were used for the assessment of fibrosis, which was performed by quantifying the blue-stained
collagen area relative to total tissue area at 100×magnification. For all quantitative image analyses,
three optical fields were randomly selected and measurements averaged.

2.9. Statistical Analysis

Data are presented as mean ± standard deviation (SD), if normally distributed, or as median
(25% and 75% interquartile range (IQR)), if not. Normal distribution was examined with the
D’Agostino–Pearson omnibus normality test. Paired comparison analyses between PVAT samples
from one patient were performed using Student’s paired t-test if values were normally distributed,
or the Wilcoxon matched-pairs signed rank test if not. Multiple comparisons were performed using
one-way ANOVA with Turkey’s multiple comparisons test. Differences were considered statistically
significant if p < 0.05. All statistical analyses were performed using GraphPad PRISM version 8.0.

3. Results

3.1. C-PVAT Contains More Lymphatic Vessels than IMA-PVAT

We had previously shown that C-PVAT from patients with CAD is characterized by more
pronounced angiogenesis and higher numbers of blood vessels compared to IMA-PVAT [20].
Immunohistochemical detection of PECAM-1 in paired PVAT tissue specimens from 10 patients
with CAD confirmed those previous findings by showing a significantly higher density of
PECAM-1-immunopositive vessels in C-PVAT compared to IMA-PVAT (25.4 ± 2.75 vs. 12.9 ± 1.79 per
mm2, p = 0.004; Figure 1A,D; for findings in negative controls please see Figure S1A). To distinguish
lymphatic vessels, we used markers expressed on lymphatic endothelium, namely LYVE-1 and PDPN.
LYVE-1 has been shown to be mainly expressed in lymphatic capillaries, PDPN in lymphatic collector
vessels [23]. These analyses revealed that both the number of LYVE-1 (24.7 (0.61–32.3) vs. 2.97 (0–6.58)
per mm2, p = 0.027; Figure 1B,E; Figure S1B) and PDPN (5.45 ± 1.54 vs. 0.74 ± 0.34 per mm2, p = 0.023;
Figure 1C,F; Figure S1C) -immunopositive vessels was significantly increased in C-PVAT compared to
IMA-PVAT. Of note, neither the anti-LYVE-1 nor the anti-PDPN antibody showed any immunoreactivity
for endothelium lining blood vessels. Interestingly, the mean diameter of PDPN-positive vessels
was significantly increased in C-PVAT compared to IMA-PVAT (p = 0.008), in line with lymphatic
dysfunction [14,15].
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Figure 1. Angiogenesis and lymphangiogenesis in perivascular adipose tissue (PVAT). (A–C)
Immunohistochemical detection of platelet endothelial cell adhesion molecule 1 (PECAM-1)
(A), anti-lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) (B), and anti-podoplanin
(PDPN) (C) in internal mammary artery (IMA)-PVAT and cardiac (C)-PVAT. Inserts show higher
magnification. Size bars represent 100 μm. (D–F) Quantification of the number of PECAM-1 (D),
LYVE-1 (E), and PDPN (F) immunopositive vessels per mm2 in n = 10 patients with coronary artery
disease (CAD). Paired IMA-PVAT (�) and C-PVAT (�) values in individual patients are connected with
a line. Statistical analysis was performed using Student’s paired t-test (D,F) or Wilcoxon matched-pairs
signed rank test (E).
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3.2. Lymphangiogenic Growth Factors and Their Receptors Are Expressed at Higher Levels in C-PVAT
Compared to IMA-PVAT

To examine whether the more extensive lymphatic network in C-PVAT is accompanied by a
higher expression of growth factors known to mediate (lymph-) angiogenesis, qPCR analysis was
employed to determine gene expression levels of vascular endothelial growth factor (VEGF)-A, VEGF-B,
VEGF-C, and VEGF-D in C-PVAT and IMA-PVAT (paired tissue samples from 16–18 patients). These
analyses revealed no significant differences in the mRNA levels of VEGF-A (0.85 (0.68–1.21) vs. 0.72
(0.41–1.02), p = 0.421; Figure 2A), whereas the expression of VEGF-C (0.83 (0.55–1.25) vs. 0.36 (0.22–0.72),
p = 0.022; Figure 2C) and VEGF-D (0.58 (0.42–0.87) vs. 0.25 (0.21–0.31), p = 0.007; Figure 2D) was
significantly increased in C-PVAT compared to IMA-PVAT. On the other hand, VEGF-B mRNA levels
were significantly reduced in C-PVAT compared to IMA-PVAT (5.38 (3.92–7.53) vs. 2.99 (2.72–4.13),
p = 0.002; Figure 2B).

Figure 2. Analysis of growth factors involved in angiogenesis and lymphangiogenesis. Quantification
of mRNA expression of vascular endothelial growth factor (VEGF)-A (A), VEGF-B (B), VEGF-C (C),
VEGF-D (D), VEGF receptor (VEGFR)-1 (E), VEGFR2 (F), VEGFR3 (G), and prospero homeobox-1
(PROX-1) (H) in IMA-PVAT and C-PVAT of n = 15–16 patients with CAD. Paired IMA-PVAT (�) and
C-PVAT (�) values in individual patients are connected with a line. Statistical analysis was performed
using Wilcoxon matched-pairs signed rank test.
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We then also examined the mRNA expression of the receptors for VEGF, namely VEGF receptor
(VEGFR)-1, VEGFR2, and VEGFR3. In agreement with our findings of a significantly higher VEGF-C
and VEGF-D expression in C-PVAT, mRNA levels of VEGFR3 were significantly increased in C-PVAT
compared to IMA-PVAT (0.13 (0.09–0.25) vs. 0.07 (0.05–0.12), p = 0.022; Figure 2G), whereas no
differences in the mRNA expression of VEGFR1 (7.78 (5.29–16.2) vs. 4.70 (2.59–9.37), p = 0.226;
Figure 2E) and VEGFR2 (2.68 (1.85–4.15) vs. 2.38 (1.41–2.79), p = 0.271; Figure 2F) were observed
between both PVAT depots. These results suggested a higher state of VEGF-C/VEGF-D-mediated
VEGFR3 signaling which may be responsible for the observed differences in the lymphatic endothelial
cell density between C-PVAT and IMA-PVAT.

Analysis of the transcription factor prospero-related homeobox (PROX)-1, a master regulator of
embryonic lymphatic development [24,25], revealed similar PROX-1 mRNA levels in C-PVAT and
IMA-PVAT (1.31 (0.51–3.01) vs. 0.74 (0.12–3.50), p = 0.252; Figure 2H) suggesting that the observed
differences in the number of lymphatic vessels was not the result of a different embryonically defined
lymphangiogenic potential in both adipose tissue depots.

3.3. Increased Inflammation and Fibrosis in PVAT Surrounding Atherosclerotic Arteries

Previous studies have shown that inflammation triggers lymphangiogenesis and identified
macrophages as main cellular source of VEGF-C and VEGF-D [26,27]. Higher numbers of
CD68-immunopositive macrophages were observed in human C-PVAT compared to IMA-PVAT
of patients with CAD (207 ± 35.8 vs. 52.9 ± 7.32 per mm2, p = 0.001; Figure 3A,C; Figure S1D). Because
of the complex interplay between lymphangiogenesis, inflammation and fibrosis, we next examined
both PVAT depots after staining with Masson’s trichrome stain. These analyses revealed a significantly
higher degree of fibrosis in C-PVAT compared to IMA-PVAT (0.83 (0.02–4.63) vs. 0.02 (0.01–0.11) % per
microscope field, p = 0.027; Figure 3B,D). Of note, real time PCR analysis did not reveal differences of
transforming growth factor-beta (TGFβ) mRNA levels between both adipose tissue depots (p = 0.151).
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Figure 3. Fibrosis and inflammation in PVAT. (A) Immunohistochemical detection of CD68 in IMA-PVAT
and C-PVAT. Size bars represent 50 μm. (B) Masson trichrome stain in IMA-PVAT and C-PVAT. Size
bars represent 200 μm. (C) Quantification of the number of CD68-immunopositive cells per mm2.
(D) Quantification of the percentage of fibrotic area in n = 10 patients with coronary artery disease
(CAD). Paired IMA-PVAT (�) and C-PVAT (�) values in individual patients are connected with a line.
Statistical analysis was performed using Student’s paired t-test (C) or Wilcoxon matched-pairs signed
rank test (D).

3.4. Protein Array Analysis Reveals Significantly Higher Angiopoietin-2 and Intercellular Adhesion Molecule-1
Levels in C-PVAT Compared to IMA-PVAT

PVAT has been shown to express and secrete a number of cytokines and other factors, which
may act locally or in a paracrine manner on the neighboring vessel wall (reviewed in [28]). For this
reason and given our findings, we next aimed at investigating a broader spectrum of PVAT-secreted
factors, with particular focus on potential candidates involved in (lymph)angiogenesis, inflammation
and fibrosis. A semiquantitative paired expression analysis of 29 target proteins was performed in
conditioned medium (CM) derived from C-PVAT and IMA-PVAT of five patients with CAD using a
membrane-based antibody array (representative results are shown in Figure 4A, the position of all target
proteins on the membranes is given in Figure S2). Among those, inflammatory factors (interleukin-6,
interleukin-8, monocyte chemoattractant protein-1), matrix metalloproteinases (MMP1, MMP9) and
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their inhibitors (tissue inhibitor of metalloproteinases TIMP1, TIMP2), adipokines (adiponectin, leptin)
and growth factors (angiopoietin-1 and -2, basic fibroblast growth factor) were detected in CM from
both adipose tissue depots (heat map in Figure 4B, quantitative analyses for all 29 target proteins in
Figure S3A–D).

Figure 4. Protein array analysis of factors potentially involved in perivascular lymphangiogenesis.
(A) Representative chemiluminescence detection images of a protein membrane array in IMA-PVAT-
and C-PVAT-derived conditioned medium from one patient with CAD. A commercially available
membrane-based antibody protein array was used. Each vertical pair of dots represents one protein.
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Boxes of the same color on both membranes mark the respective dot pairs for each protein. Positive
and negative control dots are also marked. (B) Heat map representation of the expression of
29 proteins quantified using membrane-based protein array analysis in IMA-PVAT- and C-PVAT-derived
conditioned medium of n = 5 patients with CAD. Each column represents one patient (P1, P2, etc.).
(C) Quantitative analysis shown for proteins exhibiting a statistically significant difference in expression
between IMA-PVAT and C-PVAT. Bars represent fold change of mean protein expression compared to
IMA-PVAT. Error bars represent standard deviation. Statistical analysis was performed using Student’s
paired t-test.

Figure 5. Expression of angiopoietin-1 and -2 in PVAT. (A) Quantification of mRNA expression of
angiopoietin-1 (ANGPT1) (A) and angiopoietin-2, ANGPT2 (B) in IMA-PVAT and C-PVAT of n = 16
patients with CAD. Paired IMA-PVAT (�) and C-PVAT (�) values of individual patient are connected
with a line. (C) Representative image after immunohistochemical detection of ANGPT2 in IMA-PVAT
and C-PVAT. Size bars represent 50 μm. (D) Higher magnification showing ANGPT2-positive cells
(arrows). Negative control after omitting the primary antibody is also shown. Size bars represent
20 μm. Statistical analysis was performed using Wilcoxon matched-pairs signed rank test.

Among the most abundant factors, ANGPT2 (p = 0.011) and ICAM1 (p = 0.014) protein levels
were found to significantly differ, with higher levels in C-PVAT compared to IMA-PVAT (Figure 4B).
ANGPT2 overexpression in C-PVAT could be confirmed on the transcriptional level by qPCR analysis
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in 16 patients with CAD, showing significantly higher ANGPT2 mRNA levels in C-PVAT compared to
IMA-PVAT (1.31 (0.51–3.01) vs. 0.74 (0.12–3.50), p < 0.0001; Figure 5B). On the other hand, ANGPT1

mRNA levels did not significantly differ between C-PVAT and IMA-PVAT (2.18 (1.28–5.73) vs. 2.70
(1.63–5.73), p = 0.074; Figure 5A). Immunohistochemical staining of ANGPT2 identified endothelium,
but also infiltrating immune cells and fibroblasts as possible cellular source of ANGPT2 in PVAT
specimens (Figure 5D), both of which were more abundant in C-PVAT (Figure 5C). These findings
suggested that the increased expression of ANGPT2 in C-PVAT compared to IMA-PVAT represents the
composite result of increased vascularization, inflammation, and fibrosis. Protein levels of ICAM1
were significantly elevated in C-PVAT compared to IMA-PVAT (Figure 4B), in line with the presence
of inflamed lymphatic endothelium [29]. Moreover, VEGF-D levels were also significantly increased
in C-PVAT compared to IMA-PVAT, in accordance with the difference at mRNA level, whereas no
statistically significant increase was detected for VEGF-C (Figure S3A). The expression of MMP9 was
also found to be increased in C-PVAT compared to IMA-PVAT, the difference approaching but not
reaching statistical significance (p = 0.057).

3.5. Recombinant ANGPT2 Stimulates Sprouting Angiogenesis of Human Lymphatic Endothelial Cells

To further study the importance of the above observations for perivascular adipose tissue
lymphangiogenesis, the effect of recombinant human ANGPT2 was examined employing the
three-dimensional spheroid angiogenesis assay in human lymphatic endothelial cells (HDLECs).
Of note, total CM from C-PVAT and IMA-PVAT did not differ in its ability to promote HDLECs
angiogenesis in the matrigel™ (Figure S4A–C) or the spheroid assay (Figure S4D–F); however, due to
the fact that PVAT-derived conditioned medium contains a mixture of numerous factors, the effects of
one specific factor on cultivated cells in vitro may have been obscured.

Flow cytometry analysis confirmed that HDLECs express (lymphatic) endothelial cell markers,
including VEGFR3, the receptor for VEGF-C, and TIE2 (TEK receptor tyrosine kinase), the receptor for
ANGPT2 (Figure S5). Stimulation of HDLEC spheroids with ANGPT2 (100 ng/mL) for 24 h did not
alter the number of sprouts (Figure 6A,B) or the cumulative sprout length (Figure 6A,C) compared to
control-treated spheroids. Stimulation of HDLECs spheroids with ANGPT2 together with VEGF-C
(100 ng/mL each), both overexpressed (ANGPT2 on the mRNA and the protein level, VEGF-C on the
mRNA level) in C-PVAT, significantly increased both the number of sprouts (p = 0.005 vs. control,
p = 0.021 vs. VEGF-C; Figure 6B) and the cumulative sprout length (p = 0.004 vs. control and ANGPT2,
p = 0.006 vs. VEGF-C; Figure 6C). These findings are in agreement with the more extended lymphatic
network in C-PVAT compared to IMA-PVAT observed in this study and previous findings on the role
of ANGPT2 and VEGF-C as important regulators of functional lymphatic vessel formation [30–32].

Previous studies have shown that inflammatory cytokines, in particular TNFα, is capable of
inducing ANPGT2, but also ICAM1 expression suggesting a role of ANGPT2 in inflammatory
lymphangiogenesis [33]. Because TNFα levels did not differ in CM from either of the PVAT depots
(Figure S3C), we examined the possible role of perivascular hypoxia in the observed overexpression of
ANGPT2 and ICAM1. Chemical hypoxia was induced on cultured HDLECs by stimulation with 1 mM
cobalt chloride (CoCl2) for 4 h (eight independent experiments). The mRNA expression of ICAM1 was
found to be significantly increased in CoCl2-treated compared to control-treated HDLECs (5.4 fold
increase vs. control; p < 0.0001; Figure 6D). VEGF-D mRNA levels were also significantly increased
(8.7 fold increase vs. control; p = 0.001; Figure 6E), whereas no significant differences were found in the
mRNA expression of ANGPT2, VEGF-C, TIE2 and VEGFR3.
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Figure 6. Effects of ANGPT2 and VEGF-C on human sprouting lymphangiogenesis. Representative
images of human dermal lymphatic endothelial cell (HDLEC) spheroids (A) as well as the results after
quantitative analysis of the number of sprouts (per spheroid) (B) and the cumulative sprout length (μm)
in n = 5 spheroids (C) after stimulation with recombinant human ANGPT2; (100 ng/mL) and/or VEGF-C
(100 ng/mL) or control (CTL). Size bars represent 200 μm. (D–E) Quantification of mRNA expression of
ICAM1 (D) and VEGF-D (E) in HDLECs, after induction of chemical hypoxia using 1 mM of CoCl2 for
4 h in n = 8 independent experiments. Bars represent fold change of mean mRNA expression compared
to Control. Error bars represent standard deviation. Statistical analysis was performed using one-way
ANOVA with Turkey’s multiple comparisons test (B,C) and Student’s paired t-test (D,E).

413



J. Clin. Med. 2019, 8, 1000

4. Discussion

The main findings of our study are that (1) PVAT surrounding the aortic root and the coronary
arteries of patients with CAD exhibits a denser lymphatic vessel network compared to PVAT
surrounding the IMA, an ‘atherosclerosis-resistant’ artery; (2) The expression of lymphangiogenic
growth factors (VEGF-C and VEGF-D) and their primary receptor (VEGFR3) is significantly increased
in C-PVAT compared to IMA-PVAT, both at the mRNA (VEGF-C and VEGF-D) and the protein
level (VEGF-D); (3) Increased lymphangiogenesis was accompanied with increased expression of
ICAM1, infiltration with macrophages and more extensive fibrosis; and (4) Elevated levels of ANGPT2
in C-PVAT could be identified as one potential factor contributing to the observed increase in
perivascular lymphangiogenesis. To the best of our knowledge, the present study is the first to
compare lymphangiogenesis and its regulators in the perivascular fat surrounding an atherosclerotic
and a non-diseased vessel in patients with coronary artery disease. Regarding the use of the IMA as
‘control’ artery it should be noted that, although the reason for the observed resistance of this artery to
atherosclerosis is unclear [34], PVAT surrounding the IMA has been reported to exert vasodilatatory
effects on the underlying vessel [35], which supports the hypothesis that IMA-PVAT may in part be
responsible for the protection of this artery against atherosclerosis. Previous findings of marked gene
expression heterogeneity between PVAT surrounding the coronary artery and the IMA in patients with
CAD also support the contribution of differences in perivascular fat composition to the susceptibility
to atherosclerosis [36,37]. On the other hand, C-PVAT from healthy individuals cannot be surgically
obtained and is therefore not available as ‘control’ PVAT depot in patients with CAD undergoing
bypass surgery.

The possible role of the adventitia and perivascular adipose tissue in the pathophysiology of
atherosclerosis has only recently received attention. Several studies, including from our own group,
identified factors expressed and released in the perivascular fat as important local mediators of
vascular repair processes and atherosclerotic lesion formation (reviewed in [28]). Some of the factors
overexpressed in PVAT possess angiogenic activities, such as leptin [38] or CCL2 [39], and adventitial
neoangiogenesis may contribute to atherosclerotic plaque progression and instability [1–6]. In contrast
to perivascular networks created by blood endothelial cells, studies on the possible role of adventitial
lymphangiogenesis in atherosclerosis are limited. For example, dissection of the plaque draining lymph
node in apolipoprotein E-knockout mice aggravated atherosclerotic burden [11], whereas restoration
of lymphatic drainage in hypercholesterolemic mice improved reverse cholesterol transport. On the
other hand, and to the best of our knowledge, animal studies have so far not addressed the importance
of coronary perivascular lymphangiogenesis during atherosclerosis. On the other hand, post-mortem
analyses in humans and a clinical study found a more extended lymphatic vasculature in the adventitia
of atherosclerotic vessels [11,16–19]. Although contradictory at first, both observations may reflect
different stages of a chronic disease process in which perivascular lymph vessels reactively develop
to accelerate the removal of lipids and the exit of inflammatory cells, but become exhausted and
dysfunctional at later stages due to chronic overactivation [8,15]. Although our study cannot provide
a definite answer to the important question of whether the observed increased lymphangiogenesis
in C-PVAT is the consequence of the existing atherosclerosis in human coronary arteries or one of its
causes, the increased expression of ICAM1, infiltration with macrophages, and fibrosis observed in
C-PVAT appear to be in accordance with the concept of reactive, i.e. inflammation- or fibrosis-induced,
adventitial lymphangiogenesis.

Overall, the findings of this and previous studies emphasize that the connections among
(peri)vascular inflammation, fibrosis and (lymph)angiogenesis are rather complex and that the
pathophysiological pathways underlying our observations are probably not unidirectional. Available
data rather propose a circular mechanism with multiple shortcuts among various biological processes
(schematically depicted in Figure 7), in which advanced atherosclerosis with arterial wall inflammation
and fibrosis promote perivascular angiogenesis and lymphangiogenesis.
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Figure 7. Schematic drawing depicting the main findings of this study.

Regarding the signals mediating perivascular lymphangiogenesis, the increase in lymphatic
vessels in C-PVAT compared to IMA-PVAT was accompanied with elevated mRNA levels of two
major regulators of lymphangiogenesis, namely VEGF-C and VEGF-D, as well as their receptor
VEGFR3. Increased numbers of intimal cells expressing VEGF-C were also reported in patients with
atherosclerosis of the iliac arteries and found to correlate with atherosclerotic lesion severity and
the number of LYVE1-positive lymphatic vessels, whereas similar associations were not observed
for VEGF-D [18]. Macrophages are an important source of VEGF-C and VEGF-D, as shown in
tumors [26,27,40], and both growth factors may also act as chemoattractant by upregulating the
expression of VEGFR3 on M1 polarized macrophages, as shown in visceral adipose tissue of mice [41].
TGFβ [42,43] and proinflammatory cytokines, such as interleukin (IL) 1β and TNFα [44], have been
shown to further enhance the expression of VEGF-C and to promote lymphangiogenesis, although we
did not detect differences in their expression levels between both adipose tissue depots.

The importance of VEGF-C−VEGFR3 in the regulation of lymphangiogenesis is well
established [31,45,46]. However, under some circumstances VEGF-C may also bind to VEGFR2,
expressed on lymphatic and blood endothelial cells [47,48]. VEGF-C was shown to promote angiogenesis
in the developing embryo [49] or following ischemia [50]. Others found that VEGF-C overexpression
selectively induced lymphangiogenesis without altering accompanying angiogenesis [45,51]. The net
result of VEGF-C signaling in terms of (lymph)angiogenesis may depend on the local abundance of
VEGFR2 and VEGFR3 receptors, as findings in mice expressing a VEGFR3-specific mutant of VEGF-C
exhibited growth of lymphatic, but not of blood vessels [52]. VEGF-D also binds both VEGFR2 and
VEGFR3 with high affinity [53] and has angiogenic as well as lymphangiogenic activities [54,55].
On the other hand, the expression of VEGF-A, an essential hemangiogenic factor, did not significantly
differ between C-PVAT and IMA-PVAT, whereas VEGF-B, a specific ligand for VEGFR1 with limited
angiogenic potential, was markedly reduced in our study. Although VEGF-B is dispensable for blood
vessel growth, it was found to have pro-survival effects on endothelial cells, vascular smooth muscle
cells and pericytes [56]. Interestingly, VEGF-B is highly expressed in brown adipose tissue [57] and
was shown to control endothelial fatty acid uptake [58]. The significantly reduced expression observed
in C-PVAT may reflect the loss of protective (brown) adipose tissue properties compared to IMA-PVAT,
as suggested by findings in rodents [59].

ANGPT2 holds a significant role in postnatal angiogenic remodeling, but also the proper
development of lymphatic vessels [30,60]. Here, we show that the expression of ANGPT2 is increased
in C-PVAT compared to IMA-PVAT in patients with CAD, and findings could be confirmed at the protein
level in the secretome of C-PVAT and IMA-PVAT. Others have shown that ANGPT2 overexpression
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leads to lymphatic hyperplasia [30], suggesting that increased ANGPT2 levels may have contributed
to the enhanced lymphangiogenic vessel density observed in this PVAT depot. In agreement with the
described synergistic effect of VEGF and ANGPT2 in promoting lymphangiogenesis [60,61], we could
show that stimulation of HDLEC spheroids using a combination of ANGPT2 and VEGF-C results in
lymphangiogenic sprouting, whereas stimulation with ANPGT2 or VEGF-C alone had weak or no
effects at all. Although ANGPT2 is mainly expressed in endothelial cells [62], immunohistochemical
analysis revealed ANGPT2 protein expression also in infiltrating immune cells and myofibroblasts,
in line with their role as important source of lymphangiogenic growth factors. Binding of ANGPT2 to
TIE2 receptors may activate NFκB (nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells)
signaling and the expression of adhesion receptors on endothelial cells, including ICAM1 [63]. NFkB
may also upregulate the expression of VEGFR3 on lymphatic endothelial cells and increase their
sensitivity to VEGF-C and -D [64], and analyses in mice or human endothelial cells lacking ANGPT2
showed that it may increase the responsiveness of vascular endothelial cells to inflammatory stimuli [65].

In addition to inflammatory signals, hypoxia may be a relevant factor underlying the observed
elevated lymphangiogenic growth factor levels in C-PVAT. Hypoxic cells, such as those present in
tumors or atherosclerotic plaques, may release angiogenic growth factors, and we have previously
shown that hypoxia levels are higher in C-PVAT compared to IMA-PVAT and that this difference
may underlie the increased expression of leptin, an adipokine with proangiogenic properties, in the
C-PVAT of CAD patients [20]. Hypoxia is also a major stimulus inducing the expression of VEGF.
In the present study, inhibition of hypoxia-inducible factor 1-alpha (HIF1α) degradation by CoCl2 did
not alter the expression of ANGPT2 and VEGF-C or their receptors, but significantly increased the
expression of VEGF-D and ICAM-1. A previous study showed that the VEGF-C promotor does not
contain hypoxia-responsive elements, and that hypoxia may induces VEGF-C via HIF1α-independent
mechanisms [66]. Interestingly, lymphatic vessels respond to the same angiogenic cues as endothelial
cells lining blood vessels, although they exhibit unidirectional flow and do not transport erythrocytes
and thus will not improve oxygen supply to hypoxic tissues. The parallel increase of blood and lymph
vessel formation could represent a mechanism to remove excess interstitial fluid and cells extravasated
from immature and leaky angiogenic blood vessels during hypoxia.

Our study has some limitations. Due to the small amount of tissue available from each patient,
the total study collective had to be split into groups for different types of assays, which may have
influenced our observations. It should also be noted that ‘only’ PVAT but not specimens from
the underlying vascular wall were available for analysis, and that we could not directly associate
our findings in PVAT with the severity of the atherosclerotic lesion in the underlying artery. Also,
perioperative C-PVAT sampling was performed in a standardized manner (near the aortic root),
regardless of the localization of atherosclerotic lesions within the coronary tree. All individuals
included in the present study were diagnosed with advanced coronary atherosclerosis with indication
for a bypass graft surgery, and our study could therefore not examine earlier stages of this chronic
vascular wall disease evolving over many years. Also, C-PVAT from healthy individuals is not available
for analysis and thus the distribution of lymphatic vessels in C-PVAT under ‘normal’ conditions is
unknown. On the other hand, using the IMA as an internal ‘healthy’ control artery may have helped to
provide additional insights into the pathophysiological role of local processes, in particular perivascular
lymphangiogenesis during atherosclerosis, whereas the possible impact of systemic effects on the
composition and expression patterns should have been minimized by the direct comparison of these
two PVAT depots from the same patient. However, it cannot be excluded that differences in the local
microenvironment between the two PVAT depots may have contributed to the observed differences.

In conclusion, our findings show an increased lymphangiogenic activity in PVAT
surrounding atherosclerotic coronary arteries compared to PVAT surrounding the IMA, an artery
free of atherosclerosis, in patients with CAD. Increased ANGPT2 expression and activated
VEGF-C/VEGF-D-mediated VEGFR3 signaling, in combination with a local proinflammatory and
hypoxic environment, may pathophysiologically underlie these observations.
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Abstract: The circadian rhythm regulates various physiological mechanisms, and its disruption can
promote many disorders. Disturbance of endogenous circadian rhythms enhances the chance of
myocardial infarction (MI), showing that circadian clock genes could have a crucial function in the
onset of the disease. This case-control study was performed on 1057 participants. It was hypothesized
that the polymorphisms of one nucleotide (SNP) in three circadian clock genes (CLOCK, ARNTL, and
PER2) could be associated with MI. Statistically significant differences, estimated by the Chi-square
test, were found in the distribution of alleles and genotypes between MI and no-MI groups of the
CLOCK (rs6811520 and rs13124436) and ARNTL (rs3789327 and rs12363415) genes. According to the
results of the present study, the polymorphisms in the CLOCK and ARNTL genes could be related
to MI.

Keywords: cardiovascular diseases; circadian rhythm; clock genes; myocardial infarction;
polymorphisms

1. Introduction

Today, there is a global epidemic of cardiovascular diseases (CVDs). The World Health
Organization (WHO) data for 2017 shows that CVDs caused 19.9 million deaths globally, and
around 80% of CVDs deaths were because of stroke and myocardial infarction (MI) [1]. In recent
decades, mortality from CVDs has decreased in developed countries, but CVDs remains one of the
principal causes of death worldwide [2]. However, CVDs continue to be the third major cause of death
in Croatia, with 45% of total mortality in 2016 [3,4]. Various pathophysiological processes stimulate
and lead to the onset of MI. MI is an inflammatory disease. Thrombotic obstruction of the coronary
arteries occurs at the position of initiated atherosclerotic plaque. It promotes total coronary circulation
arrest, which leads to the death of cardiomyocytes and MI [5]. The etiology of MI is mainly unknown,
in spite of the many studies conducted.

The circadian rhythm regulates many physiological mechanisms, and its disruption can result
in many physiopathological disorders [6]. The circadian clock is integrated within approximately
24 h [7]. It regulates physiological processes at several levels, from gene transcription to sophisticated
performance [8]. Cardiovascular incidents happen in a circadian fashion, with a significant incidence
in the morning after rising [9]. Many cardiovascular events show morning circadian preferences, such
as myocardial infarction [10], dissection of aortic aneurysms [11], and stroke [12]. Additionally, the
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incidence of MI is higher during the winter months, especially in the elderly [13]. The circadian rhythm
adjusts the feedback of endothelial cells to damage the circulatory system [14]. Some physiological
factors that oscillate with the circadian rhythms might trigger the onset of MI [15]. Those physiological
factors are glucose homeostasis, blood pressure [16], myocardial contractions, vascular endothelial
function, fibrinolytic activity, and metabolism [17,18].

In the peripheral clocks of cardiovascular cells or tissue, the central clock synchronizes and
controls the everyday transcription of clock-controlled genes (CCGs) [19]. The primary circadian
clock is placed in the SCN (suprachiasmatic nucleus) in the hypothalamus and is controlled by many
circadian rhythm genes. Light drives the central clock. Decreased daylight exposure and overexposure
to light at night impairs the circadian organization of sleep. Sleep disorders can lead to increased
energy input, decreased energy expenditure, and insulin resistance [20]. Short sleep is associated with
hypertension, diabetes mellitus, obesity, and mortality. Daylight saving time also causes a modest
increase in MI occurrence [21]. Peripheral clocks are found in the cardiomyocyte, blood vessels,
and vascular endothelial cells [22]. The circadian clock within cardiomyocytes regulates cardiac
metabolic gene expression. It has the function of synchronizing cardiomyocyte metabolic activity
with the availability of nutrients [22,23]. Polymorphisms in clock genes are associated with obesity,
sleep disturbances, psychological and metabolic complications, plus cardiovascular disorders, such
as stroke, vascular death, and myocardial infarction [6]. Desynchronization of the circadian rhythm
can cause metabolic disorders and various other issues. Some of those are dyslipidemia, glucose
intolerance, hypertension, type 2 diabetes mellitus (T2DM), and CVDs [24,25]. Whole-genome studies
have detected numerous genes variants related to the elevated risk of myocardial infarction [26]. Genes
included in the metabolic processes of lipid metabolism and the progress of T2DM have been the most
investigated genes so far in relation to an enhanced risk of myocardial infarction [7].

Through the transcription and translation feedback loops, circadian rhythm genes control the
cyclic transcription of mRNA and protein synthesis. There are some essential proteins in the SCN. The
activators are CLOCK (Circadian Locomotor Output Cycles Kaput) and ARNTL (Aryl Hydrocarbon
Receptor Nuclear Translocator-Like), while the inhibitors of transcription are PER (Period) and
CRY (Cryptochrome) proteins. The day-to-night shift is generated by circadian oscillations that are
maintained at the transcriptional and posttranscriptional levels in a single cell by the feedback loop
of the circadian clock genes. ARNTL/CLOCK protein heterodimers trigger the expression of PER,
CRY, and other clock-controlled genes. CRY/PER protein heterodimers serve as a negative feedback
loop and repress the action of ARNTL and CLOCK [8,27]. The entire procedure of activating and
suppressing gene transcription in a loop persists for approximately 24 h. Transcription factors stimulate
the transcription of clock genes and other clock-controlled genes, initiating numerous physiological
processes [7,28].

This research is a continuation of the preliminary study from 2018 [29]. The present study was
aimed at searching for a potential correlation between the SNPs of the CLOCK, ARNTL, and PER2

genes in patients with myocardial infarction. It was carried out as a case-referent study, comparing
participants with myocardial infarction versus the participants without myocardial infarction.

2. Experimental Section

2.1. Participants

The data presented here were collected as part of previously reported studies on circadian rhythm
variations in patients with myocardial infarction [25,29,30]. The sample included 431 patients (243 males,
188 females) of Croatian origin with non-fatal acute myocardial infarction at the Clinical Department
of Cardiovascular Diseases and Intensive Care at the University Hospital Osijek, from August 2012
to December 2018. Inclusion criteria for type 1 and 2 MI patients, according to Thygesen et al., were
elevated cardiac troponin T above the 99th percentile and one of the following factors: symptoms of
myocardial ischemia, electrocardiogram (ECG) changes, pathological Q waves, evidence of loss of
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viable myocardium, and coronary thrombus [31,32]. Patients were eliminated from the analysis if
they did not satisfy these requirements. Patients were excluded if they had undergone percutaneous
coronary intervention or a coronary artery bypass, because those are not clinical characteristics of
acute MI. Patients with type 4 and 5 MI were excluded, and also patients with type 1 and 2 MI who
underwent PCI (percutaneous coronary intervention). A total of 125 patients were eliminated from the
study: 35 due to percutaneous coronary intervention, 42 due to coronary artery bypass, 37 refused to
participate, and 11 withdrew from the study (Figure 1).

Participants (total of 626) whose medical records did not present a history of cardiovascular disease
were included in the control no-MI group. Their general physician selected them in the outpatient
clinic after a checkup. Patients with cardiovascular disease or MI were eliminated. Due to the complex
inheritance of cardiovascular risk factors identified in monozygotic twins, the relatives of the patient
were eliminated from the no-MI group [33].

Systematic data on their medical history were obtained from all participants. Data on age, smoking,
hypertension, and diabetes mellitus were included in the questionnaire. The patient’s medical record
confirms all of the above information.

This study was authorized by the Ethics Committees of the University Hospital Osijek (No. 25-
1:3160-3/2012) and the Faculty of Medicine Osijek (No. 2158-61-07-12-2). It was performed following
the Declaration of Helsinki and its amendments. All participants signed informed consent.

Figure 1. Patient selection flow chart. CABG—coronary artery bypass grafting, PCI—percutaneous
coronary intervention.

2.2. SNP Selection and Genotyping

SNPs in three circadian rhythm genes, CLOCK, ARNTL, and PER2, were genotyped in this study.
SNPs were selected on the basis of the familiar genetic linkage, consistent with HapMap Phase 3
(http://www.hapmap.org). The collection of the most specific polymorphisms for CLOCK (rs11932595,
rs6811520, and rs13124436), ARNTL (rs3789327, rs4757144, and rs12363415), and PER2 (rs35333999 and
rs934945) genes were acquired using the Tagger algorithm accessible within the Haploview software
(Haploview, version 4.2) [34]. Additionally, selected circadian rhythm gene SNPs had been associated
with cardiovascular risk factors in previous studies [14,16,18].

The extraction of genomic DNA was made from lymphocytes using conventional methods
(QIAamp DNA Blood Mini Kit, Qiagen, Hilden, Germany). Genotyping was performed using TaqMan
SNP genotyping assays by the real-time PCR method, performed using a 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Details of the selected TaqMan probes are shown in
Table 1. Allele discrimination analyses were carried out using SDS 7500 Software Version 2.3 (Applied
Biosystems, Foster City, CA, USA).
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Table 1. Selected TaqMan probe details.

Gene SNP SNP ID Location SNP Type

ARNTL rs3789327 C_2160503_20 Chromosome 11 intronic region
ARNTL rs4757144 C_1870683_20 Chromosome 11 intronic region
ARNTL rs12363415 C_31248677_10 Chromosome 11 intronic region
CLOCK rs11932595 C_296556_10 Chromosome 4 intronic region
CLOCK rs6811520 C_31137409_30 Chromosome 4 intronic region
CLOCK rs13124436 C_11821304_10 Chromosome 4 intronic region
PER2 rs35333999 C_25992030_10 Chromosome 2 Coding (Iso/Val)
PER2 rs934945 C_8740718_20 Chromosome 2 Coding (Glu/Gly)

2.3. Statistical Analysis

All analyses were performed using SPSS software (version 22.0, SPSS Inc., Chicago, IL, USA)
for Windows). Quantitative demographic and clinical variables are presented as mean and standard
deviation, while categorical variables are presented as frequency and percentages. Chi-square
tests (χ2) on contingency tables were applied to analyze allele and genotype frequencies in both
groups. By comparing the distribution of genotypes with those expected by the Hardy–Weinberg
equilibrium, a further level of quality control of genotyping was accomplished applying the Chi-square
goodness-of-fit test. Analyses were performed using SNPStats [35] and the SHEsis web tools [36].
The relationship between genotypes and cardiovascular risk factors were studied applying the
Mann–Whitney U test. Logistic regression, for the likelihood of a patient having a manifestation
of myocardial infarction, was applied to evaluate the outcome of CLOCK (rs11932595, rs6811520,
rs13124436), ARNTL (rs3789327, rs4757144, rs12363415), and PER2 (rs35333999 and rs934945) genotypes.
Age, hypertension history, diastolic and systolic blood pressure, and BMI were applied as covariates.
The Kruskal–Wallis test was applied to establish the association within genotypes and risk factors.
When the p-value was equal to or less than 0.05, the associations were marked significant. Appling the
Benjamini–Hochberg (false detection rate—FDR value) correction method, significant value corrections
were made due to the many SNPs studied. Q-values less than 0.05 were deemed significant. Pairwise
linkage disequilibrium (LD) and haplotypes were calculated applying the SHEsis web tool [37] and
Haploview (version 4.2) because the participants in the present study were not related.

3. Results

Table 2 shows the prevalence of cardiovascular risk factors in the 1057 study participants. In the
present study, the mean age of all participants was 64 ± 10 years, and 53.4% were males. Table 3
presents allele frequencies, while Table 4 shows the genotype distribution of the CLOCK, ARNTL, and
PER2 SNPs. In the patients’ group, the ARNTL gene SNPs rs3789327 and rs12363415, and rs6811520
and rs13124436 of the CLOCK gene deviated from the Hardy–Weinberg equilibrium.

Table 2. Prevalence of cardiovascular risk factors of myocardial infarction (MI) and no-MI participants.

MI no-MI p-Value *

Number 431 626
Male sex (%) 243 (56.4%) 321 (51.3%) 0.102
Age (years) 66 ±11 62 ± 10 <0.001

History of hypertension (%) 351 (73.1%) 408 (65.2%) 0.007
Smokers (%) 119 (27.6%) 193 (30.8%) <0.001

History of type 2 diabetes mellitus (%) 275 (63.8%) 426 (68.1%) 0.151
Diastolic blood pressure (mm Hg) 79.12 ± 11.39 83.46 ± 11.13 <0.001
Systolic blood pressure (mm Hg) 140.04 ± 22.20 142.3 ± 21.42 0.085

BMI (kg/m2) 29.78 ± 4.46 29.37 ± 4.59 0.198

BMI, body mass index. *Mann–Whitney U test p-value.
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Table 3. Allele frequencies of the ARNTL, CLOCK, and PER2 polymorphisms (N = 1057).

Gene SNP Minor Allele MAF MI MAF no-MI p-Value q-Value

ARNTL

rs3789327 * G 0.425 0.518 2.27 × 10−5 6.05 × 10−5

rs4757144 G 0.420 0.442 0.324 0.432
rs12363415 * A 0.413 0.338 4.37 × 10−4 8.74 × 10−4

CLOCK

rs11932595 G 0.428 0.437 0.685 0.782
rs6811520 * C 0.444 0.620 7.11 × 10−15 5.68 × 10−14

rs13124436 * A 0.200 0.301 1.72 × 10−7 6.88 × 10−7

PER2
rs35333999 T 0.038 0.055 0.077 0.123

rs934945 T 0.172 0.174 0.885 0.885

MAF, minor allele frequency; q-value, corrected significant p-value by the Benjamini–Hochberg method. * Deviation
from the Hardy–Weinberg equilibrium in the MI group.

Table 4. Genotype distribution and frequencies of the ARNTL, CLOCK, and PER2 polymorphisms.

Gene SNP Genotype Genotype Frequency, N (%)

MI no-MI p-value χ
2 q-Value

ARNTL

rs3789327 *
AA 161 (37.4%) 164 (26.3%)

2.7 × 10−4 16.46 7.2 × 10−4AG 174 (40.4%) 237 (43.8%)
GG 96 (22.3%) 187 (30%)

rs4757144
AA 153 (35.5%) 199 (31.8%)

0.456 1.57 0.608AG 194 (45%) 300 (48%)
GG 84 (19.5%) 126 (20.2%)

rs12363415 *
AA 142 (32.9%) 151 (24.1%)

0.007 9.95 0.014AG 72 (16.7%) 121 (19.3%)
GG 217 (50.3%) 354 (56.5%)

CLOCK

rs11932595
AA 142 (33%) 191 (30.6%)

0.589 1.06 0.673AG 208 (48.4%) 322 (51.5%)
GG 80 (18.6%) 112 (17.9%)

rs6811520 *
CC 123 (28.5%) 255 (40.8%)

3.44 × 10−15 69.33 2.75 × 10−14CT 137 (31.8%) 265 (42.4%)
TT 171 (39.7%) 105 (16.8%)

rs13124436 *
AA 39 (9%) 123 (19.6%)

1.26 × 10−5 22.61 5.04 × 10−5AG 94 (21.8%) 131 (20.9%)
GG 298 (69.1%) 372 (59.4%)

PER2

rs35333999
CC 399 (92.8%) 560 (89.6%)

0.208 3.14 0.333CT 29 (6.7%) 61 (9.8%)
TT 2 (0.5%) 4 (0.6%)

rs934945
CC 296 (68.7%) 427 (68.2%)

0.986 0.03 0.986CT 122 (28.3%) 180 (28.8%)
TT 13 (3%) 19 (3%)

χ2, Chi-square; q-value, corrected significant p value by the Benjamini–Hochberg method. * Deviation from the
Hardy–Weinberg equilibrium in the MI group.

Logistic regression was adjusted to evaluate the independent impact of the chosen polymorphism
after modification for cardiovascular risk factors. All tested SNPs showed a significant interaction
between age, diastolic blood pressure, and the risk of myocardial infarction (p < 0.001) (Table 5). Under
the dominant genotype model, a considerable difference was for the rs3789327 and rs12363415 SNPs in
the ARNTL gene (AA + AG versus GG, p = 0.003, OR = 1.52 with 95% CI = 1.12–1.95, and AA + AG
versus GG, p < 0.001, OR = 3.14 with 95% CI = 2.13–4.62, respectively). Under the recessive genotype
model notable difference was for the rs6811520 and rs13124436 SNPs in the CLOCK gene (CC versus
CT + TT, p < 0.001, OR = 0.35 with 95% CI = 0.26–0.47, and GG versus AG + AA, p = 0.006, OR = 1.76
with 95% CI = 1.17–2.65, respectively). The significant difference was detected under the dominant

427



J. Clin. Med. 2020, 9, 484

genotype model for the PER2 gene polymorphism rs35333999 (TT + CT versus CC, p = 0.005, OR = 1.93
with 95% CI = 1.19-3.11).

Table 5. Odds ratios for myocardial infarction adjusted for cardiovascular risk factors included in the
logistic regression model.

Risk Factor OR (95% CI) p-Value

Age 0.96 (0.95–0.97) <0.001
History of hypertension 1.23 (0.91–1.68) 0.182
Diastolic blood pressure 1.36 (1.02–1.05) <0.001
Systolic blood pressure 1.01 (0.99–1.01) 0.217

BMI 0.98 (0.95–1.07) 0.114

OR, odds ratio; CI, confidence interval.

The association between circadian rhythm gene polymorphisms and cardiovascular risk factors in
patients with MI is shown in Table 6.

Table 6. The association between cardiovascular risk factors and circadian rhythm gene polymorphisms
in patients with MI.

Gene Sex Age
History of

Hypertension
Smoking

History of
T2DM

Diastolic Blood
Pressure

Systolic Blood
Pressure

BMI

ARNTL
rs3789327 0.045 0.953 0.247 0.133 0.006 0.309 0.113 0.561
rs4757144 0.844 0.818 0.319 0.273 0.537 0.129 0.121 0.777
rs12363415 0.071 0.872 <0.001 0.168 <0.001 0.005 <0.001 <0.001
CLOCK

rs11932595 0.177 0.487 0.263 0.319 0.118 0.266 0.029 0.229
rs6811520 <0.001 0.641 <0.001 0.950 <0.001 0.820 <0.001 0.200
rs13124436 0.003 0.665 <0.001 0.309 <0.001 0.402 <0.001 0.028

PER2
rs35333999 0.956 0.002 0.720 0.422 0.102 0.521 0.934 0.772
rs934945 0.156 0.104 0.085 0.048 0.518 0.734 0.589 0.302

Kruskal–Wallis test p-values. T2DM, type 2 diabetes mellitus; BMI, body mass index.

The completed haplotypes were analyzed in the three circadian rhythm genes. The frequencies
of the predicted haplotypes of the tested circadian rhythm gene genetic variants in MI and no-MI
participants are presented in Table S1.

There was no linkage disequilibrium (LD) between SNPs in the ARNTL gene. The LD between
rs3789327 and rs4757144 was D’ = 0.039, R2 = 0.001, between rs3789327 and rs12363415 D’ = 0.216,
R2 = 0.025, and between rs4757144 and rs12363415 D’ = 0.109, R2 = 0.005. The LD for the CLOCK gene
polymorphisms was as follows: the LD between rs1192595 and rs6811520 was D’ = 0.414, R2 = 0.108,
between rs1192595 and rs13124436 D’ = 0.062, R2 = 0.001, and between rs6811520 and rs13124436
D’ = 0.596, R2 = 0.103. The LD calculated for polymorphisms in the PER2 gene (rs35333999 and
rs934945) was D’ = 0.986, R2 = 0.010 (Figure S1).

4. Discussion

In the present study, given the findings of the investigated SNPs of the CLOCK, ARNTL, and
PER2 genes, it was noted that polymorphisms in those clock genes might be an extra risk factor for
myocardial infarction. An association between MI and polymorphisms of the CLOCK (rs6811520
and rs13124436) and ARNTL (rs37389327 and rs12363415) genes were found in a sample of 1057
participants in this case-referent study. ARNTL, rs3789327, was connected with T2DM in MI patients,
while rs13124436 and rs6811520 of the CLOCK gene were connected with hypertension, T2DM, and
systolic blood pressure in MI patients. In the present study, patients with MI had substantially reduced
diastolic blood pressure as opposed to the no-MI group.

The circadian rhythm is a network that enables a person to manage environmental variations and
adjust to them. Accordingly, the circadian rhythm controls a range of physiological and metabolic
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activities, and any obstruction of that rhythm may impact a person’s health. The role of circadian rhythm
in MI has been investigated in several studies. Cardiomyocyte circadian gene expression regulates the
myocardial contractile purpose, metabolism, and gene expression [38]. The fundamental idea is that
acute cardiovascular events do not happen randomly throughout the day but are accelerated partially
by circadian controlled factors [39]. An increasing amount of experimental and clinical evidence shows
an essential connection between cardiac dysfunction and intrinsic circadian biology. Virtually all
tissues of the body have a circadian clock that regulates the timing of many critical biological reactions
in response to a diversity of environmental signals. The molecular machinery for the regulation of
circadian rhythms is very conserved and found in virtually every cell type [40].

Human research has recognized polymorphisms and transcription motifs of circadian rhythm
genes, such as CRY2, CLOCK, ARNTL, PER2, or NPAS2, which are linked with hypertension, metabolic
syndrome, or T2DM [30,41]. Circadian rhythm genes play a significant part in homeostatic equilibrium.
They adjust the fibrinolytic system, and the CRY and CLOCK genes are precisely engaged in this action
and, accordingly, raise the CVD risk. The purpose of the circadian clock in cardiovascular activity has
been strongly emphasized in many studies. However, this research showed an association of MI with
some circadian clock polymorphisms. This is relevant because approximately 43% of all protein-coding
genes have circadian transcription in an organ-specific way [40].

Circadian rhythm genes play a crucial role in many physiological activities. The ARNTL gene
is an integral part of lipid metabolism due to its influences on the transcription of genes included in
lipogenesis in adipocytes in a circadian fashion, as shown in animal models [24]. In humans, CLOCK

gene SNPs are connected to body weight, metabolic syndrome risk, and insomnia [24,42], while PER2

and PER3 gene SNPs are linked to sleep disturbances [43]. Different polymorphisms of circadian clock
genes are connected with various cardiovascular disease risk factors [44]. Thus, metabolic syndrome,
T2DM, and stroke are associated with CLOCK gene variants [29,45,46], while myocardial infarction is
associated with CRY2 and PER2 gene variations [29]. Metabolic syndrome in humans is associated
with the transcription of CRY1 and PER2 in adipose tissue [41,47]. Patients with diabetes have more
severe atherosclerotic changes in their blood vessels [48] and have a two to three times higher risk of
developing cardiovascular disease than healthy subjects [46]. Lifestyle and metabolic disorders are
directly related, as indicated by biological and epidemiological studies [49], although the biochemical
and genetic connection of the circadian clock with metabolic disorders has not been investigated in
detail. Therefore, the significance of the circadian rhythm in the preservation of “energetic” equilibrium
and metabolism is obvious.

Tsai et al. showed the significance of the circadian clock in cardiomyocytes in mice with mutated
clock genes. They pointed out that the circadian rhythm is a primary controller of cardiac triglyceride
metabolism [50], whereas ARNTL gene deletion in adipocyte causes obesity [51]. Polymorphisms
of the BMAL1 gene, which is the mouse equivalent of the human ARNTL gene, are connected with
hypertension and T2DM [52,53], just as in this study where we found an association of rs3789327
and rs12363415 with T2DM in MI patients. All these data confirm the responsibility of ARNTL

polymorphisms in the metabolic disorders in humans. The ARNTL gene SNPs are associated with
hypertension, diabetes mellitus, and metabolic syndrome. All these conditions increase the risk of
MI [54]. BMAL1 was shown to be responsible for the daily variations in blood pressure [40], and
here, we found an association of rs12363415 with diastolic and systolic blood pressure. Physiological
rhythms of heart rate and blood pressure are lost in Bmal1 knockout mice [55], and such mice developed
dilated cardiomyopathy [56]. BMAL1 knockout mice had depressed cardiovascular circadian rhythms
and developed age-dependent dilated cardiomyopathy. The knockout of BMAL1 or deletion of all
three isoforms of Cry in mice contributed to arterial stiffness and the impairment of extracellular matrix
composition [40].

Genetic variations in the CLOCK gene are connected with T2DM and cardiovascular disorders in
humans [29,30,41,53,57]. Here, an association of rs6811520 and rs13124436 with T2DM was found in
MI patients. Studies using CLOCK mutant mice show the crucial function of the CLOCK in myocardial
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contractility, basal metabolism, and daily pulse rate control [41]. Mutation of the Clock gene in mouse
cardiomyocytes only disrupts circadian rhythm in cardiomyocytes. This Clock mutation leads to
physiological changes in cardiomyocytes. Some of these are heart rate, cardiac metabolism, response to
external signals, contractility, and cardiac growth and regeneration [38]. CLOCK is a transcription factor
and one of the primary regulators of the transcription of the circadian clock gene. It is also the regulator
of expression of the various transcription factors required for control of the diverse physiological and
behavioral processes that occur in a circadian fashion [58]. In this study, rs11932595 SNP of the CLOCK

gene was connected with systolic blood pressure in MI patients. CLOCK, thrombomodulin, and
plasminogen activator-1 inhibitor are required for the endothelial homeostasis. The circadian rhythm
regulates genes in vascular endothelial cells [41], and disorder of clock could cause atherosclerosis and
MI. Specific CLOCK gene polymorphisms are linked to excess weight [59,60], metabolic syndrome, and
CVD [61]. A mutation in CLOCK leads to the development of age-dependent cardiomyopathy in male
mice [40].

PER2 polymorphisms could be connected with myocardial infarction [29]. In this study, the PER2

genetic variant rs35333999 is connected with age in MI patients. PER2 in the heart plays a crucial
part in myocardial ischemia and fatty acid metabolism [62]. In contrast, mutations in the PER2 gene
are connected with a shortened circadian period during constant darkness [63]. In the mouse heart,
PER2 has a protective function during myocardial ischemia [62,64]. It is included in the control of fatty
acid metabolism with raised utilization of oxygen. In the hearts of mice with clock gene mutations,
lipolysis is considerably reduced, which can accelerate the development of metabolic disorders, such
as atherosclerosis, which could result in MI [50]. PER2 knockout mice had more extensive infarct sizes,
and the PER2 in the heart exhibits an essential function during inflammation in myocardial ischemia
and reperfusion [64]. The reduction of glycogen storage leads to enlarged infarct areas in mice with
PER2 mutation as a result of lowered glycolysis during myocardial ischemia. Suarez-Barrientos et al.
observed that the infarct area was more extensive early in the morning [61], which is similar to the
conclusion of Eckle et al. that PER2 stabilization dependent on light had a cardioprotective function
in ischemia [65]. The deletion of the Per2 gene in mice reduces the severity of MI because it limits
inflammatory processes, reduces apoptosis, and promotes cardiomyocyte hypertrophy. Therefore,
Per2 gene disruption has a protective function in MI [66]. Activation of PER2 at the time of ischemia
controls the beta-oxidation of fatty acids and inflammatory processes. Inflammation and metabolism
are related, and inflammation might be an outcome of a disturbed metabolism [61]. Patients with raised
inflammatory markers and metabolic syndrome have a higher chance of developing CVD. Disturbance
of the circadian rhythm is involved in the development of a CVD, and hypertension is an essential
element [30,53]. Furthermore, a mutation in the PER2 gene was connected with aortic endothelial
dysfunction, it reduces the production of nitric oxide, and other vasodilatory prostaglandins [40]. Per1
was also found to control the expression of many genes linked to sodium transport in the kidneys [40].

Genetic factors may explain, at least in part, some susceptibility to MI in individuals exposed to
chronic or even short-term disorders. Thus, shift work is associated with a small but significant increase
in the risk of developing CVD, which means that sleep disorders make an essential contribution to the
risk of developing CVD [67]. Shift work and physical inactivity are associated with CVD risk factors
such as increased triglyceride levels, which can lead to increased risk for MI [68]. A family history of
CVD is another risk factor for developing CVD, especially premature CVD, and sudden cardiac death.
In addition to genetic factors, a lifestyle passed on from generation to generation has a significant
impact on the development of CVD. The increased genetic predisposition for MI, along with inherited
life patterns of physical inactivity, may explain to some extent the increase in the incidence of MI [69].
Studies have shown an association between daylight saving time and the incidence of myocardial
infarction. A particularly significant increase in the incidence of MI was observed in the first week
after the spring shift [21]. The shift to daylight saving time causes circadian rhythm disturbance and
sleep disruption, thereby increasing the risk of MI. Therefore, the abolition of daylight saving time is
considered to be good for human health and might reduce the risk of CVD [70].
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Cardiovascular disease and metabolic disorders are associated with circadian rhythm disturbances
in humans [71]. It is crucial to know the ethnic structure of the investigated population since
the frequency of circadian rhythm gene polymorphisms differs significantly between different
populations [72]. This study investigated the relationship between myocardial infarction patients
and various circadian clock genes polymorphisms. The present study examined the prevalence of
genetic variants and several genotype models within two groups, patients with myocardial infarction
and no-MI participants. Specific genetic variants of circadian rhythm genes might affect the ability of
individuals to adapt their circadian rhythm to changing environmental conditions. The results of the
present study are compatible with new presumptions, where circadian rhythm aberrations play an
essential part in the onset of MI.

A possible explanation for the lack of correlation of all the studied polymorphisms of the circadian
rhythm genes with MI is that individual SNPs have a minor input in the onset of MI. Only when certain
combinations of specific SNPs are considered together, a significant association might be obtained. It is
significant because the circadian rhythm genes are closely connected in a complex clock mechanism. As
MI is a complex trait, the humble contributions of numerous genes affect the phenotypic presentation.

Limitations of the Study

The sample size is a limitation of this research. A more significant association between phenotype
and genotype might be obtained with more patients involved. The number of participants was limited
and might produce a false-positive result. The inadequate statistical capability to distinguish positive
relationships is a result of the small frequency of some genotypes, as well as the excessive ORs and an
extensive range of 95% CI. There is a chance of developing some of the CVDs in the no-MI group. A
limitation of the study might be the age discrepancy between the MI patients and the no-MI group.
However, a significant association only exists for age and one SNP in the PER2 gene, rs35333999, in
MI patients. Moreover, it is plausible that the CLOCK, ARNTL, and PER2 gene SNPs studied are not
usefully associated with MI. In the present case, useful polymorphisms or a collection of usefully
relevant SNPs that could be better related to MI should be identified. This strategy of approaching
the MI problem produces the chance to proceed with the investigation in multicenter studies with
more participants. An advantage of the sample in this research is that it was nearly homogeneous in
demographic variables such as sex, ethnicity, and cultural background.

5. Conclusions

The physiological activities of the individual are coordinated daily by the circadian rhythm.
The circadian rhythm plays a significant part in numerous features of normal cardiovascular homeostasis
and disease pathogenesis and pathophysiology. Circadian clock gene SNPs might be valuable in
assessing the risk, prediction, or evaluating the feedback to therapy of CVD patients. Data are presented
here indicating that the ARNTL and CLOCK gene polymorphisms could be associated with MI and
therefore suggest the involvement of the circadian clock in the development of MI. These findings
might increase knowledge of the physiopathological processes implicated in MI, and need replication
in different individuals with MI. Additional confirmation and systematic study of the circadian rhythm
in MI are achievable. In this age of personalized medicine, understanding of the genetic background
of the circadian rhythm of a person could be essential for therapy and should be incorporated into
diagnostic procedures.
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Abstract: The symptoms most commonly reported by patients affected by coronavirus disease
(COVID-19) include cough, fever, and shortness of breath. However, other major events usually
observed in COVID-19 patients (e.g., high blood pressure, arterial and venous thromboembolism,
kidney disease, neurologic disorders, and diabetes mellitus) indicate that the virus is targeting the
endothelium, one of the largest organs in the human body. Herein, we report a systematic and
comprehensive evaluation of both clinical and preclinical evidence supporting the hypothesis that
the endothelium is a key target organ in COVID-19, providing a mechanistic rationale behind its
systemic manifestations.

Keywords: ACE2, acute kidney injury; blood pressure; catepsin; coronavirus; COVID; cytokine
storm; endothelium; heparin; Kawasaki disease

1. Introduction

Coronavirus disease (COVID-19) represents a public health crisis of global proportions [1]. Caused
by the severe acute respiratory syndrome corona virus 2 (SARS-CoV-2), COVID-19 was first announced in
December 2019 in Wuhan, the capital of China’s Hubei province [2,3].

The symptoms most commonly reported include cough, fever, and shortness of breath.
The pathophysiology of the disease explains why respiratory symptoms are so common: indeed,
the virus accesses host cells via the protein angiotensin-converting enzyme 2 (ACE2) [4,5], which is
very abundant in the lungs [6].

Nevertheless, ACE2 is also expressed by endothelial cells [7,8], and other major clinical events
usually observed in COVID-19 patients (e.g., high blood pressure [9–13], thrombosis [14–16] kidney
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disease [17,18], pulmonary embolism [19,20], cerebrovascular and neurologic disorders [21,22]) indicate
that the virus is targeting the endothelium [23], one of the largest organs in the human body [24–26].
The cases of Kawasaki disease reported in young COVID-19 patients [27] support our view of a
systemic vasculitis caused by SARS-CoV-2.

2. Pathogenesis of COVID-19

To access host cells, SARS-CoV-2 uses a surface glycoprotein (peplomer) known as spike; ACE2
has been shown to be a co-receptor for coronavirus entry [28–30]. Therefore, the density of ACE2 in
each tissue may correlate with the severity of the disease in that tissue [31–36]. Other receptors on
the surface of human cells have been suggested to mediate the entry of SARS-CoV-2 [5], including
transmembrane serine protease 2 (TMPRSS2) [37,38], sialic acid receptors [39,40], and extracellular
matrix metalloproteinase inducer (CD147, also known as basigin) [41]. Additionally, catepsin B and L
have been shown to be critical entry factors in the pathogenesis of COVID-19 [38,42].

Intriguingly, all of these factors involved in the entry of SARS-CoV-2 in the host cell are known to
be expressed by endothelial cells [43–49] (Figure 1).

Figure 1. Endothelial dysfunction is a major determinant of COVID-19. The SARS-CoV-2 coronavirus
accesses host cells via the binding of its spike glycoprotein to angiotensin-converting enzyme 2
(ACE2), sialic acid receptor, transmembrane serine protease 2 (TMPRSS2), and extracellular matrix
metalloproteinase inducer (CD147); catepsin B and L also participate in virus entry. All of these
factors are expressed in endothelial cells. Endothelial dysfunction is a common feature of the clinical
manifestations observed in COVID-19 patients. All of the drugs proposed as a potential therapeutic
strategy to treat COVID-19 patients have been shown to improve endothelial function, including
tocilizumab, colchicine, chloroquine/hydroxychloroquine, azithromycin, and famotidine (see text for
details and references).
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ACE2 remains the most studied of these receptors [34,50–54]: for instance, its genetic inactivation
has been shown to cause severe lung injury in H5N1-challenged mice [55], whereas administration of
recombinant human ACE2 ameliorates H5N1 virus-induced lung injury in mice [55].

ACE2 is currently at the center of a heated debate among physicians [56–59], and there are concerns
that medical management of hypertension, including the use of inhibitors of the renin-angiotensin-
aldosterone system (RAAS), may contribute to the adverse health outcomes observed [34,60,61];
TMPRSS2 binds the viral spike glycoprotein [37]; recent structural assays have suggested that
coronaviruses can bind sialic acid receptors [39]; CD147 has been shown to be essential for the entry of
cytomegalovirus into endothelial cells [46]; both catepsin B [47] and L [49] are present in endothelial
cells (Figure 1).

The endothelium prevents blood clotting by providing an antithrombotic surface, maintained by
heparan sulphate present in the matrix surrounding the cells [62,63], by the expression of tissue factor
inhibitor [64], thrombomodulin [65], and by the production of tissue-type plasminogen activator that
promotes fibrinolysis [66,67].

Endothelial dysfunction refers to a systemic condition in which the endothelium loses
its physiological properties, including the tendency to promote vasodilation, fibrinolysis, and
anti-aggregation [68–72]; moreover, endothelial dysfunction appears to be a consistent finding in
patients with diabetes [69,73–78]. Here we will discuss clinical and preclinical findings supporting our
hypothesis [79] that COVID-19 impairs endothelial function (Figure 1).

3. Hypertension and COVID-19

Several investigators have called attention to the potential over-representation of hypertension
among patients with COVID-19 [13,80–82]. Moreover, hypertension appears to track closely with
advancing age, which is emerging as one of the strongest predictors of COVID-19–related death [14,83].
Specifically, observational trials and retrospectives studies conducted near Wuhan area have actually
shown that hypertension is the most common co-morbidity observed in patients affected by COVID-19,
ranging from 15% to over 30% [14,84–87].

One of the largest studies has been conducted by Guan et al. between December 11, 2019,
and January 29, 2020, providing data on 1099 hospitalized patients and outpatients with laboratory-
confirmed COVID-19 infection [84]; in this cohort, 165 (~15%) had high blood pressure [84]. The authors
also evaluated the severity of disease, and the composite outcome of intensive care unit (ICU) admission,
mechanical ventilation and death, concluding that 23.7% of hypertensive patients had disease severity
(vs. 13.4% of normotensive subjects), and that 35.8% (vs. 13.7%) reached the composite endpoint of
ICU admission, mechanical ventilation and death [84].

The high rate of hypertensive patients with COVID-19 was later confirmed in a prospective
analysis on 41 patients admitted to hospital in Wuhan [85] as well as in a large study conducted on
138 hospitalized patients with confirmed COVID-19 infection [86]. In the latter report, the rate of
hypertension was 31.2%, and 58.3% of hypertensive patients with COVID-19 infection were admitted
to ICU compared to 21.6% of individuals with normal blood pressure [86], evidencing the hypertensive
state as a common co-morbidity and cause of ICU admission in COVID-19 patients [86].

Similarly, among 191 COVID-19 patients from Jinyintan Hospital and Wuhan Pulmonary Hospital,
58 (30%) had hypertension, and 26 (48%) did not survive COVID-19, whereas 32 (23%) were
survivors [14]. The 30% rate of hypertensive patients was further confirmed in an analysis based on
the severity of COVID-19 conducted on 140 patients in Wuhan: 58 patients were classified as severe vs.
82 patients classified as not severe: hypertensive patients represented 37.9% of severe vs. 24.4% of not
severe COVID-19 patients [87]. In a cohort of 1590 patients from 575 hospitals, underlying hypertension
was independently associated with severe COVID-19 (hazard ratio 1.58, 95% CI: 1.07–2.32) [13]. Overall,
these findings confirm a dual aspect of hypertension during COVID-19 pandemic: first, hypertension
is the most common co-morbidity observed in COVID-19 patients; second, hypertension is evidenced
in patients with worse prognosis and higher rate of death.
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These studies also raise numerous questions regarding the association between hypertension and
COVID-19. Indeed, hypertension is known to be one of most common diseases and co-morbidities
worldwide, considered a silent killer for the worldwide population [88]. We speculate that the higher
rate of hypertension and the worse prognosis in patients with COVID-19 infection could be seen as the
spy of a cause-effect mechanism, more than as a casual pre-existing association between these two
different diseases.

4. ACE2 and Anti-Hypertensive Drugs: What Do We Know?

ACE inhibitors (ACEi) and angiotensin II receptor blockers (ARB) represent very effective strategies
for the treatment of hypertension [88]. These drugs reduce the effects of renin-angiotensin axis by
inhibiting ACE (ACEi) or by blocking the angiotensin receptors (ARB), as shown in Figure 2. A growing
question for the scientific community and physicians is to understand whether ACEi/ARB could affect
the prognosis of hypertensive COVID-19 patients [34,89–91].

Figure 2. Angiotensin-converting enzyme inhibitors (ACEi) and blockers of the angiotensin receptor 1
(ARB). Angiotensin II and Angiotensin 1–7 binds heptahelical receptors; namely, angiotensin II can
activate AT1R (type 1 angiotensin II receptor) and AT2R (type 2 angiotensin II receptor), whereas
angiotensin 1–7 binds the Mas Receptor (MasR). The actions mediated by these receptors are depicted
in the figure.

The exact role of ACEi/ARB in the control of ACE2 molecular pathways is controversial: indeed,
preclinical studies evidenced that the selective blockade of either angiotensin II synthesis or activity in
rats induces increases in ACE2 gene expression and activity [92–96]; similarly, treating infarcted rats
with ARB increased plasma concentration of angiotensin 1–7 and ACE2 [97]. In mice, ARB treatment
augmented ACE2 mRNA and protein levels [98,99] and prevented the decrease in ACE2 protein levels
induced by Angiotensin II [100]. Equally important, mineralocorticoid receptor blockers prevented
aldosterone-induced reduction in cardiac ACE2 mRNA expression in rat cardiomyocytes [101] and
increased ACE2 expression and activity in murine hearts and in monocyte-derived macrophages
obtained from ten patients with heart failure [102].

Nevertheless, there is no clinical evidence that ACEi could directly affect molecular pathways
linked to ACE2 activity. For instance, urinary ACE2 levels were reported to be higher in patients
treated with olmesartan vs. untreated controls, but this finding was not observed in patients treated
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with other ARB or enalapril [103]; instead, another study reported no difference in ACE2 activity in
patients who were taking ACEi or ARB vs. untreated patients [89]. Of note, ACE2, which functions as
a carboxypeptidase [104] is not inhibited by clinically prescribed ACEi.

In particular, ACE2 acts to counterbalance the effect of ACE [105]; indeed, whereas ACE generates
angiotensin II from angiotensin I, ACE2 converts angiotensin II into an active heptapeptide (angiotensin
1-7), which binds the Mas receptor (MasR), triggering vasodilative, anti-oxidant, and anti-inflammatory
properties [106–109] (Figure 2).

Some media sources have recently called for the discontinuation of ACEi and ARB, both
prophylactically and in the context of suspected COVID-19 [110]. However, several associations
have recommended not to suspend these therapies [61,111–114], and these recommendations have been
confirmed by three recent studies: the first one performed on 362 hypertensive patients showed that
ACEIs/ARBs are not associated with the severity or mortality of COVID-19 [91]; the second one verified
the effects of ACEI/ARB on 1128 hypertensive COVID-19 patients, showing that the use of ACEI/ARB
was associated with lower risk of all-cause mortality compared with ACEI/ARB non-users [115];
the third one demonstrated that without increasing the risk for SARS-CoV-2 infection, ACEI/ARB
outcompeted other antihypertensive drugs in reducing inflammatory markers like C-reactive protein
and procalcitonin levels in COVID-19 patients with preexisting hypertension [116]. Consistent with
these findings, three observational studies performed in different populations and with different
designs [117–119] (published in the same issue of the New England Journal of Medicine), arrived at the
consistent message that the continued use of ACEI/ARB is unlikely to be harmful in COVID-19 patients.
Notably, in one of these studies [117], the use of either ACEI or statins—two classes of drugs that are
known to ameliorate endothelial function [120–123]—was found to be associated with a lower risk of
in-hospital death than non-use.

The binding of the SARS-CoV-2 spike protein to ACE2 has been suggested to cause the
down-regulation of ACE2 from the cell membrane [124]. Consequently, ACE2 down-regulation
could lead to a loss of protective effects exerted by ACEi/ARB in humans [125]. Such down-regulation
of ACE2 is an attractive research field [95,126–128]. Indeed, it could be a valid therapeutic target to
ameliorate response and clinical prognosis in hypertensive patients affected by COVID-19. Moreover,
some investigators proposed the restoration of ACE2 by administration of recombinant ACE2 to
reverse the lung-injury process during viral infections [4]. Actually, these effects are being investigated
in ongoing clinical trials (ClinicalTrials.gov NCT04287686), alongside the use of losartan as first therapy
for COVID-19 in hospitalized (NCT04312009) or not hospitalized patients (NCT04311177). A major
role in the pathogenesis of (as well as in the clinical response to) COVID-19 could also be played by
ACE2 polymorphisms, which are relatively under-investigated if compared to ACE [129,130].

Finally, we have to consider the higher rate of cardiac injury and adverse outcomes in hypertensive
patients during the COVID-19 pandemic [131–133]. Therefore, ACEi/ARB chronic therapy should not
be discontinued in hypertensive patients with COVID-19. Indeed, the loss of their pneumo- and cardio-
protective effects could be detrimental [88]. In addition, in the absence of adequate follow-up visits,
switching from ACEi/ARB to another anti-hypertensive therapy could cause a suboptimal control of
blood pressure.

Thus, as suggested by several medical associations [110], in the absence of definitive clinical studies
and without clear evidence, hypertensive patients should avoid discontinuation and/or therapeutic
switching during COVID-19 infection.

Another noteworthy feature of COVID-19 for cardiologists is the significant decrease in the rates
of hospital admissions for acute coronary syndromes which has been reported both in Italy [134] and
US [135] during the COVID-19 outbreak, and despite being initially attributed to reduced air pollution,
better adherence to treatment, or absence of occupational stress during lockdown, this phenomenon
seems to be most likely due to the fear of going to the hospital and/or seeking medical attention during
a pandemic. Unfortunately, the current decline in hospitalization for acute coronary syndromes will
trigger an increase in cases of heart failure in the near future.
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5. Kidney Disease in COVID-19

Acute kidney injury (AKI) has been reported in > 20% of critically ill or deceased COVID-19
patients, a percentage that is consistent in studies from China [136], Italy [137] and United States [10].
It is important to note that AKI, proteinuria, and hematuria have been independently associated
with a higher risk of death in COVID-19 patients [138]. Furthermore, in a meta-analysis including
1389 COVID-19 patients [139], the prevalence of underlying chronic kidney disease was significantly
more frequent among those with a severe COVID-19 disease (3.3% vs. 0.4%; odds ratio 3.03, 95% CI:
1.09–8.47).

According to immunohistochemistry assays [140], ACE2 seems not to be expressed in renal
endothelial cells; however, a study based on single-cell analysis has confirmed the expression of ACE2
and TMPRSS2 in human renal endothelial cells [141], and most recently the presence of viral particles
was confirmed by electron microscopy in endothelial cells of the glomerular capillary loops of a
COVID-19 patient [142]. Besides, endothelial damage was a common finding in renal histopathological
analyses of 26 COVID-19 patients, in the absence of interstitial inflammatory infiltrates [143].

6. Diabetes and COVID-19

Diabetes mellitus is a frequent co-morbidity and a cause of worse prognosis in COVID-19
patients [12,144–148]. Indeed, evaluating pneumonia cases of unknown causes reported in Wuhan and
in patients with history of exposure to Huanan seafood market before Jan 1, 2020, 20% had diabetes [85].
Similarly, among 1099 COVID-19 patients analyzed by Guan and colleagues, 7.4% had diabetes: this
percentage goes up to 16.2% among patients with severe disease (vs. 5.7% in patients with non-severe
disease) [84]; furthermore, 35.8% of patients experiencing the composite endpoint of ICU admission,
mechanical ventilation and death, had diabetes (vs. 13.7% of patients that did not experience such
endpoint) [84]. Data from Italy show that more than two-thirds of COVID-19 patients that did not
survive had diabetes [149]. In summary, diabetes is a frequent co-morbidity, a risk factor, and an
independent prognostic factor in COVID-19 patients. A strong evidence of the negative effects of
diabetes in COVID-19 patients is also corroborated by two meta-analyses [150,151].

The worse prognosis in patients with diabetes and COVID-19 could be attributed to the fact that the
pneumonia evolves towards clinical stages more refractory to medical therapies, oxygen administration
and mechanical ventilation, with necessity of ICU care. These data have been investigated in a previous
study conducted in patients with SARS [152], in which the relationship between a known history of
diabetes and fasting plasma glucose (FPG) levels with death and morbidity rate was assessed, showing
that the percentage of patients with diabetes was significantly higher in deceased vs. survivors (21.5%
vs. 3.9%, p < 0.01) [152]. Moreover, diabetic subjects with hypoxemia (SaO2 < 93%) had higher FPG
levels and FPG was independently associated with an increased hazard ratio of mortality (1.1, 95% CI:
1.0–1.1) and hypoxia (1.1, 95% CI: 1.0–1.1) after controlling for age and gender [152]; the authors
concluded that both diabetes (3.0, 95% CI: 1.4–6.3) and FPG > or = 7.0 mmol/l (3.3, 95% CI: 1.4–7.7)
were independent predictors of death [152].

In COVID-19 patients, the incidence of diabetes is two times higher in ICU/severe vs.
non-ICU/severe cases [151]. Indeed, the diagnosis of diabetes in a cohort of patients with COVID-19
infection evidenced a sub-group of patients with a 2.26-fold higher risk of experiencing adverse disease
outcome analyses [150]. Additionally, patients with obesity and/or glucose intolerance seem to be
particularly vulnerable to COVID-19 [10,148,153,154]. Unfortunately, no data are hitherto available on
anti-diabetic medications and glucose homeostasis in COVID-19 patients. This aspect is really limiting,
because diabetes and altered glucose homeostasis during a condition of severe pneumonia with
SARS are reported as main factors of worse prognosis and death [152]. COVID-19 could also induce
new onset diabetes, by augmenting insulin resistance and/or by a direct action [155] on the islets of
Langerhans; supporting this view, previous studies have shown that ACE2 can be a therapeutic target
to ameliorate microcirculation in the islets [156], and ACE2 is known to be expressed by pancreatic
beta cells [157–162].
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Moreover, frequent cases of ketoacidosis in COVID-19 patients have been reported [163]. Therefore,
the investigation of anti-diabetic medications and glucose homeostasis could be harnessed to evaluate
patients with higher risk of experiencing worse prognosis and death by COVID-19. We speculate that
the amelioration of glucose homeostasis in diabetic COVID-19 patients by specific hypoglycemic drugs
could result in the amelioration of clinical outcomes with death reduction. However, these data are not
reported in trials on COVID-19, and they need to be investigated in further studies [164].

7. Thromboembolism and COVID-19

Patients with COVID19 often show clotting disorders, with organ dysfunction and coagulopathy,
resulting in higher mortality [15,165,166]. Critical data came from the analysis of coagulation tests
including prothrombin time (PT), activated partial thromboplastin time (APTT), antithrombin activity
(AT), fibrinogen, fibrin degradation product (FDP), and D-dimer, in samples collected on admission
and during the hospital stay of COVID-19 patients [167]. Non-survivors had significantly higher
D-dimer and FDP levels, and longer PT vs. survivors on admission [167]. Moreover, significant
reduction and lowering of fibrinogen and AT levels were observed in non-survivors during late
stages of hospitalization, which is compatible with a clinical diagnosis of disseminated intravascular
coagulation (DIC) [167,168]. Specifically, among 191 COVID-19 patients seen at two hospitals in
Wuhan, D-dimer levels over 1 μg/L at admission predicted an 18-fold increase in odds of dying before
discharge [14]. Of note, when DIC is caused by a systemic infection, it features an acute systemic
over-inflammatory response, strictly linked to endothelial dysfunction [169].

Most recently a case of a COVID-19 patient with an increase of Factor VIII clotting activity and a
massive elevation of von Willebrand Factor (vWF) has been reported [170], further supporting our
theory: indeed, vWF can be seen as a marker of endothelial damage, since it is normally stored in
Weibel-Palade bodies within endothelial cells [171]. Equally important, angiotensin II level in the
plasma of COVID-19 patients was markedly elevated and linearly associated to viral load and lung
injury [172]; notably, angiotensin II is known to increase microvascular permeability [173,174], to induce
the transcription of tissue factor in endothelial cells [175–177], and to activate platelets [178–180].
Additionally, angiotensin II can trigger the release of several components of the complement system
from endothelial cells [181–187], further corroborating the key role of endothelium in the pathogenesis
of venous and arterial thrombosis in COVID-19 patients [188,189].

A dysregulated immune response, as observed in COVID-19, especially in the late stages of the
disease, plays a decisive role in endothelial dysfunction and thrombosis [190,191], and microvascular
permeability is crucial in viral infections [192]. Indeed, pulmonary endothelium represent a fundamental
barrier between the blood and interstitium and have vital regulatory functions; specifically, endothelial
cells represent one-third of the cell population of the lung [193], and pulmonary endothelial damage
is considered the hallmark of acute respiratory distress syndrome (ARDS) [194]. Animal models
of coronavirus-induced severe ARDS have shown that reduced ACE2 activity and loss of ACE2 in
the lungs is mirrored by enhanced vascular permeability, and exacerbated pulmonary edema [108].
The functional role of endothelium in pulmonary disease is also suggested by previous reports [195,196];
for instance, the H3N2 influenza virus has been shown to infect endothelial cells in vitro and to trigger
endothelial cell apoptosis, which is known to enhance platelet adhesion [197]: endothelial cell death
would cause exposure of the extracellular matrix to circulating blood, favoring platelet binding;
similarly, the endothelium has been shown to contribute to the development of severe disease during
H5N1 influenza infection [198].

Deep vein thrombosis and/or pulmonary embolism have been previously described in patients
with SARS [199–202] and cases of thrombosis complicating influenza-associated pneumonia have also
been reported [203–205]. Excessive activation of the immune system in response to pathogens can
lead to pathological inflammatory consequences. In the case of highly virulent 1918 and avian H5N1
influenza virus infections, the recruitment of inflammatory leukocytes followed by excessive cytokine
responses is considered to be the key contributor to morbidity and mortality of the infection [206,207].
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Cytokine storm syndromes (CSS) are a group of disorders representing a variety of inflammatory
etiologies with the final result of overwhelming systemic inflammation, hemodynamic instability,
multiple organ dysfunction, and potentially death [208,209]. Specifically, macrophage activation
syndrome [210] and hemophagocytic lymphohistiocytosis (HLH) [211] represent two clinically similar
CSS with an unknown degree of etiopathogenic overlap [208]. The interaction between endothelial
and immune cells could play a crucial role in COVID-19, especially in severe cases and in the late
stages of the disease [212]. For instance, the cytokine storm might lead to an abrupt deterioration
of the inflammatory response and hyper-coagulation; the increased vulnerability of patients with
cardiovascular diseases and/or diabetes might therefore simply reflect the impact of the underlying
chronic inflammation and its response during SARS-CoV-2 infection. If this is the case, endothelial
alterations could just be seen as an epiphenomenon.

However, according to numerous investigators, the inflammatory response observed in COVID-19
patients can be considered mild if compared to the one observed in typical ARDS and in cytokine-release
syndrome [212–215]: indeed, in ARDS patients, levels of interleukin-1β and interleukin-6 have been
shown to be 10 to 60 fold higher than in COVID-19 [216,217]. Therefore, other mechanisms have to be
involved in order to explain the systemic manifestations reported in COVID-19 patients, and endothelial
cells, known orchestrators of cytokine amplification during viral infections [218], seem to be one of the
best candidates in this sense. Further supporting our view, catecholamines are considered an essential
component of the cytokine release syndrome [215] and we have demonstrated that endothelial cells
are able to synthetize and release catecholamines [219].

Acute pulmonary embolism, reported in COVID-19 patients [20,220–222], has been shown to be a
cause of clinical deterioration in viral pneumonias [205,223]. Endothelial dysfunction is known to be a
key determinant in hypertension, thrombosis, and DIC [72,224–227]. Henceforth, it is important to
select COVID-19 patients at higher risk of pulmonary embolism, and practice computed tomography
pulmonary angiography for the diagnosis of pulmonary thromboembolism especially in case of
significant increase of D-dimer values. Anticoagulation could be a necessary therapy to control and
reduce pro-thrombotic events, as well as to prevent pulmonary embolism [228].

8. Anticoagulation as a Key Therapy for COVID-19

The clinical course of COVID-19 consists of two main phases: viral infection and immune/
inflammatory response (Figure 3), which require distinct therapeutic approaches. Strikingly, several
drugs suggested as a potential therapeutic strategy for COVID-19 [229–231] have been shown to
ameliorate endothelial function, including interleukin 6 (IL-6) receptor antagonists (e.g., tocilizumab [232]),
colchicine [233], azithromycin [234], and famotidine [235].

Even the antimalaric agents chloroquine and hydroxychloroquine, initially proposed as a
therapy for COVID-19 based on anecdotal data [229,236], have been shown to improve endothelial
function [237,238]. If our theory is correct [239], other drugs that might be effective in treating COVID-19
patients through their beneficial effects on endothelial cells include α1 adrenergic receptor blockers
(e.g., doxazosin) [240], modulators of Sigma receptors [241–243], metformin [244], indomethacin [245],
and endothelin receptor antagonists (e.g., bosentan) [246]. However, data from randomized trials
confirming the actual efficacy of these drugs are not (yet) available.

As discussed before, COVID-19 infection could cause endothelial dysfunction and a hyper-
coagulation state. This condition is aggravated by hypoxia, which augments thrombosis by
both increasing blood viscosity and hypoxia-inducible transcription factor-dependent signaling
pathway [247]. Consequently, these phenomena could result in pulmonary embolism with occlusion
and micro-thrombosis in pulmonary small vessels, as observed in critical COVID-19 patients [248].
Apart from cases of pulmonary embolism, COVID-19 can cause a sepsis-associated DIC, which
is defined as “sepsis-induced coagulopathy” (SIC) [169]. Thus, there is an increasing interest in
anticoagulant therapy to treat COVID-19 [249].
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Figure 3. Clinical course of COVID-19 patients. Two main overlapping phases constitute the key
pathogenic events in COVID-19: the acute phase represented by viral infection, followed by the
immune/inflammatory response. Common clinical and laboratory findings are reported within the
arrows at the bottom of the figure.

In a retrospective analysis conducted at Tongji Hospital of Huazhong University of Science
and Technology in Wuhan, the authors examined 449 patients affected by severe COVID-19 [228].
The diagnosis of severe COVID-19 disease was made by evidence of respiratory rate ≥ 30 breaths/min,
arterial oxygen saturation ≤ 93% at rest and PaO2/FiO2 ≤ 300 mmHg [228]. In these patients,
they reviewed and compared the parameters of coagulation tests and clinical characteristics between
survivors and non-survivors to evaluate the effects of heparin therapy [228]: 94 patients received low
molecular weight heparin (LMWH, 40–60 mg enoxaparin/day) and 5 received unfractionated heparin
(UFH, 10000–15000 U/day), without other anti-coagulants [228]. Heparin therapy significantly reduced
mortality in patients with SIC score ≥4 (40.0% vs. 64.2%, p < 0.05), but not in those with SIC score
< 4 (29.0% vs. 22.6%, p > 0.05) [228]. D-dimer, PT, and age were positively, while platelet count was
negatively, correlated with 28-day mortality [228]. In addition, stratifying by D-dimer values the study
population, the authors reported in heparin non-users a rise of mortality linked to the rising D-dimer,
and 20% reduction of mortality for patients under heparin with D-dimer exceeding 3.0 μg/mL [228].
Therefore, heparin treatment appears to be associated with better prognosis in severe COVID-19
patients with coagulopathy. The beneficial effects of heparin-based therapies are also supported by the
structural analogies between heparin and heparan-sulphate, which according to some investigators
may confer heparin with antiviral properties [250–254]. In absence of contraindications, we suggest
the use of enoxaparin 40 mg/day in all COVID-19 patients, to be raised up to 1 mg/kg every 12 h in
case of D-dimer > 3.0 μg/mL; apixaban (5 mg every 12 h) could represent a useful alternative.

Of course, the full clinical evaluation of patients with COVID-19 infection cannot leave aside the
analysis of laboratory and imaging data. We believe that PT/PTT, fibrinogen, and D-Dimer should
be monitored daily and anticoagulation therapy should be recommended for COVID-19 patients
when the D-Dimer value is four times higher than the normal upper limit, except for patients with
anticoagulant contraindications. The confirmed diagnosis of severe COVID-19 disease in patients with
hypercoagulation and organ failure could evidence an early stage of sepsis-induced DIC. On the other
hand, anticoagulant may not benefit unselected patients. Consequently, further prospective studies

445



J. Clin. Med. 2020, 9, 1417

are needed to confirm these findings in COVID-19 patients, also testing other anti-aggregants and
anti-coagulants (at different doses).
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