Peer-Review Record
The role of exercise in bolstering cardiac resilience during aging

J Cardiovasc Aging 2025;5:2. http://dx.doi.org/10.20517 /jca.2024.18

Ankur Saini, Kirsty Foote, Martin Bennett, Ana Vujic

Received: 30 Aug 2024 | First Decision: 29 Nov 2024 | Revised: 20 Dec 2024 | Accepted:
7 Jan 2025 | Published: 15 Jan 2025

Academic Editor: Hirofumi Tanaka

Reviewer 1: Anonymous
Reviewer 2: Anonymous

Reviewer 3: Anonymous

Round 1

Reviewer 1 Report

Specific Comments

Greater clarity on impacts of acute exercise, perhaps later in life vs. lifelong persistent
exercise as a useful protector against dysfunction need clarification/further comment if
there’s room.

On a similar line care needs to be taken to define what is meant by ‘exercise’ as opposed to
simply physical activity etc. This is used in general in a manner which implies completion
of an exercise training programme but this does need defining with greater clarity. Equally
there are a few uses of terms such as the ‘exercised heart’. Really of course it is the
individual who has undertaken ‘exercise’ so strictly this should be heart from an exercise

trained individual.

Line 39 - Female sex is listed as a distinguishing feature of HFpEF (here and line 94) but
later on more comments are regarding potential protection against diastolic dysfunction
etc so this needs clarifying as a positive or negative marker in this instance.

Line 63 - ‘Physiological events’ - could this simply be potential protective mechanisms?


http://dx.doi.org/10.20517/jca.2024.18

Lines 68-70 essentially repeat lines 44-46 - but they do say it better! In some ways I think
it would be better to start with this section though then launch into HFpEF since otherwise
the review article seems to focus initially on HFpEF rather than following it’s broader title.
The first paragraph of this part could go as the second one in the article overall then lead to
the HFpEF etc?

Line 76 - the description of the data here is rather vague “average reduction of up to 50%”
- itis either a reduction of ~50% or needs something else to define this from the quoted
study.

Line 100 - Is it clear the lack of regenerative potential is key to the majority of age-related
issues? I found this paragraph a bit odd and what follows is dominated by a discussion of
cellular senescence and inflammatory factors/cytokines. Personally, I think this could be
clarified and more clearly linked /focussed on what follows.

Line 139 - is cardio myogenesis the key here or do you actually mean anti-inflammatory
actions?

Line 158 - is this stress and inflammation, and is mediated by.....or simply oxidative stress
would do? Are the endothelial factors really driving the EC senescence? I think this need
rephrasing to clarify it is the damage to the EC cells that is key.

Line 164 - may not be space but a further comment on accumulation of EC dysfunction and
relative risk between genders would be good ideally to argue if this is simply a loss of
protection and rapid ‘reacquisition’ of the male timeline for ageing or acceleration due to
something else. A key part of this is sidestepped somewhat with the reference to ‘hormones’
and estrogen therapy but whilst [ appreciate there is still much to learn here a comment on
the potential of hormonal changes as being protective probably needs inserting to also
interrelate with other points on gender differences made elsewhere in this review too.
Line 186 - potential for anti TGF and TGF manipulation in ageing would be good to have a
comment on.

Line 314/5 - Is the fact the heart is hypertrophied key? The exercise as you indicate can
add hypertrophy so I think sticking to stating it can improve function is enough.

Line 355 - 360. I quite like inclusion of miRNA elements but this is a bit of an isolated
statement and the one sentence addition of consideration of intensity and modality doesn’t

fit well alongside this. I think rephrasing these two sentences to give a clear indicator that



the miRNA changes can be protective against damage but this does have to be consider
carefully in the light that some studies show some exercise practices have been linked with
elevated oxidative stress would be good.

Line 403 - the data is quote from ageing with diabetes - adding in a source and data from
non-diabetic studies would be good to indicate that this is not particular to diabetes
(similar protective effects are seen in ‘healthy’ ageing/ This also applies to lines 479-481.
Line 448-463 - This paragraph uses the term ‘exercised heart’. Really the individual
undertakes the exercise so this needs to reflect hearts from animals or individuals who
have undergone exercise training.

Line 501 - A hint of the potential value of these “anti ageing” agents currently in clinical
trials would be good.

Line 514 - the limitation is often the availability of ‘healthy’ tissue from aged individuals -

there’s plenty of unhealthy tissue!

Suggested Word Corrections/Clarifications

Line 64 - ...for enhancing cardiac resilience to counteract the negative effects....

Line 74 - to, or coincide

Line 82 - Paragraph doesn’t need to start with “in addition”

Line 104 - susceptibility to disease

Line 137 - would be good to add a source/reference here.

Line 167 - therapy is complex...

Line 222- immune cell composition

Line 271- last sentence of paragraph is not needed- it’s simply a list of several options
implicated above.

Line 301 - lead to a 10% increase in LV mass

Line 302 - Stage B HFpEF isn’t a standard term and not defined so stick to simply HFpEF or
early or late.

Line 425 - ] appreciate the limit but addition of citation of a review to consult would be

good.



Author Response

We thank Reviewer for helpful comments and for volunteering to make our manuscript
better. Based on your constructive comments, we have revised the manuscript to enhance
its clarity. Below we excerpt your comments in Bold Italic, followed by our response, and
then by changes made to the revised manuscript.

Specific Comments

Greater clarity on impacts of acute exercise, perhaps later in life vs. lifelong persistent
exercise as a useful protector against dysfunction need clarification/further comment
if there’s room.

Author’s response: We agree with the Reviewer that distinguishing between the effects of
acute, short-term (weeks, months), and long-term (years or lifelong) exercise is essential
for a clearer understanding of how different exercise regimens impact cardiac aging and
age-induced cardiac dysfunction. While this topic may warrant a review on its own, we
have now incorporated considerations of duration and/or dose into our revised statements.

The following changes have been made to the revised manuscript:

Introduction, page 2, line 49-53:

“Long-term (over 21 years) participation in vigorous exercise, such as running, is linked to
decreased age-related disability, a lower risk of myocardial infarction (MI) and heart
failure (HF), as well as an increased lifespan 1311, Importantly, recent studies suggest that
short-term (8-20 weeks) exercise can decelerate age-related cardiac deterioration and
delay the onset of HF [+21617] ~

Age-Related Changes in Cardiac Structure and Function, page 2, line 67-70:

“While resting cardiac function is generally maintained in the healthy aged heart, these
structural changes often lead to, or coincide with reduced cardiac compliance and a decline
in systolic reserves during acute exercise 1921221 (Figure 1).

Cardiac adaptation to exercise during aging, page 7, line 253-255:

“This section reviews the physiological and molecular adaptations induced by short- and
long-term aerobic exercise, with a focus on cardiac aging.”

Effect of exercise on pathophysiological changes associated with aging, page 7, line
264-269:

“For example, performing 30 minutes of exercise 4-5 days per week throughout life
prevented age-related cardiac changes, such as myocardial stiffness and reduced
myocardial compliance [, Similarly, shorter duration of exercise (6-12 months)



improved peak oxygen consumption and aerobic capacity in older adults (65-79 years),
resulting in a 10 % increase in LV mass while preserving mass-to-volume ratio [11>1161.”

Exercise can restore age-associated endothelial cell dysfunction, page 8, line 305-306,
309-313,315- 317, 318-321:

“Short-term aerobic exercise (4-12 weeks) has been shown to mitigate the effects of EC
aging, by restoring or even reversing age-related EC changes.”

“Long-term exercise (more than five times per week for at least 10 years) not only reduces
the impact of oxidative stress by increasing NO, but also enhances the expression of
antioxidant enzymes such as superoxide dismutase (SOD), catalase and glutathione S-
transferases (GST) 271"

“In the aging population, short-term exercise (30 minutes, 3 days per week for 12 weeks)
promotes EC health by elevating CXC chemokine receptor (CXCR4)/janus kinase (JAK-2)
signaling (1291 ”

“Short term voluntary running (10-14 weeks) can also stimulate the mobilization of
circulating endothelial progenitor cells (EPCs) and enhance their recovery after stress, by
activating vascular endothelial growth factor (VEGF) and MMP9, thus promoting healthy
vasculogenesis [13% (Figure 2 -3).”

Exercise inhibits activation of fibroblasts and cardiac fibrosis, page 9, line 344-348,
351-352:

“In CITED4 knockout mice, the absence of this protein resulted in cardiac dilation and
increased fibrosis, under both short-term exercise intervention and pathological stress,
(such as pressure overload). CITED4 mediates its protective effects through mTOR
signaling and the regulation of fibrosis-related microRNAs [1371.”

“Likewise, short-term treadmill running activates the AMPK/SIRT1/PGC-1a pathway in
aged rats, which alleviates cardiac fibrosis [138139], “

Exercise can modulate immune responses, page 9-10, line 378-381, 384-387, 390-391:

“Additionally, short-term exercise activated the IL-10/STAT3/S100A9 pathway, which
promotes the expansion of myeloid-derived suppressor cells (MDSCs), reducing

inflammation and mitigating HF progression in a mouse model of isoproterenol- induced
HF (151 (Figure 2).”

“ Further evidence highlights how short-term exercise can modulate immune function.
Frodermann et al. demonstrated that six weeks of voluntary running reduces inflammatory
leukocyte production by lowering leptin levels in bone marrow-derived hematopoietic
stem and progenitor cells (HSPCs).”



“On the clinical side, studies have shown that short-term exercise can modulate
inflammation through epigenetic regulation. “

Molecular mechanism of exercise adaptation, page 10-11, line 412-414, 431-434:

“ Short-term swimming activates phosphoinositide 3-kinase (PI3K), particularly the p110a
isoform, increases antioxidant enzyme levels and heat shock proteins, promoting
physiological hypertrophy and cardioprotection in mice 161:1621.”

“Clinically, men with chronic heart failure (HFrEF and HFpEF) exhibit increased serum
levels of miR-222 and miR17-3p following acute exercise (2.5-11 minutes on a bicycle

ergometer), suggesting their potential as markers of exercise-induced cardiac adaptation
[167,168] »

Exercise improves mitochondrial biogenesis, page 11, line 457-462:

“For example, long-term exercise in a diabetic cardiomyopathy mouse model reduced
ROS generation and mitigated cardiac metabolic impairments through activation of the
PGC-1a-AKT signaling cascade [7°l, Interestingly, older individuals show a reduced PGC-1a
expression in skeletal muscle following long-term exercise, which may explain the smaller
metabolic adaptations observed with aging [18.”

On a similar line care needs to be taken to define what is meant by ‘exercise’ as
opposed to simply physical activity etc. This is used in general in a manner which
implies completion of an exercise training programme, but this does need defining
with greater clarity.

Author’s response: Thank you for highlighting this important point. We agree that a clearer
definition is necessary. We have now revised the manuscript to clearly differentiate
between 'exercise' and general physical activity (leisure activity), ensuring that the term
‘exercise' is used in the context of a structured and repetitive training. We have also
specified the duration and dose of exercise for each statement (besides changes below, see
also the changes made to the revised manuscript for the point above).

The following changes have been made to the revised manuscript:
Introduction, page 2, line 44-46:

“ Exercise, defined as a structured and repetitive form of physical activity [}, is a key
intervention for preventing cardiovascular and metabolic diseases, promoting longevity,
and enhancing quality of life [8-101,

Equally there are a few uses of terms such as the ‘exercised heart’. Really of course it is
the individual who has undertaken ‘exercise’ so strictly this should be heart from an
exercise trained individual.



Author’s response: Thank you for pointing this out. We have revised the manuscript to
accurately describe that it is the individual undergoing exercise training (whether human
or animal) rather than referring to the "exercised heart".

The following changes have been made to the revised manuscript:
Molecular mechanism of exercise adaptation, page 10, line 422-424, 431-434:

” In hearts from exercised mice, C/EBP3 downregulation promotes cardiomyogenesis,
while preventing pathological changes by inhibiting NF-kB activation [120.165166] (Figure 3).

«

“ Clinically, men with chronic heart failure (HFrEF and HFpEF) exhibit increased serum
levels of miR-222 and miR17-3p following acute exercise (2.5-11 minutes on a bicycle

ergometer), suggesting their potential as markers of exercise-induced cardiac adaptation
[167,168] »

Line 39 - Female sex is listed as a distinguishing feature of HFpEF (here and line 94)
but later on more comments are regarding potential protection against diastolic
dysfunction etc so this needs clarifying as a positive or negative marker in this
instance.

Author’s response: The dual role of female sex in heart failure is indeed an important point.
To address this, we have expanded the paragraph on sex differences in development of
diastolic dysfunction with age, to provide a more nuanced discussion beyond hormonal
regulation. The updated text clarifies that female sex is both a distinguishing risk factor for
diastolic dysfunction and a potential source of partial protection due to physiological traits
like preserved cardiac contractility and better survival outcomes for women with heart
failure. We hope this provides a clearer and more balanced perspective. We have also
changed the previously used term “gender” to “sex”.

The following changes have been made to the revised manuscript:
Age-Related Changes in Cardiac Structure and Function, page 3, line 77-85:

“ While men often experience a decline in cardiac contractility after the age of 50, women
tend to have preserved contractility; however, diastolic dysfunction is a more common
cause of HF in women [32526], Women also live approximately 5-7 years longer than men
globally, are more sedentary during mid to late adulthood [?”), and are more prone to
multiple comorbidities and greater frailty, particularly in older age. Despite these factors,
women demonstrate better survival rates in HF [?82° [t remains unclear whether the
mechanisms underlying exercise intolerance in women with HF differ from those in men,
or whether hormonal differences may be playing a role.”

Vascular endothelial cells, page 4, 151-157:



“The mechanism underlying these sex differences still remains unclear, particularly
whether the differences are linked to a loss of protection, or acceleration of aging by
undetermined factors. It is becoming increasingly accepted that hormone changes between
sexes have the potential to confer protection against cellular ageing, however the role of
hormones in EC decline, particularly estrogen therapy, is complex and still not fully
understood. [>%69], “

Conclusions, page 12, 494-495:

“Additionally, incorporating sex differences into studies of cardiac aging and exercise is
essential for developing more effective, personalized therapies. “

Line 63 - ‘Physiological events’ - could this simply be potential protective mechanisms?
Author’s response: We have made the suggested change.

The following changes have been made to the revised manuscript:
Introduction, page 2, line 60-63:

“We also highlight potential protective mechanisms as valuable targets for developing
strategies aimed at enhancing cardiac resilience and counteracting the negative effects of
cardiac aging and the development of HF.”

Lines 68-70 essentially repeat lines 44-46 - but they do say it better! In some ways I
think it would be better to start with this section though then launch into HFpEF since
otherwise the review article seems to focus initially on HFpEF rather than following its
broader title. The first paragraph of this part could go as the second one in the article
overall then lead to the HFpEF etc?

Author’s response: We thank the Reviewer for this constructive suggestion and fully agree.
In response, we have restructured this section to emphasize the age-induced phenotypes,
which represent the central focus of the manuscript. Specifically, the first paragraph of this
section has been relocated to an earlier position in the manuscript, providing a broader
context before transitioning into a mor concise discussion of HFpEF. We hope these
changes improve the manuscript and enhance its clarity and coherence.

The following changes have been made to the revised manuscript:
Introduction, page 2, line 35-43:

“Data from the Baltimore Longitudinal Study of Aging show that, even in the absence of
overt disease, older adults often have maladaptive structural changes in the myocardium
and a decline in cardiac function 3. These changes reduce cardiac reserves [°}, increasing
the heart’s susceptibility to major pathologies, including heart failure with preserved
ejection fraction (HFpEF). HFpEF is a syndrome commonly observed in the elderly, often
accompanied by multiple comorbidities, substantial morbidity and mortality (with a ~

65 % mortality rate within five years of hospitalization), and few effective therapies 36,



Addressing these challenges is increasingly urgent as the global senior population
continues to grow. “

Line 76 - the description of the data here is rather vague “average reduction of up to
50%” - it is either a reduction of ~50% or needs something else to define this from the
quoted study.

Author’s response: Thank you for pointing out the vagueness of the statement regarding
the reduction in diastolic function. In response, we have revised the text to specify that
early diastolic filling rates are reduced by approximately 50% by the age of 80.

The following changes have been made to the revised manuscript:
Age-Related Changes in Cardiac Structure and Function, page 2, line 70-71:

“ By the age of 80, diastolic function and early diastolic filling rates decrease by
approximately 50 % [231.”

Line 100 - Is it clear the lack of regenerative potential is key to the majority of age-
related issues? I found this paragraph a bit odd and what follows is dominated by a
discussion of cellular senescence and inflammatory factors/cytokines. Personally, 1
think this could be clarified and more clearly linked/focused on what follows.

Author’s response: We have now revised this paragraph to emphasize that the limited
proliferative capacity of cardiomyocytes, combined with their complex interactions with
non-cardiomyocytes and external stressors, plays a central role in age-related cardiac
dysfunction. This sets the stage for the subsequent discussion on the contribution of
cellular senescence and inflammatory pathways to cardiac remodeling and functional
decline.

The following changes have been made to the revised manuscript:
Aging influences cellular composition in the heart, page 3, line 92-99:

“With age, the heart’s limited capacity to regenerate cardiomyocytes diminishes [30-32],
Consequently, the loss of regenerative potential and compensatory interactions between
cardiomyocytes and non-cardiomyocytes (e.g., fibroblasts and endothelial cells) play a
central role in age-related cardiac dysfunction. These cellular interactions, along with
cellular changes, such as the accumulation of senescent cells and chronic inflammation,
contribute to pathological cardiac remodeling and functional decline. The following
sections examine how aging and stress shape these complex cellular dynamics.”

Line 139 - is cardio myogenesis the key here or do you actually mean anti-
inflammatory actions?

Author’s response: We acknowledge that while anti-inflammatory actions are essential for
restoring cellular homeostasis in the heart, cardiomyogenesis also plays a significant role
by indirectly mitigating inflammation. The generation of new cardiomyocytes can reduce




inflammatory signalling, thereby enhancing cardiac resilience and function. We have
revised the text to better clarify this relationship.

The following changes have been made to the revised manuscript:
Cardiomyocytes, page 4, line 124-127:

“ As the heart’s regenerative capacity declines with age, strategies aimed at enhancing
cardiomyocyte turnover may restore cellular homeostasis and indirectly modulate
inflammation, promoting a more resilient cardiac environment.”

Line 158 - is this stress and inflammation and is mediated by.....or simply oxidative
stress would do? Are the endothelial factors really driving the EC senescence? I think
this need rephrasing to clarify it is the damage to the EC cells that is key.

Author’s response: We agree that the original phrasing could be improved. We have revised
this section in the manuscript to enhance clarity.

The following changes have been made to the revised manuscript:
Vascular endothelial cells, page 4, line 143-144:

“A major consequence of these events is EC senescence °®*7], driven largely by damage to
the EC’s through oxidative stress.”

Line 164 - may not be space but a further comment on accumulation of EC dysfunction
and relative risk between genders would be good ideally to argue if this is simply a loss
of protection and rapid ‘reacquisition’ of the male timeline for ageing or acceleration
due to something else. A key part of this is sidestepped somewhat with the reference to
‘hormones and estrogen therapy but whilst I appreciate there is still much to learn
here a comment on the potential of hormonal changes as being protective probably
needs inserting to also interrelate with other points on gender differences made
elsewhere in this review too.

Author’s response: Exploring sex-specific differences in the accumulation of endothelial cell
(EC) dysfunction is an intriguing and evolving area of research, that is both complex and
understudied. We have now revised the text to highlight the complexity of sex differences,
extending beyond hormonal changes. We appreciate that you highlighted this point.

The following changes have been made to the revised manuscript:

Vascular endothelial cells, page 4, 151-157:

“The mechanism underlying these sex differences still remains unclear, particularly
whether the differences are linked to a loss of protection, or acceleration of aging by
undetermined factors. It is becoming increasingly accepted that hormone changes between
sexes have the potential to confer protection against cellular ageing, however the role of
hormones in EC decline, particularly estrogen therapy, is complex and still not fully
understood. [>%6%, “



Line 186 - potential for anti TGF and TGF manipulation in ageing would be good to
have a comment on.

Author’s response: Thank you for your suggestion regarding the potential for anti-TGF and
TGF-B manipulation in aging. We have addressed this in lines 166-175, where we discuss
how targeting TGF-B signaling has shown promise in reducing cardiac fibrosis and
improving diastolic function in aging.

The following changes have been made to the revised manuscript:
Cardiac fibroblasts, page 4, line 166-175:

“TGF-B is a key mediator of ECM accumulation and fibrosis. For example, aged
heterozygous TGF-3 mice (TGF-$3 +/-) show reduced fibrosis (4 vs. 10 %) and improved
cardiac compliance [®8l, In pressure-overload models, pharmacological TGF- inhibition or
Smad2/3 deletion decreased cardiac fibrosis and improved diastolic function [656¢],
Angiotensin [I- AT1 receptor signaling also stimulates TGF-3 expression and activates
cardiac fibroblasts through endothelin-1, IL-6 and periostin signaling [626%701, ACE
inhibitors reduced both cardiac hypertrophy and lowered TGF-1 levels, implicating TGF-[3
as a key mediator of angiotensin II effects [7%72], While TGF- inhibition has anti-fibrotic
effects, it poses challenges due to its critical role in inflammation resolution and tissue
integrity. “

Line 314/5 - Is the fact the heart is hypertrophied key? The exercise as you indicate can
add hypertrophy so I think sticking to stating it can improve function is enough.

Author’s response: We thank the Reviewer for pointing this out.

The following changes have been made to the revised manuscript:
Effect of exercise on pathophysiological changes associated with aging, page 7, line
277-281:

“ Accumulating evidence demonstrates that exercise significantly improves cardiac
function 18], highlighting its potential as both a preventative and therapeutic strategy for
HFpEF. However, a deeper understanding of the underlying mechanisms, as well as the
optimal dose and intensity is required to fully harness its benefits. “

Line 355 - 360. I quite like inclusion of miRNA elements, but this is a bit of an isolated
statement, and the one sentence addition of consideration of intensity and modality
doesn’t fit well alongside this. I think rephrasing these two sentences to give a clear
indicator that the miRNA changes can be protective against damage, but this does have
to be consider carefully in the light that some studies show some exercise practices
have been linked with elevated oxidative stress would be good.

Author’s response: We are pleased to know that you like the inclusion of miRNA elements
and apologize for lack of clarity in our original version. In response, we have rephrased the



sentences to better integrate the discussion of miRNA elements, highlighting their potential
protective role against damage. We also emphasized the importance of considering the
potential impact of exercise intensity and modality throughout the manuscript, as some
studies have linked certain exercise forms (marathon running), with elevated oxidative
stress. We hope this revision offers a clearer and more balanced perspective.

The following changes have been made to the revised manuscript:
Exercise can restore age-associated endothelial cell dysfunction, page 8, line 325-331:

“Recent data have also revealed that endurance aerobic exercise can regulate microRNAs
to benefit EC function (e.g. exercise reduces miR-155 to increase NO production and
elevates miR-126 to enhance NO production and reduce both inflammation and ROS levels)
[134], While miRNA changes resulting from exercise can be protective against EC damage,
the type and intensity of the exercise must be considered carefully as some forms of
strenuous exercise, such as marathon running, have been linked to elevated oxidative
stress [1351”

Exercise inhibits activation of fibroblasts and cardiac fibrosis, page 9, line 353-358:

“MicroRNAs, particularly miR-455 and miR-29, are identified as key mediators of exercise-
induced physiological remodeling and cardioprotection. Increased miR-29 expression
protects against pathological cardiac remodeling after myocardial infarction by inhibiting
COL1A1 and collagen deposition [14%, Similarly, elevated miR-455 levels promote
cardiomyocyte proliferation and reduce cardiac fibrosis by inhibiting MMP9 [#1l (Figure
3)”

Molecular mechanism of exercise adaptation, page 10-11, line 425-434:

“Importantly, C/EBP3 downregulation upregulates miR-222, miR-342 and miR-17
expression, which further enhances cardiomyocyte proliferation 1231241 (Figure 3).
Specifically, miR-222 induces physiological cardiomyocyte hypertrophy and proliferation
by directly inhibiting Kip1/homeodomain interacting protein kinase 1 (HIPK1/P27) and
homeobox containing 1 (HMBOX1) [1¢7], while elevated miR-17-3p promotes cardiomyocyte
survival and proliferation by targeting TIMP3 [18] (Figure 3). Clinically, men with chronic
heart failure (HFrEF and HFpEF) exhibit increased serum levels of miR-222 and miR17-3p
following acute exercise (2.5-11 minutes on a bicycle ergometer), suggesting their potential
as markers of exercise-induced cardiac adaptation [167:1681”

Line 403 - the data is quote from ageing with diabetes - adding in a source and data
from non-diabetic studies would be good to indicate that this is not particular to
diabetes (similar protective effects are seen in ‘healthy’ ageing/ This also applies to
lines 479-481.

Author’s response: We thank the Reviewer for pointing this out. We have revised the text
and added new references.



The following changes have been made to the revised manuscript:

Exercise can modulate immune responses, page 10-11, line 451-462:

“ Central to these adaptations is the transcriptional co-activator PGC-1a, which regulates
metabolic adaptation to exercise in the heart, promoting mitochondrial biogenesis,
oxidative phosphorylation, and mitochondrial abundance 73l PGC-1« exerts its effects by
interacting with the estrogen-related receptors (ERRs), peroxisome proliferator-activated
receptor (PPARs), and NRF-1/NRF-2, pathways that are regulated by sirtuin 1 (SIRT1)-
mediated deacetylation and AMPK phosphorylation in response to nutrient availability or
acute exercise [175178] For example, long-term exercise in a diabetic cardiomyopathy mouse
model reduced ROS generation and mitigated cardiac metabolic impairments through
activation of the PGC-1a-AKT signaling cascade ['7%), Interestingly, older individuals show a
reduced PGC-1a expression in skeletal muscle following long-term exercise, which may
explain the smaller metabolic adaptations observed with aging [1891.”

Line 448-463 - This paragraph uses the term ‘exercised heart’. Really the individual
undertakes the exercise so this needs to reflect hearts from animals or individuals who
have undergone exercise training.

Author’s response: Thank you for pointing this out.

The following changes have been made to the revised manuscript:
Molecular mechanism of exercise adaptation, page 10, line 422-424, 431-434:

” In hearts from exercised mice, C/EBP3 downregulation promotes cardiomyogenesis,
while preventing pathological changes by inhibiting NF-kB activation [120.165166] (Figure 3).

«

“Clinically, men with chronic heart failure (HFrEF and HFpEF) exhibit increased serum
levels of miR-222 and miR17-3p following acute exercise (2.5-11 minutes on a bicycle

ergometer), suggesting their potential as markers of exercise-induced cardiac adaptation
[167,168] »

Line 501 - A hint of the potential value of these “anti ageing” agents currently in
clinical trials would be good.

Author’s response: Thank you for the suggestion. We have added content to the section
“Exercise improves mitochondrial biogenesis”, highlighting a recent study in non-
human primates that demonstrates the anti-aging effects of metformin across multiple
organs—including the heart—and its potential mechanisms, with evidence of a six-year
regression of brain aging, as well as reduced SASPs and cardiac fibrosis.

The following changes have been made to the revised manuscript:
Exercise improves mitochondrial biogenesis, page 11, line 470-475:



“Long term administration of metformin at a therapeutic dose in healthy non-human
primates has shown anti-aging effects at the molecular and tissue levels, including reduced
SASPs and cardiac fibrosis, via activation of AMPK and Nrf2 antioxidant pathways [183], This
suggests that mimicking exercise-induced benefits could offer clinically relevant targets for
treating age-related cardiac dysfunction. ”

Line 514 - the limitation is often the availability of ‘healthy’ tissue from aged
individuals - there’s plenty of unhealthy tissue!

Author’s response: We have corrected this in the revised manuscript.

The following changes have been made to the revised manuscript:
Conclusion, page 12, line 488-489:

“The limited availability of human cardiac tissue is a major challenge for studying exercise-
related mechanisms in cardiac aging.”

Suggested Word Corrections/Clarifications

Line 64 - ...for enhancing cardiac resilience to counteract the negative effects....

Line 74 - to, or coincide

Line 82 - Paragraph doesn’t need to start with “in addition”

Line 104 - susceptibility to disease

Line 137 - would be good to add a source/reference here. Line 167 - therapy is
complex...

Line 222- immune cell composition

Line 271- last sentence of paragraph is not needed- it’s simply a list of several options
implicated above.

Line 301 - lead to a 10% increase in LV mass

Line 302 - Stage B HFpEF isn’t a standard term and not defined so stick to simply
HFpEF or early or late.

Line 425 - I appreciate the limit but addition of citation of a review to consult would be
good.

Author’s response: Thank you for your helpful feedback on these sections. We have revised
the manuscript accordingly:

e Line 64 (new line 60): Rephrased to improve clarity.
“We also highlight potential protective mechanisms as valuable targets for
developing strategies aimed at enhancing cardiac resilience and counteracting the
negative effects of cardiac aging and the development of HF.”

e Line 74 (new line 67): Adjusted phrasing for grammatical accuracy.
“While resting cardiac function is generally maintained in the healthy aged heart,
these structural changes often lead to, or coincide with reduced cardiac compliance
and a decline in systolic reserves during acute exercise [+192122] (Figure 1). “



e Line 82 (new line 76): Removed "In addition" for a smoother transition.
“Women have smaller LVs and higher ventricular stiffness compared to men, with
these differences becoming more pronounced with age 321
e Line 104 (new line 98) : Changed the sentence.
“The following sections examine how aging and stress shape these complex
cellular dynamics.”

e Line 137 (new line 122-124): Reference added
“Reducing accumulation of senescent cardiomyocytes has become one of the key
strategies for mitigating the adverse effects of aging on the heart [81.”

e Line 167 (new line 154): Rephrased to improve clarity.
“Itis becoming increasingly accepted that hormone changes between sexes have the
potential to confer protection against cellular ageing, however the role of hormones

in EC decline, particularly estrogen therapy, is complex and still not fully understood.
[59,60] «

e Line 222 (new line 203): Corrected to ‘cell’.
“As the heart ages, there is a shift in immune cell composition, characterized by an
increase in monocyte-derived cardiac macrophages (CCR2*) and granulocytes
(Figure 1) [86871”

e Line 271 (new line 245): Removed the last sentence as it was a redundant list.

e Line 301 (new line 266): Added ‘lead to a’ for clarity.
“Similarly, shorter duration of exercise (6-12 months) improved peak oxygen
consumption and aerobic capacity in older adults (65-79 years), resulting in a 10 %
increase in LV mass while preserving mass-to-volume ratio [1151161”

e Line 302 (new line 269): Changed "Stage B HFpEF" to "early stage HFpEF" for clarity
and consistency.
“These benefits were also seen in middle-aged patients with early stage HFpEEF,
characterized by LV hypertrophy and elevated cardiac biomarkers, where exercise
significantly improved both myocardial stiffness and cardiac compliance after one
year [15114] «

e Line 425 (new line 396): Reference added.
“More findings on the effects of exercise on the murine immune system can be
found in these excellent studies [149156157] These findings underscore the importance
of further investigating exercise-induced immune system changes, particularly with

”n

age.

We believe these edits address your concerns and enhance the overall readability and
accuracy of the manuscript. Thank you again for your thoughtful suggestions.



Reviewer 2 Report

This is a very thorough review that is heavily referenced . The one deficiency is not enough
attention directed at cardiorespiratory fitness which is one of the strongest benefits of
exercise ( Laukkanen JA et al. Mayo Clin Proc 2022; 97:1054-1073; Lavie CJ et al. MCP 2022;
97: 1038-1040; Tutor A et al . Prog Cardiovasc Dis 2022;70: 2-7; Kaminsky LA et al. PCVD
2024; 83: 3-9; Ross R et al. PCVD 2024; 83: 10-15.)

Author Response

We thank the Reviewer for highlighting the importance of cardiorespiratory fitness as a key
benefit of exercise and for suggesting relevant references. While we acknowledge the
importance of this topic, our manuscript focuses on the molecular and cellular mechanisms
underlying the benefits of exercise in aging, complementing the excellent existing reviews
on cardiorespiratory fitness. We appreciate your feedback and the time and effort you have

dedicated to helping us improve our manuscript.

Reviewer 3 Report

The authors focuse on both structural and functional deterioration of the heart following
age as well as the role of exercise on molecular and cellular adaptations that can serve as
potential therapeutic targets for age-related cardiac remodeling and functional decline .
This is a long and comprehensive paper. The author took almost half of the paper to
describe the structural and functional deterioration of the heart following age. These
publications were all good,but they are somewhat stay away from the main topic.
However,the second part regarding examine how exercise-induced changes may contribute
to increased cardiac resilience which content was somewhat less . Especially the authors
wishes to discuss the potential of exercise models as valuable research tools for identifying
novel therapeutic targets and strategies which content was lest. So some minor revision
were suggested.

1) shorten contents regarding structural and functional deterioration of the heart following

age,



2) add some more information regarding the potential of exercise models for inhibiting the

deterioration of aging.

Author Response

The authors focus on both structural and functional deterioration of the heart
following age as well as the role of exercise on molecular and cellular adaptations that
can serve as potential therapeutic targets for age-related cardiac remodeling and
functional decline. This is a long and comprehensive paper. The author took almost
half of the paper to describe the structural and functional deterioration of the heart
following age. These publications were all good, but they are somewhat stay away
from the main topic. However, the second part regarding examine how exercise-
induced changes may contribute to increased cardiac resilience which content was
somewhat less. Especially the authors wish to discuss the potential of exercise models
as valuable research tools for identifying novel therapeutic targets and strategies
which content was lest. So, some minor revision were suggested.

We thank the Reviewer for thoughtful feedback. In response to your comments about the
imbalance between the discussion of age-related cardiac deterioration and exercise-
induced adaptations, we have restructured the manuscript. Below we excerpt your
comments in Bold Italic, followed by our response, and then by changes made to the
revised manuscript. Thank you for helping us improve the manuscript.

1) shorten contents regarding structural and functional deterioration of the heart
following age

Author’s response: Thank you for the suggestion. The discussion on HFpEF in the
introduction, along with the content on age-related structural and functional deterioration
of the heart, has now been streamlined to focus on key aspects of age-induced changes,
providing a foundation for understanding exercise-induced resilience.

The following changes have been made to the revised manuscript:
Introduction, page 2, line 31-43:

“While global life expectancy is predicted to rise by nearly five years by 2050, disability-
free life expectancy is not advancing at the same rate, largely due to the increasing
prevalence of chronic conditions such as cardiovascular disease, along with associated risk
factors including hypertension, diabetes, obesity, and a sedentary lifestyle -3,

Data from the Baltimore Longitudinal Study of Aging show that, even in the absence of
overt disease, older adults often have maladaptive structural changes in the myocardium
and a decline in cardiac function 34l These changes reduce cardiac reserves [°}, increasing
the heart’s susceptibility to major pathologies, including heart failure with preserved
ejection fraction (HFpEF). HFpEF is a syndrome commonly observed in the elderly, often
accompanied by multiple comorbidities, substantial morbidity and mortality (with a ~



65 % mortality rate within five years of hospitalization), and few effective therapies [>°l,
Addressing these challenges is increasingly urgent as the global senior population
continues to grow. “

Age-Related Changes in Cardiac Structure and Function, page 2, line 66-67:

“The most prominent morphological changes in the aging heart include left ventricular (LV)
hypertrophy and cardiac fibrosis [1%201.”

2) add some more information regarding the potential of exercise models for
inhibiting the deterioration of aging.

Author’s response: We apologize for the lack of clarity in our manuscript. Drawing on both
mouse models and human studies, we discuss how exercise enhances mitochondrial
function, restores endothelial health, reduces cardiac fibrosis, promotes cardiomyocyte
proliferation, and alleviates chronic inflammation. We have now expanded the “Exercise
improves mitochondrial biogenesis“ section to include recent findings on metformin’s anti-
aging effects in non-human primates, which target exercise- induced pathways like AMPK
and Nrf2 antioxidant activation. We have also included the latest reports from exercise
multi-omics study from the MoTrPAC consortium. While exercise offers clear benefits,
further research is necessary to better understand the mechanisms by which it inhibits
aging deterioration, including its role in reducing inflammation and supporting other
cellular adaptations. We believe our manuscript effectively integrates these points and
highlights the importance of exercise as a complimentary tool in addressing age-related
challenges. Thank you again for your valuable suggestion, which has allowed us to further
emphasize this critical topic.

The following changes have been made to the revised manuscript:
Exercise can modulate immune responses, page 9, line 372-374:

“For example, the MoTrPAC study revealed sex-specific changes in pro-inflammatory
cytokines across tissues in young rats after eight weeks of endurance exercise [1491.”

Exercise improves mitochondrial biogenesis, page 12, line 470-475:

“Long term administration of metformin at a therapeutic dose in healthy non-human
primates has shown anti-aging effects at the molecular and tissue levels, including reduced
SASPs and cardiac fibrosis, via activation of AMPK and Nrf2 antioxidant pathways 81, This
suggests that mimicking exercise-induced benefits could offer clinically relevant targets for
treating age-related cardiac dysfunction.”
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