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HIGHLIGHTS

� Long-term strenuous endurance training

promotes a deleterious vascular

remodeling, in contrast to the beneficial

effects of moderate exercise.

� Tunica media fibrosis, possibly mediated

by miR-212, miR-132, and miR-146b down-

regulation, and intrinsic vascular smooth

muscle cell stiffening may contribute to

aortic stiffening.

� Endothelial function improves in a similar

intensity after moderate and strenuous

training. However, in the INT group, a

larger NO-mediated vasorelaxation is

compensated by more intense

vasoconstriction, leading to a potentially

unstable balance.

� Strenuous exercise-induced vascular

stiffening and changes in endothelial

function remain after ceasing physical

activity.
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ABBR EV I A T I ON S

AND ACRONYMS

CACS = coronary artery

calcium score

CAD = coronary artery disease

CV = cardiovascular

MMP9 = matrix

metalloproteinase 9

NO = nitric oxide

Phe = phenylephrine

VSMC = vascular smooth

muscle cell
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Moderate exercise has well-founded benefits in cardiovascular health. However, increasing, yet controversial,

evidence suggests that extremely trained athletes may not be protected from cardiovascular events as much as

moderately trained individuals. In our rodent model, intensive but not moderate training promoted aorta and

carotid stiffening and elastic lamina ruptures, tunica media thickening of intramyocardial arteries, and an

imbalance between vasoconstrictor and relaxation agents. An up-regulation of angiotensin-converter enzyme,

miR-212, miR-132, and miR-146b might account for this deleterious remodeling. Most changes remained after a

4-week detraining. In conclusion, our results suggest that intensive training blunts the benefits of moderate

exercise. (J Am Coll Cardiol Basic Trans Science 2022;7:681–693) © 2022 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
R egular physical activity is an efficient thera-
peutic strategy to reduce cardiovascular
(CV) disease burden. Obesity, hypertension,

and hyperlipidemia are among risk factors that are
blunted after the initiation of physical activity pro-
grams, generally followed by a reduction in CV and
all-cause mortality. Consequently, scientific societies
and national public health policies promote moderate
to intense regular physical activity in healthy individ-
uals and most patients with heart disease.

With the advent and popularization of long- and
ultralong-distance races, exercise is now performed
at a much higher intensity and for longer periods
than previously studied. In the last 2 decades, clin-
ical and experimental data have revealed unex-
pected CV side effects of very high-intensity
endurance training, particularly atrial fibrillation and
ventricular arrhythmias in healthy and genetically
predisposed athletes.1 More recent findings indicate
that extreme exercise promotes adverse vascular
remodeling. Small studies have observed that
extreme long-distance runners have a higher than
expected coronary artery calcium score,2 which
translates into a high risk of CV complications.3 A
large study has recently confirmed an increased
coronary calcium burden in the most active in-
dividuals.4 These conclusions are not supported by
contemporaneous clinical reports,5 and contrast with
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As the potentially detrimental vascular conse-
quences of physical activity remain controversial, the
present study aimed to analyze the consequences of
long-term, very high-intensity exercise on vascular
structure and function, compared with those of
moderate training, in an animal model, and to un-
cover the associated mechanisms.

METHODS

Male Wistar rats (100-150 g; Charles River Labora-
tories) were randomly assigned to a sedentary group
(SED) (n ¼ 27) or to moderate training load (MOD)
(35 cm/s, 45 minutes; n ¼ 28) or intensive training
load (INT) (60 cm/s, 60 minutes; n ¼ 23) on a tread-
mill, 5 d/wk for 16 weeks.6 On the basis of previous
reports,7 we estimate that training intensity roughly
corresponded to 60% (MOD) and 85% (INT) of
VO2max. An additional group of rats was kept seden-
tary for an additional 4-week period to test for the
effects of detraining (DET) (DET groups: n ¼ 8 for
SED-DET, n ¼ 8 for MOD-DET, n ¼ 9 for INT-DET). A
flowchart summarizing all animals that were used for
this project is provided in Supplemental Figure 1.
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(RD 53/2013) guidelines for the use of experimental
animals. Approval was obtained from the local animal
research ethics committee.

A comprehensive description of the research
design and methodology is provided in the
Supplemental Methods, Supplemental Figures 2 to 4
and Supplemental Table 1. Specifically, details on
in vivo (the training protocol and groups, echocardi-
ography, hemodynamic studies, and derived aortic
stiffness estimation), ex vivo (vascular smooth mus-
cle cellular stiffness assessment and vascular reac-
tivity), histological and in vitro (microRNA profiling,
PCR, and Western blotting) experiments are reported.

All experiments were analyzed by investigators
blind to group assignment. The raw data that support
the findings of this study are available from the cor-
responding author upon reasonable request.

STATISTICAL ANALYSES. Continuous variables are
shown as mean � SEM or median with 25th, 75th per-
centiles (Q1, Q3), depending on whether the normal
distribution assumption was met (Q-Q plot of the re-
siduals on parametric tests). Most comparisons were
conducted with 1-way analysis of variance. Rat weight
over the experimental period, histological analyses of
intramyocardial arteries, and atomic force microscopy
(AFM) measurements of vascular smooth muscle cell
(VSMC) stiffness were modeled using a linear mixed-
effects model (lme4 package in R, R Foundation for
Statistical Computing). For weight change over time,
group (SED, MOD, INT) and week (week 1-16) were
used as fixed factors, and rat was entered as a random
intercept. For the histological analyses of intra-
myocardial arteries, group (SED, MOD, INT) and
ventricle (left ventricle, right ventricle) were used as
fixed factors, and intramyocardial artery and rat as
random factors; each intramyocardial artery was nes-
ted into ventricle, and ventricle was nested into rat.
For VSMC stiffness assessment, group (SED, MOD,
INT) was entered as a fixed factor in the model, and
each measurement, cell, and rat as random factors;
each measurement was nested into cell and nested
into rat. In all cases, a significant P value for the overall
analysis was followed by post hoc pairwise compari-
sons with least significant differences adjustment.
Correlation between 2 continuous variables was tested
by mean of linear regression, and R2 is shown as a
measure of the explained variation.

Data for vascular reactivity were fitted in a
nonlinear regression model with the following for-
mula:

Y ¼ Emin þ
ðEmax � EminÞ
1þ 10X�LogEc50
For each group, the drug concentration eliciting
the 50% of the maximal response (EC50), and the
maximal effect (Emax) were calculated and compared
across groups.

Categorical variables are shown as n (%). Compar-
isons were carried out with Fisher exact test.

Statistical analyses were carried out with
GraphPad Prism version 6.0 (GraphPad Software),
Stata version 13.0 (StataCorp LLC), and R version
4.1.2. A P value <0.05 was considered significant.
RESULTS

Weight gain over the 16-week training protocol was
similar in both MOD and INT groups; SED rats
gained significantly more weight (Supplemental
Figure 5).

EXERCISE PROMOTES LOAD-DEPENDENT VASCULAR

STRUCTURAL REMODELING. Vascular structural
remodeling was assessed in elastic and muscular ar-
teries. No significant changes were observed in wall
thickness, lumen area, or wall thickness-to-lumen
diameter ratio in histological preparations of either
descending thoracic aorta (Figures 1A to 1D) or left
carotid (Supplemental Figures 6A to 6D). Similarly,
the echocardiographic assessment of the diameter of
the ascending aorta showed no differences between
groups (Figures 1E and 1F). In contrast, when the aorta
was evaluated at a proximal level, we found that INT
rats had a significantly larger aortic root than MOD
and SED animals (Figure 1G).

Fibrosis in the tunica media was assessed by means
of Picrosirius-red staining (representative micropho-
tographs in Figure 2A and Supplemental Figure 6A).
Blind quantification found an increased collagen de-
posit in the INT group comparedwith the SED andMOD
groups (Figure 2B for thoracic aorta and Supplemental
Figure 6E for left carotid). Figure 2C shows represen-
tative images of the elastic laminae in the thoracic
aorta as observed by autofluorescence. Elastic laminae
had more discontinuities (Figure 2D) and were more
elongated (Figure 2E) in INT rats compared with the
MOD and SED groups. The number of laminae was
similar in all 3 groups (Supplemental Figure 7).

Midventricular intramyocardial arteries were
selected to assess muscular arteries (Figure 3A). INT
exercise was associated with a significant increase in
the relative size of the tunica media area (Figure 3B)
and, consequently, a narrower lumen (Figure 3C),
compared with MOD and SED groups. No significant
changes in perivascular fibrosis were noted
(Figure 3D).
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FIGURE 1 Aortic Morphological Changes

(A) Representative microphotographs of hematoxylin/eosin-stained thoracic aorta sections from sedentary (SED) (n ¼ 10), moderate (MOD)

(n ¼ 6), and intensive (INT) (n ¼ 6) training groups. (B to D) Quantification (mean � SEM) of tunica media thickness (B), lumen area (C), and

wall thickness to lumen diameter ratio (D). (E) Representative echocardiographic images of the root (blue arrow) and ascending thoracic aorta

(yellow arrow). (F and G) Echocardiographic measurements (mean � SEM) of ascending aorta (F) and aortic root (G) diameters (SED, n ¼ 16;

MOD, n ¼ 17; INT, n ¼ 16). All analyses were performed with a 1-way analysis of variance; the omnibus test was only significant for G at the

P < 0.05 level. *P < 0.05.
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VASCULAR STRUCTURAL CHANGES ASSOCIATED

WITH MECHANICAL PROPERTIES. Based on an
in vivo hemodynamic study and echocardiography,
we tested whether increased fibrosis led to changes in
mechanical properties of the vessel. Representative
blood pressure recordings are shown in Figure 4A.
Systolic, diastolic, and mean blood pressure were
comparable between groups (Supplemental
Figures 8A to 8C); however, pulse pressure was
significantly higher in INT rats compared with MOD
and SED (Figure 4B). Echocardiographic data (repre-
sentative images in Figure 4C) demonstrated
improved aortic root and ascending aorta pulsatility
in MOD rats compared with SED rats, but INT exercise
reverted this effect (Figures 4D to 4E): aortic pulsa-
tility was lower in this group than in the other two.
Pulse pressure was inversely correlated with aortic
pulsatility (Figure 4F), suggesting that increased

https://doi.org/10.1016/j.jacbts.2022.02.017
https://doi.org/10.1016/j.jacbts.2022.02.017


FIGURE 2 Aortic Tunica Media Structural Remodeling

(A) Representative Picrosirius-stained pictures of thoracic aorta sections. (B) Quantification of collagen content (mean � SEM) in the tunica

media (SED, n ¼ 7; MOD, n ¼ 9; INT, n ¼ 9). (C) Representative images of elastic laminae revealed by autofluorescence. (D) Density of elastic

lamina ruptures (white arrow in right panel of C) (mean � SEM). (E) Assessment of elastic lamina elongation (mean � SEM) (SED, n ¼ 9; MOD,

n ¼ 7; INT, n¼ 7). All analyses were performed with a 1-way analysis of variance; omnibus tests were significant at the P < 0.01 (B and D) and

the P < 0.05 (E) levels. *P < 0.05, **P < 0.01. Abbreviations as in Figure 1.
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pulse pressure reflects an underlying low aortic
distensibility. Finally, stiffness estimators (b-index
and Ep) demonstrated a stiffer aorta in INT rats in
comparison with MOD and SED rats (Figures 4G to
4H). Moreover, when both descending aorta fibrosis
and pulsatility assessment were available, a negative
but nonsignificant correlation was observed in these
animals (Supplemental Figure 9).

INTENSE TRAINING LOAD PROMOTES VSMC STIFFENING.

To deepen into the mechanisms underlying aortic
stiffening induced by INT training, we measured
cellular stiffness of aortic VSMC with AFM. Figure 5
shows cultured VSMCs probed with AFM (Figure 5A)
and presents results for the 3 groups under study
(Figure 5B). Aortic VSMCs obtained from SED and
MOD rats showed indistinguishable cellular stiffness.
In keeping with a profibrotic environment and stiffer
aorta, VSMC from INT rats were stiffer than SED and
MOD rats.

DIFFERENT EXERCISE LOADS ASSOCIATED WITH

CHANGES IN VASCULAR FUNCTION. Vascular func-
tion was assessed ex vivo in vascular reactivity ex-
periments. Dose response curves are summarized in
Figure 6, and main curve parameters are reported in
Supplemental Table 2. In descending thoracic aortic
rings, both MOD and INT rats showed better endo-
thelial function than SED rats, as demonstrated by a
significant increase in maximal carbachol-induced
relaxation; no differences were found between MOD
and INT rats (Figure 6A). Endothelial-mediated vaso-
relaxation was almost completely blocked after
incubating with NO-synthesis inhibitor L-NMMA, and
differences between sedentary and exercise groups
disappeared (Figure 6B).

https://doi.org/10.1016/j.jacbts.2022.02.017
https://doi.org/10.1016/j.jacbts.2022.02.017


FIGURE 3 Intramyocardial Vessels Remodeling

(A) Representative Picrosirius-stained pictures of intramyocardial arteries. (B to D) Area (mean � SEM) of tunica media (B), lumen (C), and

perivascular fibrosis (D) adjusted for total vessel area (SED, n ¼ 9; MOD, n ¼ 9; INT, n ¼ 9). Analyses were performed with a linear mixed-

effects model (vessel nested into ventricle, nested into rat). Omnibus tests were significant at the P < 0.05 level (B and C). *P < 0.05.

Abbreviations as in Figure 1.
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Improved endothelial function was further sup-
ported by a decreased maximal contractile response
to phenylephrine (Phe) in endothelium-intact aortic
rings from both MOD and INT rats compared with the
SED group (Figure 6C). Surprisingly, when intrinsic
NO production was blocked by preincubating aortic
rings with L-NMMA, INT aortas showed a markedly
increased contraction response to Phe (Figure 6D),
suggesting a major contribution of NO to the decrease
in Phe-induced contraction.

MONOCYTE INFILTRATION. Monocyte infiltration
was assessed in CD68-immunostained samples as an
early atherosclerosis marker (Supplemental
Figure 10A). Both MOD and INT training signifi-
cantly reduced monocyte density in the tunica intima
and media compared with SED rats
(Supplemental Figure 10B).

DIFFERENTIALLY EXPRESSED miRNAs ASSOCIATED

WITH EXERCISE LOAD. A microarray was used to
investigate postexercise miRNA regulation of
vascular remodeling. Overall, 21 miRNAs were found
to be differentially expressed in at least 1 of the
possible pairwise comparisons (Figure 7A).

To determine miRNAs involvement in the delete-
rious vascular effects of a high training load, we
focused on those selectively modified by INT exer-
cise compared with MOD and SED groups. In total, 4
of the 21 miRNAs (miR-132-3p, miR-212-3p, miR-
146b-5p, and miR-326-5p) were deregulated in INT
rats (Supplemental Figure 11). Up-regulation of 3 of
these microRNAs (miR-132-3p, miR-212-3p, and miR-
146b-5p) was confirmed with RT-PCR (Figure 7B),
while the expression of miR-326-5p was exceedingly
low.

We explored the potential involvement of these 3
miRNAs in the pathogenic mechanisms behind tunica
media fibrosis. Validated targets of miR-132-3p, miR-
212-3p, and miR-146b-5p were used to build molecu-
lar networks by means of Ingenuity analysis. Three
networks eventually emerged from this analysis
(Supplemental Table 3); the largest one, in which
matrix metalloproteinase 9 (MMP9) was a central
component, is depicted in Figure 7C.

ANGIOTENSIN-CONVERTER ENZYME SYNTHESIS.

Previous work demonstrated that angiotensin II
induces miR-212, miR-132, and miR-146b up-regula-
tion.8,9 We quantified the levels of angiotensin-
converting enzyme (ACE)-1, the main enzyme
promoting angiotensin-I to -II conversion, in aortic
tissue, finding significantly higher ACE-1 protein
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FIGURE 4 Aortic Stiffness Assessment

(A) Representative invasive blood pressure recordings in all groups. Both the electrocardiogram (top) and the central arterial pressure

(bottom) are shown. (B) Quantification (mean � SEM) of pulse pressure (PP), obtained from central pressure recordings in all groups (SED,

n ¼ 15; MOD, n ¼ 13; INT, n ¼ 11). (C) Representative echocardiographic images (M-mode) of ascending aorta in all groups. The maximum

aortic systolic (AoS) (purple arrow) and aortic diastolic (AoD) (cyan arrow) diameters are shown. (D and E) Quantification (mean � SEM) of

aortic root (D) and ascending aorta (E) pulsatility obtained from echocardiographic data (SED, n ¼ 16; MOD, n ¼ 19; INT, n ¼ 17).

(F) Correlation between hemodynamic and echocardiographic data (Ao-P). (G and H) Estimation (mean � SEM) of arterial stiffness by the

b-index (G) and elastic modulus (Ep) (H) (SED, n ¼ 9; MOD, n ¼ 13; INT, n ¼ 8). Most analyses (B, D, E, G, H) were performed with a 1-way

analysis of variance; omnibus tests were significant at the P < 0.001 (D and E); P < 0.01 (B) and P < 0.05 (G and H) levels. *P < 0.05,

**P < 0.01, ***P < 0.001. Abbreviations as in Figure 1.
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levels in the INT group compared with the MOD and
SED groups (Figure 7D).

REMODELING AFTER DETRAINING. After a 4-week
detraining, weight was similar among groups
(Supplemental Table 4). Vascular reactivity and
morphometric results are displayed in Supplemental
Figure 12. Four weeks after the last training session,
an improved endothelial function was still evident in
MOD- and INT-DET rats compared with SED-DET rats
(Supplemental Figure 12A). Nevertheless, INT-DET
still showed an increased NO-independent aortic
contraction (Supplemental Figure 12B). Morpho-
metric parameters were unchanged after the 4-week
detraining period (Supplemental Figures 12C to 12E),
except for an increased tunica media fibrosis in INT-
DET rats (Supplemental Figure 12F).
DISCUSSION

The present study showed that a long-term intensive
exercise load promotes adverse changes in the
structural and functional properties of elastic and
muscular arteries in an animal model. The 4 main
findings were: 1) intensive exercise promoted tunica
media fibrosis and stiffening, elastic laminae abnor-
malities, thickening of intramyocardial arteries, and
VSMC stiffening; 2) endothelial function was similarly
improved after moderate and intensive training,
although the balance between vasodilator and vaso-
constrictor mediators was disturbed in the latter; 3)
exercise-induced remodeling persisted after a short-
term detraining: and 4) microRNA remodeling and
the renin-angiotensin system may mediate the
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FIGURE 5 VSMC Stiffness Measurement By Atomic Force Microscopy

(A) Cultured vascular smooth muscle cells (VSMCs) with the AFM cantilever (left).

(B) VSMC stiffness measurements (mean � SEM) in all groups (right). Analyses were

performed with a linear mixed-effects model (each measurement nested into cell, and

each cell nested into rat). The omnibus test was significant at the P < 0.05 level.

*P < 0.05; **P < 0.01.
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heightened fibrosis and vascular stiffening occurring
in intensively-trained animals.

Overall, tunica media fibrosis and stiffening, nar-
rowing of intramyocardial arteries, and an imbalance
in vasodilator-vasoconstrictor mediators qualita-
tively characterized the transition from the benefits
of moderate exercise to the potentially deleterious
consequences of intensive exercise.

VERY HIGH-INTENSITY EXERCISE MAY INCREASE

CORONARY ARTERY DISEASE BURDEN AND

COMPROMISE CV OUTCOMES. Although the benefits
of moderate physical activity have been acknowl-
edged for years, potentially deleterious vascular
consequences of very high-intensity exercise have
only recently been claimed. The most compelling
evidence came from a large British retrospective
study involving more than 1 million women.3 In that
study, limited (#4 d/wk) strenuous physical activity
decreased the risk of myocardial infarction and cere-
brovascular disease, compared with those not exer-
cising at all. In contrast, when strenuous physical
activity was performed >4 d/wk, the cerebrovascular
risk was increased, and cardiac risk rose when stren-
uous exercise was performed daily.

A higher-than-expected coronary artery disease
(CAD) burden has been observed in some athletes
undergoing very high-intensity training, potentially
accounting for the increased CV risk. In a seminal
work,2 coronary calcium scores were higher in mara-
thon runners compared with a risk factor–matched
cohort. Some,4,10-12 but not all subsequent works5,13

confirmed the association between marathon
running and an increased coronary calcium score.
Data from the Sharma group support that increased
coronary calcification in athletes is independent of
the presence of classic risk factors.12 Relatively short
high-intensity training periods seem to be safe and
beneficial,14 but maladaptive remodeling may occur
after very long-term training.11,12 In this regard, our
animal model has been estimated to be roughly
equivalent to a 10- to 12-year regular strenuous
training period in humans.15,16

Intriguingly, coronary calcification has been sug-
gested to contribute to plaque stability in ath-
letes.11,12 However, calcium score has been shown to
retain its predictive power in marathon runners.17

The Cooper Clinic Longitudinal Study suggested
that amongst the most active individuals (ie, those
performing >3,000 MET-min/wk), a coronary cal-
cium score (CACS) >100 was associated with a 9-fold
higher risk of CV death compared with those with a
low CACS.4 Moreover, DeFina et al4 also found that
mortality was decreased by 45% (95% CI: 6%-68%) in
the most active individuals among those without
coronary calcification (CACS <100), but not in those
with a high coronary calcium burden (HR: 0.77
[95% CI: 0.52-1.15]). Thereby, although biologically
plausible, evidence is still needed to support that
coronary calcification translates into lower CV risk in
athletes.18

EARLY ATHEROSCLEROSIS FEATURES ARE ABSENT IN

VERY INTENSE EXERCISE-INDUCED DELETERIOUS

VASCULAR REMODELING. Atherosclerosis underlies
CAD in most patients with ischemic heart disease.
Rodents are known to be atherosclerosis-resistant,
but monocyte infiltration and endothelial dysfunc-
tion have been reported in some models.19 Notably,
both preatherosclerotic processes apparently
improved in moderate and heavily trained rats to a
similar extent. However, our data point to an imbal-
ance between vasodilator and vasoconstrictor medi-
ators in the MOD and INT groups. The response to Phe
was similar in the MOD and INT groups under base-
line conditions, but a larger contractile response in
NO-independent conditions in the INT group pointed
to an increased NO synthesis compensated by
increased Phe-induced contractile mediators. The
newly established balance could be sensitive to NO
synthesis disruption after the (future) development
of additive risk factors.

EXERCISE-INDUCED MALADAPTATION TARGETS

THE TUNICA MEDIA. In contrast to the relatively
preserved endothelium, the tunica media was overtly
damaged in INT rats. Mechanical properties of the
arterial wall are determined by the composition of the
extracellular matrix, particularly collagen content
and elastic laminae integrity. In our animal model, an
intensive exercise load induced tunica media fibrosis



FIGURE 6 Vascular Reactivity of the Thoracic Aorta

(A and B) Dose-response vasorelaxation curves to Carbachol (CCh) in intact endothelium conditions (A) (SED, n ¼ 19; MOD, n ¼ 21; INT,

n ¼ 11) and nitric oxide (NO)-independent conditions after LNMMA incubation (B) (SED, n ¼ 20; MOD, n ¼ 19; INT, n ¼ 15). (C and D) Dose-

response vasoconstriction curves to Phenylephrine (Phe) in intact endothelium conditions (C) (SED, n ¼ 9; MOD, n ¼ 12; INT, n ¼ 8) and NO-

independent conditions after LNMMA incubation (D). Shaded areas represent 95% CI. Comparisons performed with sum-of-squares F tests

by comparing fitted logEC50 and maximum effect in 3-parameter equations. **P < 0.01. Abbreviations as in Figure 1.
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and elastic fiber ruptures, providing the basis for a
stiffer aorta and a larger pulse pressure, a stiffness
marker predicting CV risk.20 Moreover, stiffer VSMC
in the aorta of heavily trained rats could also
contribute to increased vascular stiffness, as previ-
ously demonstrated.21 This finding is consistent with
some studies showing stiffer arteries in athletes
compared with active counterparts,22 although con-
flicting data have also been published.23

Vascular remodeling after a high exercise load re-
sembles the progressive process involving tunica
media degeneration and aortic stiffening and dilation
termed “vascular aging.”24 Vascular aging has been
claimed to result from the fatigue and fracture of
elastic laminae in the proximal aorta24,25 and un-
derlies CV events in patients without atherosclerosis.
In our model, repetitive large increases in cardiac
output during intensive exercise bouts may have
resulted in collagen deposition and elastin fragmen-
tation, contributing to decreased arterial compliance.

Most clinical studies have found that increased
CAD in athletes is driven by larger calcified coronary
plaques,2,12 and that athletes and nonathletes have
similar noncalcified plaques. In the absence of
atherosclerosis markers, but with a prominent
vascular tunica media damage, it is plausible that
coronary calcification in athletes involves a process
initiated in the tunica media. Further studies are
needed to confirm this hypothesis.
A PROFIBROTIC ENVIRONMENT UNDERLIES VASCULAR

REMODELING AFTER INTENSIVE EXERCISE. Our find-
ings are consistent with a profibrotic environment
underlying a deleterious vascular remodeling after
intensive training, potentially mediated by activation
of the renin/angiotensin system and miR-132, miR-
212, and miR-146b up-regulation.

The miR-132/212 family includes highly conserved
miRNAs that, when up-regulated, contribute to car-
diac hypertrophy, hypertension, and vascular
remodeling.26 Ablation of the miR-212/132 cluster re-
duces fibrosis in the kidney.27 miR-146a/b are up-
regulated in human atherosclerotic plaques,28

potentially playing a role in VSMC proliferation.29

The participation of these 3 miRNAs in strenuous



FIGURE 7 Mechanisms of Exercise-Induced Vascular Remodeling

(A) Venn diagram showing the 21 unique miRNAs that were deregulated between the different comparisons in the miRNA microarray analysis

of thoracic aorta. (B) Relative expression (mean � SEM) by RT-PCR of the miRNA that were deregulated in the INT group in comparison to

both SED and MOD groups in the miRNA array. (C) Ingenuity analysis of the validated targets of the 3 selected miRNAs. Analyses point to

MMP9 as a central component of the largest network including validated targets of miR-132-3p, miR-212-3p, and miR-146b-5p. (D)

Representative ACE-1 blots and Ponceau-stained membranes (top), and relative quantification (mean � SEM) of ACE-1 protein in all groups

(bottom). (SED, n ¼ 6; MOD, n ¼ 7; INT, n ¼ 6). Analyses were performed with 1-way analysis of variance; omnibus tests were significant at

the P < 0.05 level. *P < 0.05.
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exercise-induced deleterious vascular remodeling is
supported by clinical observations. In amateur ath-
letes, circulating miR-132 increases after running a
marathon but not after a shorter 10-km race.30 Simi-
larly, miR-146 family member miR-146a is increased
in plasma after a prolonged aerobic exercise.31

In our study, Ingenuity pathway analysis sug-
gested that MMP9 down-regulation could play an
important role in the vascular maladaptive process.
MMP9 is a zinc-metalloproteinase enzyme that de-
grades extracellular matrix proteins, such as collagen
I, II, III, IV, and V and fibronectin, but also regulates a
complex network of inflammatory and fibrosis-
related cytokines.32 Circulating MMP9 levels are
generally increased in untreated hypertensive pa-
tients,33 but it is unclear whether MMP9 triggers
vascular remodeling or works as a compensatory
mechanism in response to increased collagen syn-
thesis. In contrast, primary MMP9 down-regulation
appears to mediate a reduction in collagen degrada-
tion and a subsequent increase in vascular stiffness;
MMP9 knockout mice have increased vessel stiffness
and pulse pressure at the onset of Ang II-induced
hypertension.34
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miR-212, miR-132, and miR-146b are tightly regu-
lated by angiotensin-II (Ang-II).8,9 ACE-1, a central
enzyme in Ang-II synthesis obtained by cleaving
Ang-I into Ang-II, was found to be up-regulated in the
aorta of INT-trained rats, suggesting that extreme
exercise may promote adverse vascular remodeling
through local angiotensin activation and subsequent
miRNA deregulation. Consistent with this notion,
treatment with losartan, an AT1 receptor blocker,
prevented exercise-induced myocardial fibrosis in
rats.35 Confirmation of these findings warrants
further studies.

CLINICAL IMPLICATIONS: OUTCOMES AFFECTED BY

PHYSICAL ACTIVITY HAVE A U-SHAPED RELATIONSHIP.

In this paper we show that vascular remodeling de-
pends on the load of physical activity in a nonlinear
manner, which could be the basis of the deleterious
vascular consequences of very high-intensity exercise
that was observed in some clinical studies. Whether
such increased CV risk, along with increased AF risk,1

has an impact on overall mortality remains contro-
versial. In the general population, moderate exercise
is associated with reduced mortality, but mortality
does not further decrease with very high doses of
physical activity.4 Although top-level athletes live
longer than nonathletes,36 this survival benefit may
rely on physical activity but also on related dietary
and socioeconomical factors. Altogether, these data
suggest that the largest benefits of exercise are ob-
tained when practiced at a moderate load.

STUDY LIMITATIONS. First, translation from animal
models to human remains challenging, particularly
regarding the effect of different training loads. Clin-
ical relevance of our work is supported by confirma-
tion in athletes of previous results in the same animal
model. For example, exercise-induced atrial fibrosis
was initially proposed in this model16 and recently
confirmed in athletes.37 Of note, we only used young
male rats, and thus cannot generalize our findings to
remodeling in female rats or later stages of life. Sex
differences may be particularly relevant. Most reports
showing an increased coronary calcification have
been conducted in male athletes,4,11,12 but worse
outcomes have been particularly proven in the most
active women.3 Whether the consequences of long-
term strenuous exercise, both from vascular remod-
eling and clinical points of view, are similar in men
and women needs to be tested. Our model re-
capitulates long-term exercise,15 and shorter training
periods might yield different conclusions.14 More-
over, only endurance training was tested, and con-
clusions cannot be extrapolated to other sorts of
sports. Second, stress should be considered a poten-
tial confounding factor. Maximum care was taken to
minimize electrical shocks, and rats that did not
properly adapt to the treadmill training were
excluded. Previous reports noted no evident stress in
intensively trained rats.16

CONCLUSIONS

In a chronic animal model, intense exercise promoted
tunica media fibrosis and stiffening of the aorta, along
with narrowing of the intramyocardial arteries,
potentially through a process mediated by the renin-
angiotensin-aldosterone system, miR-212/132 and
miR-146b, and MMP9. Moderate and intense training
loads similarly improved vascular function, although
the vasodilation-vasoconstriction balance was
disturbed by intensive training. Overall, the largest
benefits of physical activity were obtained when
practiced at a moderate load.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Although

moderate-endurance exercise helps prevent CV disease,

concerns have been raised about the consequences of

strenuous physical activity. In this study, we show in an

animal model that very long-term, high-intensity physical

activity promotes undesirable consequences in arterial

bed structure, mechanical properties, and function,

including aortic stiffening, tunica media fibrosis, and an

imbalance in vascular reactivity mediators.

TRANSLATIONAL OUTLOOK: Our work suggests that

long-term, high-intensity endurance exercise promotes

vascular stiffening by damaging the tunica media. The

effects of types of sport other than endurance training

need to be studied. Large studies in athletes engaged in

very high-intensity physical activity are warranted to

confirm our results and assess long-term outcomes.

However, robust, well-controlled confirmatory studies in

humans providing accurate exercise estimates are diffi-

cult to conduct because of the long but variable nature of

exercise practice.
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