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HIGHLIGHTS

� HFpEF is characterized by a distinct, but

poorly understood, skeletal muscle

pathology, which is emerging as an

alternative therapeutic target.

� Using a rat model, we first demonstrated

that clinical drugs improving cardiac

function did not rescue skeletal muscle

pathology. Surprisingly, using a local

exercise intervention, we next identified a

previously unknown mechanistic deficit in

HFpEF that showed failure to increase

muscle growth.

� We then discovered that acute dietary

caloric restriction restored muscle growth

in HFpEF in combination with exercise

intervention, which mechanistically could

be explained via increasing myonuclear

accretion and restoring myogenic

homeostasis.

� Given we found similar mechanisms

dysregulated in muscle tissue from

patients with HFpEF, our findings indicate

combining dietary restriction with

exercise could be an optimal approach to

rescue skeletal muscle pathology in

HFpEF that should be further

investigated.
https://doi.org/10.1016/j.jacbts.2023.09.014
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ABBR EV I A T I ON S

AND ACRONYMS

CR = caloric restriction

EDL = extensor digitorum

longus

HFpEF = heart failure with

preserved ejection fraction

MuSC = muscle stem cell

Sac/Val = sacubitril/valsartan
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Heart failure with preserved ejection fraction (HFpEF) is a major clinical problem, with limited treatments.

HFpEF is characterized by a distinct, but poorly understood, skeletal muscle pathology, which could offer an

alternative therapeutic target. In a rat model, we identified impaired myonuclear accretion as a mechanism for

low myofiber growth in HFpEF following resistance exercise. Acute caloric restriction rescued skeletal muscle

pathology in HFpEF, whereas cardiac therapies had no effect. Mechanisms regulating myonuclear accretion

were dysregulated in patients with HFpEF. Overall, these findings may have widespread implications in

HFpEF, indicating combined dietary with exercise interventions as a beneficial approach to overcome skeletal

muscle pathology. (J Am Coll Cardiol Basic Trans Science 2024;9:223–240) © 2024 The Authors. Published

by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).
H eart failure is an incurable disease for mil-
lions of people worldwide, one-half of
whom die within 5 years of diagnosis,

and rates continue to rise.1 Heart failure character-
ized by preserved ejection fraction (HFpEF) is
rapidly becoming more frequent than classic heart
failure with reduced ejection fraction and represents
one of the biggest challenges in modern cardiol-
ogy.1,2 HFpEF is a complex, systemic syndrome
characterized by both cardiac and extracardiac pa-
thologies.3,4 Extracardiac organ dysfunction in
HFpEF is central to disease progression, with skel-
etal muscle considered a key emerging therapeutic
target.3 Whereas many established cardiocentric
pharmacological treatments do not improve quality
of life or clinical outcomes in HFpEF,2 treating the
skeletal muscle pathology could provide an alterna-
tive strategy.3

Skeletal muscle health has widespread clinical
consequences in heart failure, impacting func-
tional,3 metabolic,5 and mental health6 status.
Although poor skeletal muscle health in HFpEF is
closely associated with symptoms, quality of life,
and mortality,7 the underlying mechanisms remain
poorly defined. Morphological changes include
reduced capillarity,8 increased fat infiltration,9 a
fiber-type transition (Type I to Type II),8 and
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mitochondrial abnormalities that increase reliance
on fatigue-related anaerobic metabolism.10,11 In
particular, reduced skeletal muscle mass (patholog-
ical atrophy) is a serious clinical complication in
HFpEF, causing frailty and poor prognosis.12

Because HFpEF is incurable, preserving skeletal
muscle health is critical for patients to maintain an
acceptable quality of life.3 One way to achieve this
is by increasing muscle mass or myofiber growth
(physiological hypertrophy), which is determined by
2 nonexclusive mechanisms: 1) elevated protein
synthesis via Akt-mTOR signaling; and/or 2) addi-
tion of new myonuclei via muscle stem cell (MuSC)
recruitment.13 It currently remains unclear why pa-
tients with HFpEF have decreased muscle mass, but
studies in both patients and animal models have
focused on mechanisms related to myofiber atro-
phy14-18 rather than myofiber growth.

At present, there are few treatments for the
skeletal muscle pathology in HFpEF. Whereas many
pharmacological treatments targeting the cardio-
vascular system have been clinically neutral,2 it
remains unclear whether they provide secondary
benefits to skeletal muscle health. Apart from ex-
ercise training,19 dietary interventions such as
caloric restriction (CR) may offer an effective non-
pharmacological approach to attenuate muscle
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pathology in HFpEF and improve quality of life,5,20

CR improves lifespan as well as homeostasis in
multiple cells and tissues,21 including myofibers22

and MuSCs,23 however the mechanistic effects of
CR on skeletal muscle health in HFpEF remain
untested.

Overall, the inability to stimulate skeletal muscle
growth in HFpEF has severe clinical consequences.12

Here, we applied multiple interventions including
pharmacological, exercise, and dietary in a well-
established rat model of HFpEF.24-30 Our integra-
tive, multiorgan approach identified decreased
overload-induced myofiber growth that was rejuve-
nated following acute CR as a fundamental feature
and potential treatment of skeletal muscle pathol-
ogy in HFpEF. The mechanism for absent myofiber
growth in HFpEF was linked to low myonuclear
accretion associated with disturbances in MuSC
homeostasis. We further provide evidence that
these mechanisms are present in the skeletal mus-
cle of patients with HFpEF. Taken together, our
experiments suggest that acute dietary restriction is
capable of rejuvenating skeletal muscle health in
HFpEF.

METHODS

All protocols and experimental details are outlined in
full detail within the Supplemental Appendix. All
experiments in animals and humans were ethically
approved, and all human participants provided writ-
ten informed consent. Although past studies indicate
that the majority of patients with HFpEF are female,1

recent studies now indicate that around 45% are
male.31 Based upon this, and on evidence that muscle
mass and growth can be influenced by female sex
hormones (eg, estrogen) that are generally very low in
elderly females such as those with HFpEF,32 this
study selected to use male rats to reduce confounding
variables.

STATISTICAL ANALYSIS. Following appropriate
checks of normality (Shapiro-Wilks test), differences
between control rats and HFpEF were analyzed by
unpaired 2-tailed Student t-tests; differences among 3
groups were assessed by 1-way analysis of variance
followed by Bonferroni post hoc test for multiple
pairwise comparisons, and differences for functional
overload interventions were assessed by 2-way anal-
ysis of variance followed by Bonferroni post hoc test.
Analyses were performed in GraphPad Prism (version
9, GraphPad Software). Data are presented as the
means � SD, and a P value <0.05 was considered
statistically significant.
RESULTS

PHARMACOLOGICAL DRUGS IMPROVE CARDIAC

FUNCTION IN HFpEF, BUT DO NOT RESCUE SKELETAL

MUSCLE PATHOLOGY. The obese ZSF1 rat model re-
flects patient HFpEF-driven cardiac and skeletal
muscle pathology.16,18,24-30 We16,25,33 and others18

identified skeletal muscle atrophy as a major patho-
logical feature in obese ZSF1 rats that develop HFpEF.
After confirming the clinical HFpEF phenotype of this
model in comparison to age-matched lean control
rats (Supplemental Figure 1), we tested whether
improving cardiac function could rescue skeletal
muscle pathology in HFpEF.

Clinically approved sacubitril/valsartan (Sac/Val) is
a neprilysin inhibitor and angiotensin II Type I (AT1)
receptor blocker that improves cardiac function and
remodeling in HFpEF animal models and showed
potential benefits in patients.34,35 To date, no study
has comprehensively addressed the effects of this
drug on myofiber pathology in HFpEF.29 Therefore,
we evaluated the effects of Sac/Val on the cardiac and
skeletal muscle phenotype of obese male ZSF1 HFpEF
rats (Figure 1A). Ten weeks of treatment with Sac/Val
improved cardiac structure and function in rats with
HFpEF, which included reduced ventricular hyper-
trophy (Figure 1B), improved diastolic function as
seen by the normalization of the diastolic mitral
inflow E wave to A wave ratio (E/A) using echocardi-
ography (Figure 1C). Whereas systolic function was
normal in all groups (Figure 1D), invasive and nonin-
vasive measurements of stroke volume and cardiac
output were preserved after drug treatment
(Figures 1E to 1H). Sac/Val had no effects on comor-
bidities such as obesity and hyperglycemia, but
reduced hypertension (Figures 1I to 1K).

In contrast to these cardiac effects, Sac/Val treat-
ment did not attenuate skeletal muscle pathology in
rats with HFpEF. Gross wet-mass was reduced by
w15% to 30% across predominant Type I soleus and
predominant Type II tibialis anterior and extensor
digitorum longus (EDL) muscles in both untreated
and treated HFpEF groups compared with control rats
(Figures 1L to 1N, Supplemental Figures 2a to 2c). As
gross muscle wet-mass does not always reflect myo-
fiber size and provides limited insight into structural
changes, we also performed detailed myofiber phe-
notyping in cryosections from the predominant Type
II EDL muscle (Figure 1O). This approach found fiber
atrophy in HFpEF compared with control rats inde-
pendent of Sac/Val treatment (Figure 1P), which was
independent of isoform shifts (Figure 1Q) and associ-
ated with overt global and local capillary rarefaction

https://doi.org/10.1016/j.jacbts.2023.09.014
https://doi.org/10.1016/j.jacbts.2023.09.014
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FIGURE 1 Sac/Val Improves Cardiac Function in HFpEF, But Does Not Attenuate Skeletal Muscle Pathology
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(Figure 1R, Supplemental Figures 2d to 2f). Because
skeletal muscle remodeling can be influenced by fiber
phenotype, we also performed detailed analysis on
cryosections from the predominant Type I soleus
muscle. This included measuring fiber size, isoform,
capillarity, and fibrosis, but we did not find any dif-
ferences between groups (Supplemental Figures 2g to
2o). These data align well with past studies that
demonstrated Type II, rather than Type I, muscles are
more sensitive to fiber atrophy and skeletal muscle
pathology in heart failure.36-38 Because heart failure
mostly causes pathology in Type II rather than Type I
fibers,36-39 we subsequently directed most of our
attention to the EDL muscle, given its predominant
Type II phenotype, but also performed further anal-
ysis on a predominant Type I muscle (soleus) to pro-
vide a comprehensive and balanced assessment of
muscle fiber types. Overall, these experiments
confirm that cardiovascular medications that increase
global cardiac function do not increase myofiber
growth or rescue skeletal muscle pathology in HFpEF.

MYOFIBER GROWTH IN HFpEF IS IMPAIRED

FOLLOWING PHYSICAL LOADING. Because a car-
diocentric approach had no effect on the skeletal
muscle pathology in HFpEF, we next used an inter-
vention to mimic resistance exercise and test directly
whether a muscle-specific approach could increase
myofiber growth. Mechanical overload is a well-
accepted model to induce and study the basic mech-
anisms of load-dependent muscle hypertrophy.13

Here, we subjected control and HFpEF male rats to
mechanical overload via synergist ablation by surgi-
cally removing the tibialis anterior from the right leg,
and then evaluated the overload-induced EDL growth
after 14 days (Figure 2A). EDL-specific overload pro-
vides a more physiologically relevant response
compared with optional plantaris overload.40 We
FIGURE 1 Continued

(A) Schematic of pharmacological treatment in heart failure with preser

mass after removing atria (CON n ¼ 8, HFpEFþ vehicle [Veh] n ¼ 7, HFpE

n ¼ 6). (C) Early (E-wave) and late (A-wave) ventricular filling velocitie

ventricular ejection fraction (LVEF) (CON n ¼ 7, HFpEFþVeh n ¼ 7, HFpEF

HFpEFþSac/Val n ¼ 6) and (G) cardiac output (CON n ¼ 6, HFpEFþVeh

ography or (F-H) invasive catheterization (CON n ¼ 5, HFpEFþVeh n ¼ 4

(CON n ¼ 11, HFpEFþVeh n ¼ 8, HFpEFþSac/Val n ¼ 6), (J) blood gluco

mean arterial blood pressure (each group n ¼ 4). (L) Soleus, (M) tibialis a

n ¼ 11, HFpEFþVeh n ¼ 8, HFpEFþSac/Val n ¼ 6) were blotted on paper

extensor digitorum longus (EDL) cryosections stained for Type I (red), T

illaries (bright green). Histological features of the EDL muscle including

(FCSA), (Q) numerical proportion, and (R) global capillary-to-fiber ratio

tween-group differences were assessed by 1-way analysis of variance fol

SD, and the level of significance was accepted as *P < 0.05; **P < 0.0
hypothesized that HFpEF would partially attenuate
myofiber growth. Strikingly, detailed analysis of EDL
cryosections revealed overload-induced growth
increased myofiber size by w30% in control rats, an
effect that was completely abolished in HFpEF
(Figures 2B and 2C). As expected, the effects on
myofiber size were preferentially in Type II fibers
(Supplemental Figures 3a to 3c). Low myofiber growth
in HFpEF was not associated with fiber-isoform shifts
(Figure 2D). In line with limited myofiber growth, we
confirmed overall muscle function in situ only
increased in control rats but not in HFpEF, as
demonstrated by EDL absolute twitch and maximal
tetanic forces (Figures 2E and 2F). Nevertheless,
intrinsic contractile function (force normalized to
muscle mass) and relative fatigue were not different
among groups (Supplemental Figures 3d to 3f).
Overall, these data highlight a novel mechanistic
deficit in HFpEF: namely, failure to increase myofiber
growth despite adequate physical stimuli. We next
explored two key questions: what mechanisms cause,
and what treatments could overcome, low myofiber
growth in HFpEF.

MUSCLE BLOOD FLOW DOES NOT LIMIT

LOAD-INDUCED MYOFIBER GROWTH IN HFpEF. The
skeletal muscle pathology in HFpEF is characterized
by peripheral vascular impairments including
decreased muscle blood flow and capillarity,8,33

which are important for overload-induced myofiber
growth.41 We tested whether overload-induced myo-
fiber growth is associated with changes in muscle
capillarity in both healthy and HFpEF rats. We eval-
uated the muscle capillary network in EDL cry-
osections and then modelled these data to simulate
muscle oxygen transport kinetics during resting and
maximal metabolic rates.42 After overload, global
capillary-to-fiber ratio increased in both control and
ved ejection fraction (HFpEF) vs control (CON) rats. (B) Ventricular

Fþ sacubitril/valsartan [Sac/Val 68 mg/kg body mass/d via gavage]

s (CON n ¼ 7, HFpEFþVeh n ¼ 7, HFpEFþSac/Val n ¼ 5), (D) left

þSac/Val n ¼ 6) (E) Stroke volume (CON n ¼ 8, HFpEFþVeh n ¼ 6,

n ¼ 7, HFpEFþSac/Val n ¼ 6) assed by noninvasive echocardi-

, HFpEFþSac/Val n ¼ 4). Metabolic features including (I) body mass

se (CON n ¼ 8, HFpEFþVeh n ¼ 7, HFpEFþSac/Val n ¼ 6), and (K)

nterior (TA), and (N) extensor digitorum longus (EDL) muscles (CON

tissue, and wet mass was recorded. (O) Representative images of

ype IIa (green), and Type IIb/IIx (unstained/black) fibers and cap-

(P) total (ie, average) and fiber-type-specific cross-sectional area

(C:F) (CON n ¼ 9, HFpEFþVeh n ¼ 5, HFpEFþSac/Val n ¼ 6). Be-

lowed by Bonferroni post hoc test. Data are presented as mean �
1; and ***P < 0.001 for all analyses.

https://doi.org/10.1016/j.jacbts.2023.09.014
https://doi.org/10.1016/j.jacbts.2023.09.014
https://doi.org/10.1016/j.jacbts.2023.09.014
https://doi.org/10.1016/j.jacbts.2023.09.014
https://doi.org/10.1016/j.jacbts.2023.09.014


FIGURE 2 Skeletal Muscle Growth Following Mechanical Overload Is Absent in HFpEF
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HFpEF groups (Figure 2G). By contrast, global capil-
lary density increased in the HFpEF group only
(Figure 2H), which indicates capillary proliferation
proceeded at a greater rate than myofiber growth. To
provide further insight, we also assessed local fiber
type changes in capillarity, which confirmed changes
occurred in a Type IIa– and IIx/b–dependent manner
(Supplemental Figures 4a to 4f). Furthermore, our in
silico simulations identified that overload did not
cause significant changes to muscle PO2 at rest
(Supplemental Figures 4g and 4h) or at maximal
metabolic rates in both groups (Figures 2I and 2J).

Muscle blood flow is physiologically dynamic, and
this can affect muscle mass and function.43,44 To
assess this, we used a unique in situ bilateral limb and
femoral artery set up to simultaneously compare both
the overload and nonoverload EDL blood flow
response in control and HFpEF groups (Supplemental
Figures 4i to 4l). Whereas control and HFpEF rats
showed no difference in absolute resting leg blood
flow after overload (Figure 2K), the functional hy-
peremia (ie, increase in blood flow relative to muscle
mass) in response to stimulated contractions was
lower in control rats by 44% but unchanged in HFpEF
rats after overload (Figure 2L). Collectively, these data
show that muscle capillarity and blood flow respond
adequately to the overload stimuli in HFpEF, and
indicate other mechanisms are likely responsible for
low myofiber growth.
IMPAIRED MITOCHONDRIAL ADAPTATION ACCOMPANIES

DECREASED MYOFIBER GROWTH IN HFpEF. HFpEF is
characterized by skeletal muscle mitochondrial ab-
normalities that closely correlate with symptom
severity.10,11 Disturbed mitochondrial homeostasis
directly impacts myofiber size,45 but this relationship
has not been explored in HFpEF. Protein synthesis is
a highly energetic process, meaning impairments in
mitochondrial ATP production could lower cellular
FIGURE 2 Continued

(A) Unilateral synergistic surgical ablation of the tibialis anterior (TA) wa

and control (CON) rats. (B) Representative images of nonoverload, contra

IIb/IIx (unstained/black) fibers and capillaries (bright green). (C) Total E

HFpEF n ¼ 8). Absolute (E) twitch and (F) maximal forces (CL muscles: C

ratio (C:F), (H) capillary density (CD) (CL muscles: CON n ¼ 8 and HFpEF

maximal rate of oxygen consumption (CL muscles: CON n ¼ 8 and HFpEF

and (L) during muscle stimulation (CL muscles: CON n ¼ 6 and HFpEF n

permeabilized EDL fibers presented as fold change relative to baseline C

contents of (O) OPA1, PGC-1a, Drp1, (P) ACC, and ACL (each group n ¼ 4

test. Data are presented as mean � SD, and the level of significance wa

activity; EIþII ¼ uncoupled respiration in the presence of complex IþII su

respiration with complex I substrates; PI ¼ oxidative phosphorylation wit

abbreviations as in Figure 1.
energetic state to limit protein synthesis and blunt
myofiber hypertrophy.46 We determined whether
changes in overload-induced hypertrophy are
accompanied by alterations in mitochondrial func-
tion. In situ mitochondrial high-resolution respirom-
etry experiments in permeabilized EDL fibers showed
that, after overload, complex I–dependent respiration
increased in control rats relative to the nonoverload
leg but was unchanged in HFpEF rats (Figure 2M). We
next examined citrate synthase activity in each group
as a marker of mitochondrial content but found no
effect (Supplemental Figure 5a), identifying mito-
chondrial function rather than content increased af-
ter mechanical overload in control rats, but not
HFpEF. This suggestion was further strengthened
when we determined the mitochondrial coupling ef-
ficiency in the EDL, which increased by 51% in control
rats after overload, but no effect was seen in HFpEF
(Figure 2N). These data support that mitochondrial
functional properties could limit load-induced myo-
fiber growth in HFpEF.

To further explore a molecular mechanism regu-
lating myofiber size related to mitochondrial effi-
ciency and function,45 we examined markers of
mitochondrial dynamics from the overload vs
contralateral EDL of control and HFpEF rats
(Figures 2O and 2P, Supplemental Figures 5b to 5l). We
found no differences in the expression of pro-fusion
and –fission proteins OPA1 and DRP1 between
groups, respectively, or no differences in the master
regulator of mitochondrial biogenesis PGC1a and its
upstream regulator AMPK, as indicated by expression
of its target ACC (Figures 2O and 2P, Supplemental
Figures 5b to 5i). To explore additional mechanisms,
we measured expression of the metabolic enzyme
ATP citrate lyase (ACL), which is reduced in sarco-
penic mice and links myofiber hypertrophy to mito-
chondrial function via IGF-AKT signaling.47 Whereas
s performed to induce myofiber hypertrophy in the extensor digitorum longus (EDL) in HFpEF

lateral (CL) and overload (OL) EDL muscles stained for Type I (red), Type IIa (green), and Type

DL FCSA and (D) fiber type distribution of CL (CON n ¼ 8, HFpEF n ¼ 8) and OL (CON n ¼ 7,

ON n ¼ 8 and HFpEF n ¼ 8; OL muscles: CON n ¼ 7 and HFpEF n ¼ 6). (G) Capillary-to-fiber

n ¼ 8; OL muscles: CON n ¼ 7 and HFpEF n ¼ 8), and (I and J) muscle oxygen tension at

n ¼ 8; OL muscles: CON n ¼ 5 and HFpEF n ¼ 7). In situ femoral artery blood flow at (K) rest

¼ 5; OL muscles: CON n ¼ 6 and HFpEF n ¼ 7). (M) In situ mitochondrial respiratory states of

L muscle (each group n ¼ 4). (N) Respiratory control ratio (RCR) (each group n ¼ 4). Protein

). Differences were assessed by 2-way analysis of variance followed by Bonferroni post hoc

s accepted as *P < 0.05; **P < 0.01; and ***P < 0.001 for all analyses. CIV ¼ complex IV

bstrates; EII ¼ uncoupled respiration in the presence of complex II substrates; LI ¼ leak

h complex I substrates; PIþII ¼ oxidative phosphorylation with complex IþII substrates; other
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basal expression of phosphorylated ACL was lower in
HFpEF compared with control rats, which may indi-
cate it could contribute to fiber atrophy
(Supplemental Figure 5k), phosphorylation increased
after overload in HFpEF rats only (Supplemental
Figure 5k to 5l). Taken together, these data suggest
that decreased load-induced myofiber growth in
HFpEF may be limited, at least in part, by mito-
chondrial dysfunction.

CALORIC RESTRICTION REJUVENATES LOAD-INDUCED

MYOFIBER GROWTH IN HFpEF. Although our data
highlight a novel mechanistic deficit in HFpEF related
to anabolic resistance, the fundamental mechanisms
that impairs myofiber growth and an intervention
that rescues myofiber growth in HFpEF are not
established. Preliminary evidence from patients in-
dicates that CR could improve skeletal muscle health,
especially when combined with exercise training.5,20

For example, CR in young and old age improves
skeletal muscle homeostasis,22,23 whereas lifelong CR
increases load-induced myofiber growth in aged rats
via restored Akt-mTORC1 signaling.48 Based on evi-
dence from clinical5 and rodent5 experiments, we
reasoned combining mechanical overload with CR in
HFpEF could rejuvenate myofiber growth.

To test this hypothesis, we subjected male HFpEF
rats to acute CR over 4 weeks49 starting with a step-
wise reduction in calories by 10% and 25% in weeks
1 and 2, followed by 40% in the final 2 weeks in
combination with mechanical overload to stimulate
EDL myofiber growth (Figure 3A). Body mass was not
changed, but hyperglycemia was reduced, whereas
histological analysis of cardiac cryosections to assess
structural remodeling showed that ventricular hy-
pertrophy tended to be lower in HFpEF rats after CR
(Supplemental Figure 6). Consistent with our initial
experiments (Figure 2), analysis of EDL cryosections
(Figure 3B) confirmed myofiber growth following
overload was absent in HFpEF (Figures 3B and 3C).
Remarkably, however, treatment with CR restored
the hypertrophic response in HFpEF toward control
rats, with a 35% increase in myofiber size observed
(Figure 3C). In particular, myofiber growth in control
rats and HFpEFþCR treatment was generally preva-
lent across all fiber types in response to overload,
however statistical significance was detected for Type
I and Type IIa in the caloric restriction group, and for
Type IIa and Type IIx in the control group (Figures 3D
to 3F). Increased myofiber growth with CR was not
explained by changes in fiber type (Figure 3G) or
capillarity (Supplemental Figures 7a to 7h).

To further investigate the specific effects of CR on
skeletal muscle health in HFpEF, we performed
detailed analyses across various muscles. Impor-
tantly, we did not find any negative effects of acute
CR treatment such as overt muscle atrophy. Muscle
mass for tibialis anterior, EDL, and soleus were not
different between HFpEF rats treated with or without
CR (Supplemental Figures 7i to 7q). We next per-
formed in-depth functional assays on isolated soleus
and found in vitro peak contractile power (the prod-
uct of shortening velocity and force) tended to be 15%
lower in HFpEF compared with control rats. By
contrast, peak power showed an improvement
following CR treatment, possibly due to beneficial
effects on peak shortening velocity (Figure 3H,
Supplemental Figures 8f to 8g). Furthermore,
whereas soleus fiber size increased by 11% in HFpEF
rats treated with compared to without CR, this did not
reach statistical significance (P > 0.05) (Supplemental
Figures 8i and 8j). Whereas our acute intervention did
not cause a fiber type shift in HFpEF (Supplemental
Figure 8k), we found a strong effect to increase
capillarity (Supplemental Figures 8l to 8o). Together,
these experiments suggest CR in HFpEF rejuvenates
overload-induced myofiber growth, while having
positive effects on basal muscle function and
structure.

LIMITATIONS TO PROTEIN SYNTHESIS ARE NOT

ASSOCIATED WITH DECREASED LOAD-INDUCED

MYOFIBER GROWTH IN HFpEF. We next set out to
identify the mechanisms driving decreased load-
induced myofiber growth in HFpEF and how CR
could overcome this. Myofiber growth is primarily
determined by elevated protein synthesis rates
mainly via Akt-mTORC1 signaling to increase trans-
lational efficiency and capacity.13 To assess protein
synthesis, we injected rats before sacrifice with pu-
romycin, a structural analog of tyrosyl-tRNA that in-
corporates into nascent polypeptides.50 We then
assessed global rates of protein synthesis by Western
blotting using specific antibody against puromycin in
EDL homogenates. We found no change in puromycin
expression between groups when assessing relative
changes between nonoverload vs overload muscle
(Figure 3I, Supplemental Figure 9a). Decreased Akt-
mTORC1 signaling is linked to reduced mechanical
overload-induced myofiber hypertrophy in aging rats
but restored by lifelong CR.48 We therefore probed
phosphorylation of downstream mTORC1 targets S6
and 4E-BP1, but again found no difference between
control, HFpEF, and HFpEFþCR rats in the nonover-
load or overload conditions (Figure 3I, Supplemental
Figures 9b to 9g). We also measured gene expres-
sion of IGF1, given it is a key upstream regulator of
Akt-mTORC1 signaling, but this was not different
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FIGURE 3 Acute Dietary Restriction Restores Myofiber Growth Following Mechanical Overload in HFpEF
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between groups despite a trend for the response to be
lower after overload in HFpEF (Figure 3J). Because
changes in anabolic signaling can be transient,
occurring over minutes to hours,51 we subjected the
soleus muscle from healthy, HFpEF, and HFpEFþCR
rats to repeated isometric contractions in vitro. After
the protocol, we immediately froze tissue for Western
blot analysis in order to measure acute expression of
anabolic signaling proteins. However, we found no
major differences between groups in terms of phos-
phorylated and total S6, 4E-BP1, and AMPK protein
expression (Figure 3K, Supplemental Figures 9l to 9t).

Myofiber size is determined, not only by the rates
of protein synthesis, but also by the relative rate of
protein degradation.52 We therefore explored
whether low myofiber growth in HFpEF was due to
elevated catabolic signaling and increased atrogene
expression. Activation of the energetic stress sensor
AMPK is an upstream trigger that increases fiber at-
rophy in a FOXO-dependent manner,52 and has been
linked to impaired load-induced myofiber growth.53

We found no differences between groups in phos-
phorylated AMPK following mechanical load chal-
lenge (Figure 3I, Supplemental Figures 9h to 9j). In
line with this, no change was found in the expression
of key ubiquitin proteasome-dependent atrogenes
MuRF1 and MAFBx (Figures 3L and 3M), in the myo-
statin-TGFb signaling pathway (Figure 3N) or
autophagy-dependent p62 (Figure 3I, Supplemental
Figure 9k), with all tending to be lower across
groups after mechanical overload. Taken together,
these data do not support inhibition of protein syn-
thesis via Akt-mTORC1 signaling as a primary mech-
anism for decreased load-induced myofiber growth in
HFpEF.
LOW MYONUCLEAR ACCRETION AS A MECHANISM

OF DECREASED MYOFIBER GROWTH IN HFpEF. To
explore additional signaling pathways regulating
myofiber growth in HFpEF, we performed global
transcriptomic profiling of EDL from healthy, HFpEF,
and HFpEFþCR rats (comparing nonoverload and
ed

ign schematic showing start and endpoints of caloric restriction (CR) and me

d overloaded (OL) EDL muscles stained for Type I (red), Type IIa (green), and
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¼ 4). Differences were assessed by 2-way analysis of variance followed by B

was accepted as *P < 0.05; **P < 0.01; and ***P < 0.001 for all analyses.
overload). Our analysis identified a large number of
differentially expressed genes (adjusted P < 0.05) be-
tween EDL nonoverload and overload, with CR treat-
ment resulting in the largest effect (Figures 4A to 4C).
To provide further insight, we then performed KEGG
pathway analysis which yielded 82, 92, and 100 up-
regulated and 20, 17, and 35 down-regulated path-
ways in control, HFpEF, and HFpEFþCR rats be-
tween the EDL nonoverload vs overload
(Supplemental Figures 10a to 10f). Therefore, we
identified common KEGG pathway signatures be-
tween control and HFpEFþCR rats that were not
present in HFpEF. This approach identified 4 unique
pathways including Hedgehog, apelin, and AMPK
signaling as well as axon guidance as common
pathways in both control and HFpEFþCR rats, but
not HFpEF (Figure 4D). AMPK is known to decrease
mTORC1 activation and overload-induced myofiber
hypertrophy,53 but, based upon our earlier observa-
tion of limited changes to protein synthesis and
AMPK expression (Figure 3I), we focused our atten-
tion on the other pathways identified.

Our pathway analysis suggested decreased
overload-induced myofiber growth in HFpEF could be
associated with changes in MuSC homeostasis, given
that Hedgehog (Hh) signaling is critical for myo-
genesis54 and linked to overload-induced myofiber
growth,55 and apelin is a peptide myokine linked to
sarcopenia that regulates MuSC function.56 We vali-
dated these targets and other relevant myogenic
genes using quantitative polymerase chain reaction.
For Hh signaling, we probed the expression of its re-
ceptor, patched (Ptch), and transcription factor, Gli2.
Whereas Ptch was not different between groups,
expression of Gli2 was lower in HFpEF compared to
controls rats (Figures 4E and 4F). We also measured
both apelin and its receptor but found no differences
between groups (Figures 4G and 4H). Myofiber growth
depends on the activation, proliferation, differentia-
tion, and fusion of MuSCs.57 Therefore, we measured
gene expression of myogenic transcription factors
chanical overload of the EDL. (B) Representative images of

Type IIb/IIx (unstained/black) fibers and capillaries (bright green).

ion of CL (CON n ¼ 4, HFpEF n ¼ 4, HFpEFþCR n ¼ 4) and OL (CON
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-AMPK, and p62 in OL and CL muscles (CON n ¼ 4, HFpEF n ¼ 4,
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onferroni post hoc test. Data are presented as mean � SD, and the

Abbreviations as in Figure 1.
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FIGURE 4 Caloric Restriction Increases Myonuclear Accretion in HFpEF Following Mechanical Overload Alongside Changes in the Myogenic Transcriptome
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expressed by MuSCs (Pax7, Myf5, MyoD, myogenin)
as well as the fusion protein myomaker in the over-
load and nonoverload EDL from control, HFpEF, and
HFpEFþCR rats. Whereas this analysis did not find
obvious differences between groups in terms of Pax7,
Myf5, MyoD, and myogenin (Figures 4I to 4L),
expression of myomaker was increased in overload
EDL of healthy control and HFpEFþCR rats compared
with HFpEF (Figure 4M). This indicates potential
disruptions in MuSC-dependent myonuclear fusion
could be present in HFpEF.58

The addition of new myonuclei via MuSCs is
required for effective overload-induced myofiber
growth.40,58,59 We therefore hypothesized addition of
new myonuclei could be a limiting mechanism for
load-induced myofiber growth in HFpEF, but can be
overcome after acute CR given the known benefits on
MuSC homeostasis.23 To test this and provide an in-
dex of myonuclear accretion, we quantified nuclei
number per myofiber in EDL from overload and
nonoverload cryosections in control, HFpEF, and
HFpEFþCR rats (Figure 4N). Whereas myonuclear
accretion showed a robust increase after overload in
healthy control rats by 90%, this effect was blunted in
HFpEF and rescued in HFpEF rats treated with CR
(Figure 4O). These data indicate myofiber growth in
HFpEF is limited, at least in part, by an inability to
stimulate myonuclear accretion, most likely
explained by impaired myogenesis. To probe for
additional mechanisms related to perturbed myo-
nuclear accretion, we performed further pathway
analysis on our RNAseq data using KEGG and
REACTOME. Generally, both databases gave
concordant results. However, the annotations were
significantly different for cell cycle regulators. In
our analysis, REACTOME shows strong enrichment
for genes related to cell cycle regulation, but not in
KEGG. This approach identified a similar number of
up-regulated pathways of w100 (Supplemental
Figures 10g to 10i), but clear differences in down-
regulated pathways were found between groups:
ed

sed genes (DEGs) based on adjusted P value <0.05 in EDL muscles (contrala

C) HFpEFþCR (n ¼ 4) rats. (D) Common KEGG pathway signature between c

H, (F) Gli2, (G) apelin, (H) APLNR, (I) PAX7, (J) Myf5, (K) MyoD, (L) myogenin

N) Representative images of CL and OL EDL muscles stained for nuclei (blue)

þCR n ¼ 3). REACTOME pathway analysis showed clear differences in down-

relative to the total number) between (P) CON (n ¼ 4) vs (Q) HFpEF (n ¼ 4)

enjamini and Hochberg method. Differences were assessed by 2-way analysis

he level of significance was accepted as *P < 0.05; **P < 0.01; and ***P <
only 4 in HFpEF, whereas there were w100 in
control and w100 in HFpEFþCR rats (Figures 4P to
4R). Pathway interrogation revealed many terms
related to cell cycle regulation involving G1/S tran-
sition, cyclins, mitotic DNA damage checkpoints,
and stabilization of p53, with approximately 30 of
the 100 terms found in control and HFpEFþCR rats,
but none in HFpEF (Figures 4P to 4R). These data
support our finding of myonuclear accretion as a
limitation to myofiber growth in HFpEF and suggest
this may be due to deficits in cell cycle regulation
and perturbed MuSC homeostasis.60 Overall, our
findings indicate that myonuclear accretion does
not increase following overload-induced myofiber
growth in HFpEF, perhaps explained by myogenic
defects, but is restored after acute CR consistent
with myofiber growth.
BASAL MYOGENIC EXPRESSION IS DYSREGULATED

IN RATS AND PATIENTS WITH HFpEF. We next aimed
to identify whether mechanisms regulating myonu-
clear accretion are perturbed in clinical HFpEF, by
analyzing a cohort of well-characterized patients and
age-matched control subjects (Supplemental
Table 1).14,15,18 We measured basal myogenic expres-
sion in the vastus lateralis of patients with HFpEF
compared with age-matched control subjects, and
performed comparative measures in the EDL of our rat
model using immunoblotting (Supplemental Table 2)
and qPCR (Supplemental Table 3). Notably, rats with
HFpEF showed lower basal expression in the key
myogenic transcription factors Pax7 and MyoD by
w50%, as well as the fusogen protein myomaker,
when compared with control subjects (Figure 5A). We
further measured established regulators of MuSC
homeostasis including apelin56 and piezo1,61 but
found only Hh signaling and IGF1 were significantly
reduced in HFpEF vs control subjects (Figure 5A).
Based on these findings, in our human samples, we
focused on measuring basal expression of the
myogenic transcription factors Pax7 and MyoD.
Relative to healthy control subjects, we found protein
teral [CL] vs overloaded [OL]) from (A) control (CON) (n ¼ 4), (B)

ontrol rats (n ¼ 4) and HFpEFþCR (n ¼ 4) vs HFpEF (n ¼ 4). Gene
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regulated pathways (especially the proportion of terms related to
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of variance followed by Bonferroni post hoc test. Data are presented

0.001 for all analyses. Abbreviations as in Figure 1.
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FIGURE 5 Basal Myogenic Expression Is Dysregulated in Rats and Patients With HFpEF

Skeletal muscle gene expression of PAX7, Myf5, MyoD, myogenin, myomaker, apelin, APLNR, Gli2, PTCH, piezo1, and IGF1 measures in (A) rat

EDL (CON n ¼ 4, HFpEF n ¼ 4) and (B) vastus lateralis biopsies from healthy age-matched control subjects (CON n ¼ 10) and patients with

diagnosed HFpEF (n ¼ 10) measuring protein expression of Pax7 and MyoD normalized to loading control (GAPDH) with representative blots

presented. Differences between groups were analyzed by unpaired 2-tailed Student t-tests. Data are presented as mean � SD, and the level

of significance was accepted as *P < 0.05, ** P< 0.01, ***P < 0.001 for all analyses. Abbreviations as in Figures 1 and 2.
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expression of Pax7 was lower by w50% in patients
with HFpEF, whereas myogenin was higher by 2-fold
(Figure 5B). These data support that patients with
HFpEF may have disturbances in basal MuSC ho-
meostasis that could limit myofiber growth when
subjected to physical loads.
DISCUSSION

HFpEF is no longer considered a simple syndrome of
cardiac dysfunction, but rather a systemic disease
that includes several extracardiac pathologies
including skeletal muscle dysfunction.2,4 The skeletal
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muscle pathology is associated with worse symptoms
and quality of life in HFpEF,3 however, we still have a
poor understanding of the mechanisms and treat-
ments. In this study, using a clinically relevant rat
model characterized by cardiac dysfunction and ex-
ercise intolerance with multiple comorbidities
including obesity, hypertension, and diabetes,24-30

we demonstrated a fundamental limitation for myo-
fibers to hypertrophy in HFpEF when subjected to a
resistance exercise intervention. We identified low
myonuclear accretion as a mechanism for the
decreased overload-induced myofiber growth in
HFpEF, which was underpinned by changes in the
transcriptional phenotype of myogenic homeostasis.
These effects were reflected in skeletal muscle of
patients with HFpEF. We established that skeletal
muscle homeostasis could be rescued by acute dietary
CR, which increased myonuclear accretion in line
with myofiber growth. Furthermore, we highlighted
that upstream limitations in muscle blood flow and
capillarity are unlikely to impair overload-induced
myofiber growth in HFpEF, although a role for mito-
chondrial dysfunction cannot be excluded. We also
confirmed that treating HFpEF with pharmacological
drugs to increase cardiac function did not rescue the
skeletal muscle pathology.

HFpEF is associated with a multiple skeletal mus-
cle abnormalities, including loss of muscle mass and
strength, which are closely related to poor quality of
life.3,7 One common approach is to use cardiac-
targeted pharmacological therapeutics to increase
cardiac function, with the expectation this will
improve skeletal muscle perfusion and, subse-
quently, skeletal muscle pathology in heart failure.
However consistent with past evidence,62,63 our
findings suggest that cardiocentric medications have
limited impact on skeletal muscle remodeling in
HFpEF. These data are consistent with the majority of
trials using pharmacological treatments in patients
with HFpEF, which have shown neutral effects in
terms of quality of life and clinical outcomes,2

excluding recent breakthrough using SGLT2 in-
hibitors.64 Together, this indicates that medications
typically used to improve cardiac function and clin-
ical outcomes in patients with HFpEF do not treat the
skeletal muscle pathology. As such, identifying
alternative nonpharmacological therapies for HFpEF
skeletal muscle pathology remains an urgent priority.

One of the few effective treatments for HFpEF is
exercise training, which improves physical function
and quality of life.19 In addition, a landmark clinical
trial showed that 20 weeks of CR in obese patients
with HFpEF improved cardiac function, exercise ca-
pacity, glucose metabolism, and body mass, and
subsequently, increased quality of life.5 Importantly,
the application of CR in combination with exercise
training showed additive benefits in these patients,
including on skeletal muscle function.5,20 This guided
us to explore whether CR alongside mechanical
overload (ie, as a resistance exercise intervention)
could stimulate therapeutic improvements in muscle
mass and function. Low muscle mass is determined
by the balance between myofiber anabolic and
catabolic signaling.52 In studies on rats and humans
with HFpEF, a general trend for increased catabolic
signaling via ubiquitin proteasome-dependent activ-
ity has been reported.14,15,18 To date, however, the
regulation of myofiber growth in HFpEF and associ-
ated anabolic signaling remained poorly defined.
Strikingly, we identified that load-induced myofiber
growth was severely attenuated in HFpEF compared
with healthy control subjects. However, acute CR
restored myofiber growth in HFpEF following me-
chanical loading. Myofiber growth is regulated via
elevated protein synthesis and/or addition of new
myonuclei via MuSCs.13 Evidence regarding skeletal
muscle anabolic signaling/protein synthesis in HFpEF
is absent, although in heart failure with reduced
ejection fraction, some, but limited, data indicate
protein synthesis is lower.65 Our findings do not
support a role for impaired protein synthesis as a
mechanism for decreased load-induced myofiber
growth in HFpEF. This is in contrast to studies in
aging and other conditions, which demonstrated
that myofiber growth during mechanical load is
reduced and limited by protein synthesis in an
mTORC1-dependent manner,66,67 yet overcome by
lifelong CR.48

Overload-induced myofiber growth can also be
limited by myonuclear accretion.68 The addition of
new myonuclei is governed by MuSCs, which reside
in the basal membrane and are required to activate,
proliferate, differentiate, and fuse into the myofiber
in order to aid effective growth (with a proportion
also returning to quiescence to maintain the MuSC
pool).57 Evidence strongly supports that MuSC-
dependent myonuclei accretion, including effective
fusion via myomaker, is required for myofiber growth
during increased physical loads.40,58,59 Our finding
that CR increased myonuclear accretion along with
myofiber growth supports a novel concept that MuSC-
dependent myonuclear accretion is an important
mechanism regulating skeletal muscle hypertrophy in
HFpEF. Based on past evidence in other conditions,23

the mechanism(s) limiting myonuclear accretion and
how this is overcome following acute CR in HFpEF is
likely explained by changes in the MuSC environ-
ment, potentially due to deficits in cell cycle
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regulation (eg, via perturbing quiescence/activa-
tion)60 and/or myogenic progression/fusion (via
MyoD, myomaker).58 This would align with past
studies in aging showing MuSC dysfunction, senes-
cence, and impaired cell cycle regulation are linked to
sarcopenia,69 whereas use of CR can reverse these
effects.23 MuSC function in HFpEF remains unknown,
although a recent study in patients following aerobic
exercise training showed relatively minor changes.70

This supports our hypothesis that patients with
HFpEF have impaired MuSC homeostasis, which de-
creases skeletal muscle remodeling in response to
adequate cues. Our findings of dysregulated basal
myogenic expression in both HFpEF patients and rats
further supports this hypothesis. Future studies are
warranted to expand our knowledge of the role of
MuSCs and their influence on the skeletal muscle
pathology in HFpEF.

Effective myofiber growth also requires the inte-
gration of important upstream mechanisms, which
include normal vascular and mitochondrial function.
These mechanisms are impaired in both patients and
animal models of HFpEF,8,10,11,33 but their role in
myofiber growth remained unexplored. Low muscle
perfusion in HFpEF could blunt overload-induced
protein accretion by limiting delivery of critical nu-
trients and oxygen (ie, amino acids/insulin13) or by
activating AMPK due to low energetic state to limit
Akt-mTORC1 signaling.53 Alternatively, impaired
angiogenesis impacts myonuclear accretion to blunt
myofiber growth during overload.41 However, our
data show that both muscle blood flow and capillarity
are well preserved in HFpEF after mechanical over-
load, ruling out a role for vascular dysfunction. By
contrast, we found low myofiber growth in HFpEF
was associated with reduced mitochondrial function.
Mitochondrial dysfunction is linked not only to
decreased protein synthesis,45 but also to perturbed
MuSC homeostasis.69 Interestingly, CR can reverse
mitochondrial dysfunction in aging MuSC to rejuve-
nate myofiber growth in sarcopenia and post injury.23

Together, our data suggest that impaired muscle
overload-induced hypertrophy in HFpEF may be
linked to mitochondrial, but not vascular
dysfunction.

The discovery that myofiber growth is low during
mechanical loading in HFpEF, but can be increased by
acute dietary CR, could have important clinical im-
plications. Exercise training forms a central tenant of
cardiac rehabilitation and is a key form of secondary
prevention in patients with HFpEF.71 Although it re-
mains unclear whether myofiber growth in patients
with HFpEF is blunted following sustained strength
training, recent evidence indicates a low response
in skeletal muscle remodeling following endurance
training alone.70 Our findings suggest merging pe-
riods of acute CR with targeted strength training
may optimize beneficial muscle adaptions, thus
promoting faster and greater gains in functional
performance and potential clinical outcomes.
Beyond muscle mass, our data indicate CR could
benefit intrinsic muscle function and muscle oxygen
supply that may enhance exercise capacity and
quality of life in patients.5 Overall, this indicates
that cardiac rehabilitation could optimize benefits to
skeletal muscle in patients with HFpEF that incor-
porate acute CR periods. This combination offers a
novel and viable nonpharmacological treatment
strategy to alleviate the skeletal muscle pathology,
which is highly relevant given that many pharma-
cological approaches to treat HFpEF have been
ineffective.2

STUDY LIMITATIONS. The findings must be inter-
preted with caution, given many experiments were
performed in an animal model of HFpEF and not
directly in humans. For example, it should be noted
that fiber types are not identical between rats and
humans, meaning there are potential limitations
when comparing species.72 However, our observa-
tions in human tissue aligned with our experimental
animal data. Moreover, the ZSF1 obese rat model
represents a well-established experimental model of
HFpEF that closely reflects the patient pheno-
type.16,18,24-30 The present study included mostly fe-
male patients, and therefore, our findings may not
fully translate to males with HFpEF, although current
evidence indicates no apparent sex-specific skeletal
muscle differences.10,73 It should be appreciated that
our findings in patients came from a leg muscle
(vastus lateralis) that may not translate to other
muscles in the body. However, because muscle al-
terations in heart failure patients from the lower limb
have been closely correlated to changes in the upper
limb,74 it is likely our findings are important for other
muscle groups. Further research will be required to
confirm this suggestion. An inherent limitation for
interpreting bulk skeletal muscle analysis is that fi-
ber-type–specific changes cannot be discerned, which
may have masked myofiber-specific changes in mo-
lecular signaling being detected.75 We also assessed a
single time point after mechanical overload, there-
fore, further complexity in protein synthesis and/or
myonuclear accretion may be present over a temporal
range. However, we did assess the acute response
immediately following muscle contraction and found
no evidence to contradict our conclusions.

This study focused on the acute effects of CR. A
limitation of this study was that cardiac function was



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Key

symptoms in HFpEF such as exercise intolerance

cannot be solely explained by cardiac dysfunction,

meaning other treatment targets should be consid-

ered. HFpEF is known to induce a skeletal muscle

pathology, which is closely linked to worse symptoms.

What mechanisms cause and how to treat skeletal

muscle pathology in HFpEF remain poorly known. This

paper comprehensively addresses what mechanisms

are involved in the skeletal muscle pathology in

HFpEF and highlights therapeutic targets and relevant

treatments in the form of nonpharmacological ap-

proaches related to exercise and diet that could be

important for optimizing future treatment in the

clinic.

TRANSLATIONAL OUTLOOK: We have identified

potential novel mechanisms and treatments of skel-

etal muscle pathology in HFpEF using animal models,

and show data these are conserved in patients. Given

clinical evidence indicates that caloric restriction

alone reduces symptoms in patients with HFpEF,

tailored combination therapy that optimizes both ex-

ercise regimes and pharmacological treatments war-

rant further exploration as this will likely provide the

greatest benefits to quality of life.
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not directly assessed after caloric restriction,
although we did measure structural changes via his-
tology. Given past studies in heart failure have
documented caloric restriction increases cardiac
function,5,76,77 and our current study confirmed
beneficial effects on cardiac remodeling, together this
indicates both function and structure were probably
improved after caloric restriction in HFpEF. Our ex-
periments were performed in male rats, and we
cannot exclude sexual dimorphism in the effects of
CR on the muscle phenotype in HFpEF. Moreover, the
long-term effects of CR in HFpEF remain uncertain.
Some heart failure patients are susceptible to sarco-
penia and frailty,12 whereas obese patients in general
show better survival than normal or underweight
patients,78 meaning the clinical effects of CR on
muscle loss must be carefully considered.5,20 We also
acknowledge that to fully support clinical translation,
a randomized exercise trial is required where patients
with HFpEF and healthy control subjects perform
strength training, and myonuclear accretion and
myofiber growth are assessed, however, this was
beyond the scope of the current study.

CONCLUSIONS

This study has identified a novel mechanism to
explain the skeletal muscle pathology in HFpEF and
revealed an effective treatment centered on non-
pharmacological approaches of combined diet and
strength exercise.
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