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Abstract

Sarcopenia is an age-related disease characterized by a reduction in
muscle mass, strength, and function and, therefore, a deterioration in
skeletal muscle health and frailty. Although the cause of sarcopenia is still
unknown and, thus, there is no treatment, increasing evidence suggests
that chronodisruption, particularly alterations in Bmall clock gene, can
lead to those deficits culminating in sarcopenia. To gain insight into the
cause and mechanism of sarcopenia and the protective effect of a
therapeutic intervention with exercise and/or melatonin, the gastrocne-
mius muscles of male and female skeletal muscle-specific and inducible
Bmall knockout mice (iMS-Bmall~’~) were examined by phenotypic tests
and light and electron microscopy. Our results revealed a disruption of the
normal activity/rest rhythm, a drop in skeletal muscle function and mass,

and increased frailty in male and female iMS-Bmall ™/~

animals compared
to controls. A reduction in muscle fiber size and increased collagenous
tissue were also detected, accompanied by reduced mitochondrial
oxidative capacity and a compensatory shift towards a more oxidative
fiber type. Electron microscopy further supports mitochondrial impair-
ment in mutant mice. Melatonin and exercise ameliorated the damage
caused by loss of Bmall in mutant mice, except for mitochondrial damage,
which was worsened by the latter. Thus, iMS-Bmall™~ mice let us to
identify Bmall deficiency as the responsible for the appearance of
sarcopenia in the gastrocnemius muscle. Moreover, the results support
the exercise and melatonin as therapeutic tools to counteract sarcopenia,
by a mechanism that does not require the presence of Bmall.
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1 | INTRODUCTION

Sarcopenia is an age-related disease characterized by the
loss of muscle mass, strength, and function that leads to
functional failure, frailty, worse quality of life, and
mortality." Although the mechanisms of sarcopenia are
not fully defined, evidence exist of a correlation between
biological clock disruption and aging,” which may
underlie muscle atrophy, inflammaging, oxidative stress,
and mitochondrial impairment, processes related to
sarcopenia.’ Clock genes and proteins are also expressed
in the skeletal muscle,* where BMALI, a clock protein
that connects the clock with the immune system,
participates in muscle regulation and repair, and
improves the mitochondrial function in the cell.>>°® In
turn, Bmall deletion produces a reduction in muscle
strength and oxidative capacity, alters bone and cartilage
development, enhances collagen deposition, and deterio-
rates myofiber formation in mice.”'® Because Bmall
decreased with age,® chronodisruption in the peripheral
muscle clock may be linked to sarcopenia.

There is no current treatment for sarcopenia, being
exercise and increased protein intake are the main ways
to delay the onset of the disease.'’ Melatonin, N-acetyl-
5-methoxytryptamin (aMT), a pineal hormone,? is also
produced in extrapineal tissues including the skeletal
muscle.'”> Besides the chronobiotic functions of
melatonin, which depend on its pineal production,
melatonin has also important antioxidative and anti-
inflammatory properties, while boosts mitochondrial
ATP formation.'* '® These beneficial effects of melato-
nin have been proved in multiple experimental

conditions including acute and chronic inflammation,
aging, and sarcopenia.”'*'’"' We showed normal
aging morphological and functional features of sarco-
penia in the gastrocnemius muscle (GM) of mice at 12
and 24 months old.?® Here, melatonin treatment totally
reversed the sarcopenic changes."®

We then hypothesized that age-related loss of Bmall
in skeletal muscle may trigger changes that ultimately
lead to sarcopenia. We also hypothesized that exercise
together with melatonin may counteract sarcopenia.
Besides incessant research on Bmall in aging-related
diseases,?! Bmall mutation was not included in a recent
review on genetic models of sarcopenia.22 Thus, we
considered it worthwhile to study a skeletal muscle-
specific and inducible Bmall knockout murine model
(iMS-Bmall™"), to assess phenotypic, structural, and
molecular changes in the GM of these mice after deleting
Bmall, and to analyze the benefit that a therapeutic
intervention with exercise and/or melatonin may have
on this muscle.

2 | MATERIALS AND METHODS

2.1 | Generation of the inducible
skeletal muscle-specific Bmall knockout
mouse model

Inducible skeletal muscle-specific Bmall knockout mice
(iMS-Bmall™") were generated as described in Hodge
et al.>* Mice Cre LoxP recombination was activated with
tamoxifen. Controls were treated with vehicle (Figure 1).

WEEKS OF AGE

TAMOXIFEN or VEHICLE
5 days (2 mg/day) —i.p.

12 13 14

ANALYSIS

Circadian rhythm assessment of locomotor activity

15 DD 16 DD 17

TREATMENTS
No intervention
Exercise (E) — 5 days/week/30 min/day
Melatonin (aMT) — 10 mg/kg/day

ANALYSIS
Physical activity, light and electron
microscopy, and fiber type profile studies

EXPERIMENTAL GROUPS (male and female mice)
(@) iIMS-Bmal 1floxfox treated with vehicle (control)

(c) IMS-Bmal1treated with exercise (TMX + E)
(d) iMS-Bmal1+ treated with melatonin (TMX + aMT)

(b) iIMS-Bmal 1fiox/flox treated with tamoxifen (TMX) to generate iMS-Bmal1+ (conditional Bmal1 knockout)

)
(e) iMS-Bmal1+ treated with exercise plus melatonin (TMX + E + aMT)

FIGURE 1 Study design summary: experimental groups and treatments. Treatments with tamoxifen or vehicle (green) were done
during Week 12 of age. Treatments with exercise and/or melatonin (red) were followed for 2 weeks (Weeks 13 and 14). Analysis of the
circadian rhythm of locomotor activity (blue) was started at Week 14 of age in LD conditions (12-h light/12-h dark cycle), and then mice
were changed to DD conditions (24 h total darkness) during two additional weeks (Weeks 15 and 16). Physical activity, light and electron
microscopy, and fiber type profile analysis (blue) were performed during Week 15.
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Recombination specificity was confirmed by PCR and
western blot>® (Supporting Information: Figures S1
and S2). Details are available in Supporting Information.

Procedures were conducted in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals, the European Convention for the
Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (CETS #123), and the
Spanish law for animal experimentation (R.D. 53/2013).
The protocol was approved by the Andalusian's Ethical
Committee (#29/05/2020/069).

2.2 | Treatments

Animals were separated by sex and divided into the
following five groups (n = 36 animals per group [18 males
and 18 females]; Figure 1): (a) iMS-Bmal % treated
with vehicle (control), (b) iMS-Bmal/1°% treated with
tamoxifen (TMX) to generate iMS-Bmall ~/~ (conditional
Bmall knockout), (c) iMS-Bmall™" treated with exercise
(TMX + E), (d) iMS-Bmall™~ treated with melatonin
(TMX + aMT), and (e) iMS-Bmall™~ treated with
exercise plus melatonin (TMX + E + aMT).

Exercise consisted of 2 weeks on a horizontal
treadmill (5 days/week, 30 min/day, up to a speed of
30cm/s) plus 2 days of recovery required for reducing
animal stress, according to previous reports,** starting at
12 weeks of age.

Melatonin was administered at a dose of 10 mg/kg/day
in the food pellets > for 2 weeks starting when the animals
reached 12 weeks, according to previous studies showing
the effectiveness of this dose in preventing age-dependent
sarcopenia.'®*®*’ Additional details are available in
supplementary information.

23 |
activity

Circadian rhythm of locomotor

A cohort of mice was used for the circadian behavioral
analysis, following a normalized Basic Protocol.”® Wheel-
running activity data from a total of 12 mice (6 males and
6 females) of each experimental group were collected and
analyzed using the ClockLab program (Actimetrics).
Details are available in Supporting Information.

2.4 | Physical activity assessment

The spontaneous locomotor activity of the experimental
animals was evaluated in an open-field test as previously
described.’ Endurance and fatigue were assessed by

using a treadmill test as previously described.'® Details
are available in Supporting Information.

2.5 | Frailty index calculation

A frailty index (FI) that correlates with the human index
has been proposed and validated in animals including
mice and primates.”® Accordingly, and using the clinical
criteria for humans, we calculated the FI from the data of
zoometric and muscular physical activity analysis as
previously described.'” Details are available in Support-
ing Information.

2.6 | Tissue preparation

After phenotyping studies, animals were weighted,
anesthetized by intraperitoneal injection of equithe-
sin (1 mL/kg), and killed to obtain the GM for
histological and transmission electron microscopy
(TEM) studies.?® Details are available in Supporting
Information.

2.7 | Skeletal muscle histology and
histochemistry

Frozen muscle sections were stained with hematoxylin
and eosin (H&E) stain for general histological examina-
tion, Van Gieson (VG) stain for differentiation of
connective tissue and muscle fibers, and succinate
dehydrogenase (SDH) stain for detection of mitochon-
drial oxidative capacity of muscle fibers. Details are
available in Supporting Information.

2.8 | Immunofluorescence for fiber type
identification

Cryosections of GM were stained with monoclonal
antibodies specific for the different myosin heavy chain
(MyHC) isoforms, following the protocol described in
Dyar et al®® Details are available in Supporting
Information.

2.9 | TEM analysis

Samples were processed according to the previously
described protocol’® and examined by a Carl Zeiss Libra
120 Plus (EELS) transmission electron microscope.
Details are available in Supporting Information.
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2.10 | Statistical analysis

Data are expressed as mean + SEM of n =6 animals of
each sex per group (for circadian rhythm assessment of
locomotor activity), n = 12 animals of each sex per group
(for muscular physical activity and FI assessment), and
n=4 animals of each sex per group (for image
examination). All statistical analyses were carried out
using GraphPad Prism 8 software (GraphPad Software).
Two-way and three-way analysis of variance (ANOVA)
were used for statistical comparisons and significance
was taken as p <.05.

3 | RESULTS

3.1 | Lack of Bmall in skeletal muscle
induces a phase advance in the running
activity of mice, with exercise and mainly
melatonin preventing the loss of rhythm

During the day (08:00 to 20:00 h), the activity of male and
female mice was unmodified by TMX or interventions
with exercise and/or melatonin. A significant reduction
in the activity, however, occurred during the night (20:00
to 08:00h) in both sexes of TMX mice, which was
counteracted with melatonin but not with exercise
(Figure 2A). Actograms (Figure 2C), activity profiles
(Figure 2D), and periods (Figure 2F) in LD conditions
were quite similar in male and female TMX mice
compared to controls, with no influence of treatments.
Female mice had higher activity than males at night in
the control group (Figure 2A). These changes could also
be perceived in actograms (Figure 2C) and activity
profiles (Figure 2D). Circadian period in LD conditions
showed no variability between sexes, and it was not
dependent on an interaction between time of day, sex, or
treatment after three-way ANOVA analysis (Figure 2F).

Subsequently, mice were placed in DD conditions for
14 days to define circadian locomotor measurements in
free-running conditions. The behavior of mice was like
that in the LD studies. Here, the lack of Bmall did not
alter the activity of both male and female animals in the
subjective day (08:00 to 20:00h), but it significantly
declined their activity in the subjective night (20:00 to
08:00 h), compared to controls. Exercise and/or melato-
nin also unaffected the locomotor activity during the
subjective day but, in a similar way to LD studies,
melatonin tended to counteract the loss of activity in
TMX mice at night (Figure 2B). Actograms of male and
female TMX animals in DD conditions exhibited an
earlier and more pronounced advance in the onset of
activity (phase advance) compared with controls,

especially in females. Melatonin, but not exercise, fully
restored the normal activity/rest rhythm in both sexes
(Figure 2C,E). These variations in the circadian activity
rhythms were confirmed by changes in the circadian
period in DD conditions, which was significantly shorter
in female TMX mice compared to controls. Exercise and/
or melatonin increased the free-running period in males
and mainly in females (Figure 2F). Again, female mice
presented higher locomotor activity than males at
subjective night and, in the subjective day, only signifi-
cant in the TMX + E + aMT group (Figure 2B,C,E).
Circadian period in DD conditions showed no significant
differences between sexes, and again it was not depen-
dent on an interaction between time of day, sex, or
treatment after three-way ANOVA analysis (Figure 2F;
see Supporting Information: Table S2).

3.2 | Lack of Bmall in skeletal muscle
prompts a decay in mice's physical activity
that correlates with a drop in the FI,
which is normalized with melatonin and
exercise treatments

Male and female TMX mice showed a significant
decrease in the total distance and mean speed, and a
significant increase in the resting time compared to their
corresponding controls in the open field test. Exercise
and/or melatonin restored total distance, mean speed,
and resting time changes caused by the skeletal muscle-
specific loss of Bmall in both sexes, whereas the
combination of both treatments showed greater recovery.
There was a tendency to increase the total distance and
mean speed and diminish the resting time in female
animals compared to males, being significant in the TMX
group (Figure 3A). Typically acquired maps of locomotor
activity are enclosed (Figure 3B). In the treadmill test,
male, and to a lesser extent female TMX animals traveled
a shorter distance and resisted the exhaustion for a
shorter time than controls. No significant effect of
exercise was noted in the activity of male and female
mice. However, these changes were reversed in males
and females of the TMX + aMT and TMX + E + aMT
groups, suggesting a main effect of melatonin. No
significant difference in activity was found between sexes
(Figure 3C).

Figure 3E and Supporting Information: Table S1
show the FI calculated from the physical activity and
zoometric data (Figure 3D) for each experimental group.
The loss of Bmall in skeletal muscle enhanced the FI,
and interventions with exercise and melatonin separately
normalized FI recovering the physical impairment of
male and female TMX mice. Exercise plus melatonin
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FIGURE 3 Changes in physical activity, zoometric parameters, and frailty index (FI) with the loss of Bmall in the GM, and the
protective effect of exercise and/or melatonin treatments. (A) Analysis of the video tracking open field test in control, TMX, TMX + E,
TMX + aMT, and TMX + E + aMT male and female mice. (B) Images of the locomotor activity acquired by SMART video tracking system.
(C) Treadmill analysis of the same groups of animals. (D) Analysis of body weight, GM weight, and ratio of the GM weight to the body
weight in control, TMX, TMX + E, TMX + aMT, and TMX + E + aMT male and female mice. (E) FI was calculated for each experimental
group compared with their corresponding male and female control groups (used as the reference values). Positive values indicate worse FIs,
while negative values indicate an improvement in the frailty condition. Data are expressed as means + SEM (n = 24 animals/group [12 males
and 12 females]). *p < .05, **p < .01, ***p < .001 versus control; *p < .05, **p < .01, ***p < .001 versus TMX: *p < .05, **p < .01, ***p < .001
versus TMX + E + aMT; “p < .05, “*p < .01, “**p < .001 versus males.

FIGURE 2 Variations in the circadian rhythm of locomotor activity with the lack of Bmall in GM, and the chronobiotic effect of
exercise and/or melatonin treatments. (A) Analysis of light/dark activity in LD conditions and (B) subjective light/dark activity in DD
conditions in control, TMX, TMX + E, TMX + aMT, and TMX + E + aMT male and female mice (and both together) maintained in running
wheel cages. (C) Representative actograms of the same groups of animals were first entrained in LD conditions for 7 days and then kept in
constant darkness (DD) for 14 days in running wheel cages. Gray zones represent darkness. (D) Locomotor activity profiles for control,
TMX, TMX + E, TMX + aMT, and TMX + E + aMT male and female mice (and also both together) were maintained in LD and (E) DD
conditions in running wheel cages. (F) Analysis of the circadian period in the same groups of animals in LD and DD conditions. Data are
expressed as means + SEM (n = 12 animals/group [6 males and 6 females]). *p < .05, **p < .01, ***p < .001 versus control; *p < .05, *p < .01,
## < 0.001 versus TMX; 3p < .05, 3%p <.01 vs. TMX + E + aMT; “p < .05 versus males.
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treatment further reduced the frailty status of male and
female TMX animals, although synergistic effect was
detected only in females. There were no differences in FI
between sexes (see Supporting Information: Table S2).

3.3 | Lack of Bmall in skeletal muscle
induces a reduction in SDH activity and
changes in fiber types of the GM, which
were normalized after melatonin and
exercise

We examined SDH activity and fiber type composition in
the deep and superficial regions of GM, because of the
presence of two distinct areas with different mitochon-
drial oxidative capacities in the latter.*’ The absence of
Bmall significantly reduced SDH activity in the deep
region of GM in males and females compared to controls,
without changes in the superficial GM. Melatonin
administration further boosted SDH activity in deep
and superficial GM in both sexes. Exercise improved the
mitochondrial oxidative capacity in deep and superficial
GM areas of males, but not females (Figure 4A,B).

The fiber type profile of male and female TMX mice
was comparable to controls, with the deep GM predomi-
nantly composed of type 2A and 2B fibers, few type 1 and
2X fibers, and the superficial GM composed almost
entirely of type 2B fibers. Quantitative analysis revealed,
however, a significant increase in type 2A fibers and a
reduction of type 2B fibers in the deep GM area of TMX
males, with no changes in females. Interventions with
exercise and/or melatonin restored the normal percent-
age of type 2A and 2B fibers in the deep GM area of
males. In other cases, treatments did not modify the fiber
type profile (Figure 4C,D). As shown in Figure 4D,
quantitative analysis disclosed small variations in muscle
fiber composition between sexes in some experimental
groups (see Supporting Information: Table S2).

3.4 | Lack of Bmall in skeletal muscle
reveals histological and morphometrical
changes in GM that are counteracted by
melatonin and exercise

GM of male and female control mice showed a normal
structure of the muscle. Skeletal muscle fibers of both
male and female animals lacking Bmall in skeletal
muscle revealed some changes including atrophy of the
muscle fibers, and a significant increase in collagen
content. Muscles, however, were correctly arranged and
nuclei were peripherally located. Interventions with
exercise and/or melatonin had a protective effect on

the muscle fibers of male and female TMX mice. Both
therapies preserved the normal architecture of the fibers,
restoring the normal size of the fibers and reducing, in
part, the accumulation of collagenous tissue. No varia-
tion was found in the structure of the muscle fibers
between sexes. Analysis of collagen content revealed no
changes between sexes, except in the TMX + aMT group,
which presented a higher collagen accumulation in
female animals (Figure 5A,C,D).

Morphometrically, the loss of Bmall in skeletal
muscle induced a significant decrease in the individual
muscle fiber CSA, perimeter, and Feret's diameter in
male TMX mice and a slight reduction of these
parameters in TMX females, compared to their corre-
sponding controls. An increase in the number of muscle
fibers was, however, observed in both male and female
TMX animals compared with controls. Exercise and/or
melatonin enhanced muscle fiber CSA, perimeter, and
Feret's diameter in male and female mice, and declined
the number of fibers in male muscles, with no significant
effect on fibers number in females. Female mice
presented higher number of muscle fibers than males.
Individual muscle fiber CSA, perimeter, and Feret's
diameter were similar in both sexes, only with a
significant reduction in the CSA and perimeter with
the combined treatment of exercise and melatonin in
females relative to males (Figure 5B) (see Supporting
Information: Table S2).

3.5 | Lack of Bmall in skeletal muscle
provokes ultrastructural alterations in the
intermyofibrillar mitochondria of the GM,
which were reversed with melatonin
treatment, but not with exercise

TEM of the gastrocnemius myofibrils (Figure 6A) and
intermyofibrillar mitochondria (IFM, Figure 7A) in male
and female control mice revealed the normal ultrastruc-
tural skeletal muscle architecture. Lacking Bmall how-
ever, induced disorganization of the sarcoplasmic reticu-
lum (red asterisks) and destruction of the IFM cristae
(black asterisks), where some IFM exhibited various-
sized vacuoles (red arrows). Exercise therapy had few
impacts on preserving myofibrils orientation, IFM
damage, and sarcoplasmic reticulum disorganization.
However, these alterations have been interestingly
avoided with melatonin administration.
Morphometrically, male mice reported nonsignificant
changes in the sarcomere length among the experimental
groups. However, TMX female mice treated with exercise
increased the sarcomere length. Lack of Bmall was
associated with a significant decrease in the A-band

85UBD1 7 SUOWWOD BARR1D 3|edl|dde au3 Aq pauRA0B 88 S3OILe YO ‘88N JO S9N 404 Akeuq1 T 8UIUO A1V UO (SUOIPUOO-PUR-SLLLBHWID" A3 | IM" ARR.q)1)BU1|UO//'SARL) SUORIPUOD PUe SWS 1 8U3 39S *[£202/0T/0T] U0 ARiqiaulluo A8 |IM eperlo 8 pepseAIUN Aq ZT62T [dI/TTTT 0T/I0p/L0d A8 |mARIq1jeulUO//SdNY Woly papeojumod ‘0 X6.0009T



FERNANDEZ-MARTINEZ Er AL.

sounal of Pineal Research

206 | \WiLEY

(A)

C

Deep GM Superficial GM

Control

¥

= =
3 2
E £
3 H
- =2 >
3¢ £y S8
= = 9 =2
€ SiL O L
@ <= < Bl
3 3 Iz
7] o< o
2 a2 ZR
1] D 7]
= < 3
a £ Male Female =
§ =
- (D) Deep GM of males Superficial GM of males
[i]
o 150
H
L 5
© »n “ 14 ® 100 a
s g 2
E &= &=
g X 50
Qo o [
D B
3
o
T T T f
Type1 Type2A Type 2B Type 2X Type1 Type 2A Type 2B Type 2X
(C) Deep GM of females Superficial GM of females
150
K]
%)
5 4 ® 100 ok
g 2 2
o @ = =
g X R 50
Q
] T T T S
a Type1 Type 2A Type 2B Type 2X Type 1 Type 2A Type 2B Type 2X
3 mm Control mm TMX+E B TMX +E +aMT
&
o £ m TMX m TMX +aMT
g 7]
[
'S
Q
3
3
o

1/slow - 2A - 2B - 2X

FIGURE 4 Changes in mitochondrial oxidative capacity and fiber type profile with the lack of Bmall in deep and superficial GM, and
the protective effect of exercise and/or melatonin treatments. (A) Light microscopy images of transverse sections of the deep and superficial
GM of the control, TMX, TMX + E, TMX + aMT, and TMX + E + aMT male and female mice, stained with succinate dehydrogenase (SDH)
stain. A stronger blue color indicates greater SDH activity. Scale bar is 200 um. (B) Quantitative analysis of SDH activity in deep and
superficial GM of the same groups of animals. (C) Images of immunofluorescence of transverse sections of the deep and superficial GM of
the control, TMX, TMX + E, TMX + aMT, and TMX + E + aMT male and female mice, stained with anti-myosin antibodies specific for type
1/slow (blue), type 2A (green) and type 2B (red) myosin heavy chains. Type 2X fibers are unstained and appear black. Scale bar is 200 um.
(D) Quantification of the relative proportion of the different fiber types in deep and superficial GM of the same groups of animals. Data
obtained in quantitative analysis are expressed as means + SEM (n = 8 animals/group [4 males and 4 females]). *p < .05, **p < .01,

#*¥1) < 001 versus control; *p < .05, #*p < .01, **p < .001 versus TMX; **p < .01, %%p < .001 versus TMX + E + aMT; ¥p < .01,

&&&y <001 versus males.

Interestingly, the lack of Bmall induced a significant
increase in the CSA of IFM in both sexes, and this
increase was reduced by melatonin and exercise thera-
pies. Furthermore, TMX caused a significant reduction in
the IFM number, and this reduction was reversed in
males and females with aMT intervention but not with
exercise. The loss of Bmall induced a significant increase

length in male animals. Both exercise and/or melatonin
therapies showed no effect on groups. I-band length
demonstrated nonsignificant changes among male
groups. However, in females, the only significant
increase was found in the TMX animals treated with
melatonin. Length of H-zone length was significantly
increased in the TMX male animals, and this increase

was significantly resorted by interventions with aMT,
and with exercise plus melatonin (Figure 6B).

in the percentage of mitochondrial damage. Intervention
with exercise maintained and even increased damage in
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transverse sections of the GM of the control, TMX, TMX + E, TMX + aMT, and TMX + E 4+ aMT male and female mice, stained with Van
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content in GM of the same groups of animals. Data obtained in morphometrical and quantitative analysis are expressed as means + SEM
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$$p <.01 versus TMX + E + aMT; *p < .05, #*%p < .001 versus males.

males but reduced it in females. Melatonin therapy
revealed a significant decrease in mitochondrial damage
in both sexes. Exercise and aMT therapy together
significantly reduced the TMX-induced IFM damage in
both sexes (Figure 7B; see Supporting Information:
Table S2).

4 | DISCUSSION

The results here provide the first evidence demonstrating
the need for the intrinsic muscle Bmall clock gene in the
maintenance of skeletal muscle structure and function
and in preventing frailty. Moreover, our findings in mice
deficient in skeletal muscle Bmall share many
similarities with other data obtained in the chronic,

age-dependent mouse model of sarcopenia,'®*° proving
the former to be a useful tool for these studies.

Increasing evidence supports the relationship
between chronodisruption and disease.*” Clock genes
control most cycling functions including clock-controlled
genes, and Bmall gene is of special relevance because its
presence in the skeletal muscle is essential for the
maintenance of skeletal muscle health.”” In view of
these observations, a causal relationship between
reduced Bmall expression in aged skeletal muscle and
sarcopenia should be considered.

The association between functional decline and low
muscle mass underlies muscle weakness, which is
important in estimating mortality risk.”> In this work,
we show that tamoxifen-induced Bmall knockout results
in an increase in the FI, a relevant clinical sign of the
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frailty condition of mice.”® Similarly, in normal-aged
mice, which also show a drop in Bmall expression,6 we
identified the early onset of sarcopenia and the increase
in the F1."?° These data suggest that Bmall deficiency in
skeletal muscle compromises its physical condition and

(A) Males Females

TMX + aMT TMX + E TMX

TMX + E + aMT

FIGURE 6 (See caption on next page).

agree with previous reports showing that inactivation of
Bmall in skeletal muscle impairs gait, mobility, and
muscle strength.”?*> Other authors using a whole body
Bmall knockout found a more dramatic phenotype, with
reduced locomotor activity, body and muscle weight,
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muscle force, and short life spam. The global inactivation
of Bmall also produced an immediate and complete loss
of circadian rhythmicity in constant darkness.****

Here, we analyzed whether the inactivation of Bmall
locally in the skeletal muscle may also affect locomotor
rhythm. Male and female iMS-Bmall™~ mice have
decreased activity in both light/dark and total darkness
conditions compared to controls. As expected, the
damage of the GM of Bmall-deficient mice reduced its
physical activity when it is higher, that is, at nighttime
and subjective night. The minimal activity of mice during
the daytime and the subjective day made it difficult to
detect an effect, if any, of Bmall absence. We also
observe that the loss of Bmall causes a phase advance in
constant darkness compared to controls, with a drop in
the endogenous period, affecting mainly females. Phase
advance is linked to disruption of the muscle clock and
disease,*® and, more specifically, the circadian rhythm of
Bmall is associated with the onset and offset control of
phases of activity.’” These sex differences had been also
reported in humans, having women an earlier sleep
phase and slightly shorter circadian periods than men of
the same age,*® and these findings could explain some
behavioral differences between sexes here found. In this
line, we also detect that female mice have higher activity
than males in all the experimental groups, including
controls, as has already been reported in the
literature.>* A recent study in ovariectomized females
and estrogen-supplemented males proved that estrogen,
increased nitric oxide synthase activity, a downstream
target of estrogen, and increased type 1 and decreased
type 2 fibers expression are important mechanisms
mediating the enhanced exercise performance in
females,” being a possible explanation for this.

The changes observed iMS-Bmall™~ mice extend to
muscle structure and composition. The absence of Bmall
in skeletal muscle correlates with a reduction in the
muscle fiber size and increased collagenous tissue,
indicating atrophy and fibrosis, respectively, two hall-
marks of saurcopenia,42 which we also reported in

24-month-old mice.'”?° Age-related muscle weakness
and wasting are associated with a fast-to-slow fiber type
shift** and, here, we show that the lack of Bmall in
skeletal muscle leads to an increase in type 2A fibers,
more oxidative, and a reduction in type 2B, more
glycolytic fibers in deep GM of males, without affecting
females, which agree with lactate reduction of GM in
24-month-old mice by in vivo spectroscopy, reflecting
anaerobic respiration reduction with age.'® Our data also
agree with other Bmall knockout models in soleus,
extensor digitorum longus, and tibialis anterior
muscles,”**?° and suggest a shift toward a more
oxidative fiber type with age. Despite the higher
percentage of oxidative fibers in iMS-Bmall™~ animals,
we detected a reduction in SDH activity in the deep, but
not in the superficial region of GM in males and females,
indicating a reduced mitochondrial oxidative capacity.
This suggests that the shift toward a more oxidative fiber
type could be a compensatory mechanism to counteract
the drop of normal mitochondrial function. Because
Bmall participates in mitochondrial muscle bio-
energetics and dynamics®** and mitochondrial bio-
energetics is impaired in skeletal muscle with age and
sarcopenia,*>*® mitochondrial damage may underlie the
development of sarcopenia associated with skeletal
muscle Bmall loss. This suggestion is supported by the
structure impairment here analyzed with an increase in
mitochondrial damage and the reduction in their
number, and fully supports the idea that intrinsic skeletal
muscle Bmall is necessary for musculoskeletal health.”
The changes in the GM structure and function, including
collagen deposits, are related to the absence of Bmall
that inactivates prolyl 4-hydroxylase subunit alpha 1
(P4ha1),’ and the impairment of mitochondrial function
which probably promotes an inflammatory phenotype
that affects its myogenic function.>”"® In fact, Bmall is
related to the control of NF-kB immune activity and
mitochondrial function and dynamics through the
activation of two NAD"-dependent sirtuins, SIRT1 and
SIRT3, respectively, and homeostatic processes.”*”** The

FIGURE 6 Ultrastructural alteration in the GM myofibrils with the lack of Bmall and the prophylactic effect of exercise and/or
melatonin treatments. (A) Transmission electron micrographs of the GM of the control, TMX, TMX + E, TMX + aMT, and TMX + E + aMT
male and female mice. Note the normal arrangement of control male and female myofibrils (Mf), which are composed of thin and thick

myofilaments. Thin actin myofilaments are attached to the Z-line (Z), and their other ends enter the A-band (A), where they end at the
H-zone (H). The myosin thick myofilaments extend throughout the A-band. Therefore, there is an I-band (I) on both sides of the Z-line. The
interval between two successive Z-lines is known as sarcomere (S). The intermyofibrillar spaces demonstrate normally oriented
sarcoplasmic reticulum (white arrows) and the compacted intermyofibrillar mitochondria (IFM, black arrows). Black asterisk, IFM with
destructed cristae; Red asterisk, Wide interstitial space with disrupted sarcoplasmic reticulum; Red arrow, mitochondrial vacuoles. Scale bar
is 1 um. (B) Morphometrical analysis of length of sarcomere, A-band, I-band, and H-zone. Data obtained in morphometrical and
quantitative analysis are expressed as means + SEM (n = 8 animals/group [4 males and 4 females]). *p <.05, **p < .01 versus control;

#p <.05, *p < .01 versus TMX; ¥p < .05, ¥¥p < .01 versus TMX + E + aMT; **p < .01 versus males.

858017 SUOWILLOD BATe81D 3|edlidde sy Ag peussnob ale sejoie VO ‘8sn Jo sejn. Joj Aiqi8UIIUQ /3|1 UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M Are1q 1 jpul|Uo//SdL) SUORIPUOD PUe SWLB | 84} 89S *[£20Z/0T/0T] Uo ARiqiauljuo /8|IM ‘epeuels 8 pepseAIUN Aq ZT62T [dI/TTTT 0T/I0p/wW00 A8 |im Areiqipul|uoy//sdny woly pepeojumod ‘0 ‘X6.0009T



12 of 16 WI LEY Joumal of Pineal Researchl FERNANDEZ-MARTINEZ Et AL.

lecular, Biological, Physiological and
Clinical Aspects of Melatonin

C

(A) Males Females

'
£
3
= 0.25
— m o -
<) =
h 'c o Kkk
= g 0.20 _
c £
o) 8 0.15- " i
o = ## HEHBHH
£ 0107 #H#
& 005
‘S 0.00-
< Male Female
»n
($)

TMX

Male Female

Number of IFM mitochondria
(in a constant area of 26.21 um?)

TMX + E

o
=3
1

$$$
#

ke

N
o
1

N
=
1

Male Female

Mitochondrial damage (%)

TMX + aMT

Il Control B TMX B TMX+E
Bl TMX+aMT B TMX +E +aMT

TMX + E + aMT
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TMX + aMT, and TMX + E + aMT male and female mice. Black arrow, intact IFM; White arrow, normally oriented sarcoplasmic reticulum;
Black asterisk, IFM with destructed cristae; Red asterisk, Wide interstitial space with disrupted sarcoplasmic reticulum; Red arrow,
mitochondrial vacuoles. Scale bar is 0.5 um. (B) Morphometrical analysis of IFM cross-sectional area (CSA), number, and percentage of
mitochondrial damage. Data obtained in morphometrical and quantitative analysis are expressed as means + SEM (n = 8 animals/group [4
males and 4 females]). *p < .05, **p < .01, ***p < .001 versus control: “p < .05, “p < .01, ***p < .001 versus TMX; 3**p < .001 versus TMX + E
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impairment of these physiological mechanisms by the
loss of Bmall may lead to the muscle phenotype
developed in our model. To date, however, there is not
enough molecular knowledge to explain all these
changes, and future studies are needed to clarify the
mechanism(s) through which loss of Bmall only in
muscle fibers contributes to its impairment. Overall, the
results above described depend on the lack of Bmall in
the GM because after tamoxifen administration Bmall
expression was blunted during the total duration of the
experiments.

There is increasing evidence in mice and humans that
physical exercise and melatonin have a protective role in
age-related sarcopenia,’**~>* including studies from our
laboratory.'®***” Exercise helps people with sarcopenia,
although it is not sufficient to prevent or reverse this
disease. Pineal melatonin, on the other hand, exerts
chronobiotic functions, but also significant antioxidant
and anti-inflammatory functions complemented with
mitochondrial improvements, depending on its extra-
pineal production that also occurs in the skeletal muscle
of mammals including humans.®'*'*>* Interventions
with exercise and/or melatonin conserve muscular mass
and physical activity altered in iMS-Bmall~~ male and
female animals, with some synergistic effects between
both. These treatments restored a normal FI, supporting
their benefit for preventing frailty. Furthermore, exercise,
but mainly melatonin, restores the normal activity/rest
rhythm in both sexes. This may be probably because, as
we show here, the lack of Bmall impairs mitochondria,
the organelle where melatonin is synthesized,’” reducing
its endogenous levels that are recovered after its
administration to these mice. Moreover, besides the
melatonin-clock genes connection,>®'* the indoleamine
is able to control directly the rhythm of mice even in the
absence of Bmall in the GM. The exercise, although it is
known that it controls some aging genes,’® has, however,
less chronobiotic strength than melatonin.”” Of note,
melatonin was not able to recover the total activity of
mice lacking Bmall, which may depend in part on the
melatonin, at much higher concentration than pineal
melatonin, that is, when administered exogenously, is
known to possess a time-dependent hypnotic effect
promoting sleepy state in mice.”®* Moreover, the
beneficial effects of melatonin together with exercise
extend to maintain the normal architecture of the GM,
increasing the fiber size and reducing the collagenous
tissue. Both treatments re-established the normal fiber
type profile and enhanced mitochondrial oxidative
capacity in GM mice, preventing the shift towards a
more oxidative fiber type caused by the loss of Bmall.
Although exercise is useful to modify mitochondrial
plasticity to adapt them to the metabolic requirements,*

we found here that exercise further increases mitochon-
drial damage in TMX mice. This is consistent with
findings showing that excessive exercise causes mito-
chondrial impairment in skeletal muscle.®®* This
paradoxical effect probably depends on the excess of
ROS produced by these damaged mitochondria. Melato-
nin, however, totally counteracted the damage to
mitochondria induced by tamoxifen and restored the
number and CSA of them, resembling the mitochondrial
biogenesis and antioxidative effects of the former.'**%*

From experimental studies,®>°® we suggested that the
human equivalent dose of melatonin is 50-500 mg/day.
Studies conducted in resistance-trained athletes showed
an alteration of their motor activity rhythm that was
restored after daily administration of 100 mg melatonin for
4 weeks.®” On the other hand, exercise is known to
improve sarcopenia in the older and it may prevent the
loss of skeletal muscle fibers.** ' So, a primary interven-
tion in humans could in exercise plus 50 mg melatonin in
a daily schedule, although it would be very interesting to
do a clinical trial to assess these approaches.

Our findings may be summarized in: (1) GM of iMS-
Bmall™~ mice displays significant behavioral, morpho-
logical, and functional changes that clarify the participa-
tion of the intrinsic muscle clock (Bmall) in the skeletal
muscle homeostasis; (2) because iMS-Bmall ™~ mouse is
prone to sarcopenia in the GM and shares many
similarities with other models of sarcopenia including
aged mice, it can be considered as an adequate acute
model for the study of the disease; (3) the results support
exercise and mainly melatonin as therapeutic tools to
counteract sarcopenia by a mechanism that does not
require the presence of Bmall in skeletal muscle, and (4)
clock genes constitute emerging targets against age-
related diseases.®®

AUTHOR CONTRIBUTIONS

Dario Acuna-Castroviejo took responsibility for the study
design; José Ferndndez-Martinez and Yolanda Ramirez-
Casas performed the experiments; Paula Aranda-
Martinez, Alba Lopez-Rodriguez, and Ramy KA Sayed
analyzed the data; Germaine Escames, José Fernandez-
Martinez, and Yolanda Ramirez-Casas prepared the
manuscript, and Dario Acufia-Castroviejo critically
revised the manuscript. All the authors participated in
drafting the manuscript and approved the final version
for publication.

ACKNOWLEDGMENTS

This study was partially supported by grants from the
Instituto de Salud Carlos III through the grants PI19-
01372 and CB/10/00238 (co-funded by European
Regional Development Fund/European Social Fund

85UBD1 7 SUOWWOD BARR1D 3|edl|dde au3 Aq pauRA0B 88 S3OILe YO ‘88N JO S9N 404 Akeuq1 T 8UIUO A1V UO (SUOIPUOO-PUR-SLLLBHWID" A3 | IM" ARR.q)1)BU1|UO//'SARL) SUORIPUOD PUe SWS 1 8U3 39S *[£202/0T/0T] U0 ARiqiaulluo A8 |IM eperlo 8 pepseAIUN Aq ZT62T [dI/TTTT 0T/I0p/L0d A8 |mARIq1jeulUO//SdNY Woly papeojumod ‘0 X6.0009T



FERNANDEZ-MARTINEZ Er AL.

Warts |\ oy PERET—

“Investing in your future”); the Consejeria de Economia,
Innovacién, Ciencia y Empleo, Junta de Andalucia (CTS-
101), Spain. José Fernandez-Martinez is supported by an
FPU fellowship from the Ministerio de Educacion, Spain;
Yolanda Ramirez-Casas has a PFIS fellowship from the
Instituto de Salud Carlos III; Paula Aranda-Martinez has
a fellowship from grant no. P18-RT-698, and Alba Lopez-
Rodriguez has a fellowship from grant no. P18-RT-3222,
from the Consejeria de Economia, Innovacién, Ciencia y
Empleo, Junta de Andalucia. Funding for open access
charge: Universidad de Granada/CBUA

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

ORCID

Germaine Escames
1256-7656

Dario Acuna-Castroviejo
9680-1560

http://orcid.org/0000-0003-

http://orcid.org/0000-0002-

REFERENCES
1. Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. 2019;
393(10191):2636-2646. doi:10.1016/s0140-6736(19)31138-9
2. Acuia-Castroviejo D, Rahim I, Acufia-Ferndndez C, et al.
Melatonin, clock genes and mitochondria in sepsis. Cell
Mol Life Sci. 2017;74(21):3965-3987. do0i:10.1007/s00018-
017-2610-1
3. Angulo J, El Assar M, Rodriguez-Mafias L. Frailty and
sarcopenia as the basis for the phenotypic manifestation of
chronic diseases in older adults. Mol Aspects Med. 2016;50:
1-32. d0i:10.1016/j.mam.2016.06.001
4. Schroder EA, Esser KA. Circadian rhythms, skeletal muscle
molecular clocks, and exercise. Exerc Spotr Sci Rev. 2013;41(4):
224-229. doi:10.1097/JES.0b013e3182a58a70
5. Peek CB, Affinati AH, Ramsey KM, et al. Circadian clock NAD
+ cycle drives mitochondrial oxidative metabolism in mice.
Science. 2013;342(6158):1243417. doi:10.1126/science.1243417
6. Volt H, Garcia JA, Doerrier C, et al. Same molecule but
different expression: aging and sepsis trigger NLRP3 inflam-
masome activation, a target of melatonin. J Pineal Res.
2016;60(2):193-205. doi:10.1111/jpi.12303
7. Schroder EA, Harfmann BD, Zhang X, et al. Intrinsic muscle
clock is necessary for musculoskeletal health. J Physiol.
2015;593(24):5387-5404. doi:10.1113/jp271436
8. Wada T, Ichihashi Y, Suzuki E, et al. Deletion of Bmall
prevents diet-induced ectopic fat accumulation by controlling
oxidative capacity in the skeletal muscle. Int J Mol Sci.
2018;19(9):2813. do0i:10.3390/ijms19092813
9. Zhu P, Hamlish NX, Thakkar AV, et al. BMAL1 drives muscle
repair through control of hypoxic NAD(+) regeneration in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

satellite cells. Genes Dev. 2022;36(3-4):149-166. doi:10.1101/
gad.349066.121

Chen G, Tang Q, Yu S, et al. Developmental growth plate
cartilage formation suppressed by artificial light at night via
inhibiting BMAL1-driven collagen hydroxylation. Cell Death
Differ. 2023;30(6):1503-1516. do0i:10.1038/s41418-023-
01152-x

Rogeri PS, Zanella R Jr, Martins GL, et al. Strategies to prevent
sarcopenia in the aging process: role of protein intake and
exercise. Nutrients. 2021;14(1):52. doi:10.3390/nu14010052
Reiter RJ. Melatonin: the chemical expression of darkness.
Mol Cell Endocrinol. 1991;79(1-3):C153-C158. doi:10.1016/
0303-7207(91)90087-9

Acufia-Castroviejo D, Escames G, Venegas C, et al. Extra-
pineal melatonin: sources, regulation, and potential functions.
Cell Mol Life Sci. 2014;71(16):2997-3025. d0i:10.1007/s00018-
014-1579-2

Garcia JA, Volt H, Venegas C, et al. Disruption of the NF-xB/
NLRP3 connection by melatonin requires retinoid-related
orphan receptor-o and blocks the septic response in mice.
FASEB J. 2015;29(9):3863-3875. doi:10.1096/1j.15-273656
Lopez A, Garcia JA, Escames G, et al. Melatonin protects the
mitochondria from oxidative damage reducing oxygen con-
sumption, membrane potential, and superoxide anion produc-
tion. J Pineal Res. 2009;46(2):188-198. d0i:10.1111/j.1600-079X.
2008.00647.x

Martin M, Macias M, Escames G, Le6n J, Acufia-Castroviejo
D. Melatonin but not vitamins C and E maintains glutathione
homeostasis in t-butyl hydroperoxide-induced mitochondrial
oxidative stress. FASEB J. 2000;14(12):1677-1679. doi:10.1096/
£j.99-0865fje

Escames G, Lopez LC, Tapias V, et al. Melatonin counteracts
inducible mitochondrial nitric oxide synthase-dependent
mitochondrial dysfunction in skeletal muscle of septic mice.
J Pineal Res. 2006;40(1):71-78. d0i:10.1111/j.1600-079X.2005.
00281.x

Rahim I, Djerdjouri B, Sayed RK, et al. Melatonin
administration to wild-type mice and nontreated NLRP3
mutant mice share similar inhibition of the inflammatory
response during sepsis. J Pineal Res. 2017;63(1):e12410.
doi:10.1111/jpi.12410

Sayed RKA, Fernandez-Ortiz M, Diaz-Casado ME, et al. The
protective effect against age-associated,
sarcopenia-dependent tubular aggregate formation, lactate
depletion, and mitochondrial changes. J Gerontol A Biol Sci
Med Sci. 2018;73(10):1330-1338. doi:10.1093/gerona/gly059
Sayed RKA, de Leonardis EC, Guerrero-Martinez JA, et al.
Identification of morphological markers of sarcopenia at early
stage of aging in skeletal muscle of mice. Exp Geront. 2016;83:
22-30. doi:10.1016/j.exger.2016.07.007

Fan R, Peng X, Xie L, et al. Importance of Bmall in
Alzheimer's disease and associated aging-related diseases:
mechanisms and interventions. Aging cell. 2022;21(10):e13704.
doi:10.1111/acel. 13704

Christian CJ, Benian GM. Animal models of sarcopenia. Aging
cell. 2020;19(10):e13223. doi:10.1111/acel.13223

Hodge BA, Wen Y, Riley LA, et al. The endogenous molecular
clock orchestrates the temporal separation of substrate
metabolism in skeletal muscle. Skelet Muscle. 2015;5:17.
doi:10.1186/s13395-015-0039-5

of melatonin

858017 SUOWILLOD BATe81D 3|edlidde sy Ag peussnob ale sejoie VO ‘8sn Jo sejn. Joj Aiqi8UIIUQ /3|1 UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M Are1q 1 jpul|Uo//SdL) SUORIPUOD PUe SWLB | 84} 89S *[£20Z/0T/0T] Uo ARiqiauljuo /8|IM ‘epeuels 8 pepseAIUN Aq ZT62T [dI/TTTT 0T/I0p/wW00 A8 |im Areiqipul|uoy//sdny woly pepeojumod ‘0 ‘X6.0009T


http://orcid.org/0000-0003-1256-7656
http://orcid.org/0000-0003-1256-7656
http://orcid.org/0000-0002-9680-1560
http://orcid.org/0000-0002-9680-1560
https://doi.org/10.1016/s0140-6736(19)31138-9
https://doi.org/10.1007/s00018-017-2610-1
https://doi.org/10.1007/s00018-017-2610-1
https://doi.org/10.1016/j.mam.2016.06.001
https://doi.org/10.1097/JES.0b013e3182a58a70
https://doi.org/10.1126/science.1243417
https://doi.org/10.1111/jpi.12303
https://doi.org/10.1113/jp271436
https://doi.org/10.3390/ijms19092813
https://doi.org/10.1101/gad.349066.121
https://doi.org/10.1101/gad.349066.121
https://doi.org/10.1038/s41418-023-01152-x
https://doi.org/10.1038/s41418-023-01152-x
https://doi.org/10.3390/nu14010052
https://doi.org/10.1016/0303-7207(91)90087-9
https://doi.org/10.1016/0303-7207(91)90087-9
https://doi.org/10.1007/s00018-014-1579-2
https://doi.org/10.1007/s00018-014-1579-2
https://doi.org/10.1096/fj.15-273656
https://doi.org/10.1111/j.1600-079X.2008.00647.x
https://doi.org/10.1111/j.1600-079X.2008.00647.x
https://doi.org/10.1096/fj.99-0865fje
https://doi.org/10.1096/fj.99-0865fje
https://doi.org/10.1111/j.1600-079X.2005.00281.x
https://doi.org/10.1111/j.1600-079X.2005.00281.x
https://doi.org/10.1111/jpi.12410
https://doi.org/10.1093/gerona/gly059
https://doi.org/10.1016/j.exger.2016.07.007
https://doi.org/10.1111/acel.13704
https://doi.org/10.1111/acel.13223
https://doi.org/10.1186/s13395-015-0039-5

FERNANDEZ-MARTINEZ Et AL.

e PinealResearch IR WY OOV MRLLAL

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xu L, Zheng YL, Yin X, et al. Excessive treadmill training
enhances brain-specific microRNA-34a in the mouse hippo-
campus. Front Mol Neurosci. 2020;13:7. do0i:10.3389/fnmol.
2020.00007

Bachmanov AA, Reed DR, Beauchamp GK, Tordoff MG. Food
intake, water intake, and drinking spout side preference of 28
mouse strains. Behav Genet. 2002;32(6):435-443. do0i:10.1023/
a:1020884312053

Sayed RKA, Fernandez-Ortiz M, Diaz-Casado ME, et al. Lack
of NLRP3 inflaimmasome activation reduces age-dependent
sarcopenia and mitochondrial dysfunction, favoring the
prophylactic effect of melatonin. J Gerontol A Biol Sci Med
Sci. 2019;74(11):1699-1708. doi:10.1093/gerona/glz079
Rodriguez MI, Carretero M, Escames G, et al. Chronic
melatonin treatment prevents age-dependent cardiac mito-
chondrial dysfunction in senescence-accelerated mice. Free
Radic Res. 2007;41(1):15-24. doi:10.1080/10715760600936359
Banks GT, Nolan PM. Assessment of circadian and light-
entrainable parameters in mice using wheel-running activity.
Curr Protoc Mouse Biol. 2011;1(3):369-381. doi:10.1002/
9780470942390.m0110123

Martinez de Toda I, Garrido A, Vida C, Gomez-Cabrera MC,
Vina J, De la Fuente M. Frailty quantified by the “Valencia
Score” as a potential predictor of lifespan in mice. J Gerontol A
Biol Sci Med Sci. 2018;73(10):1323-1329. doi:10.1093/gerona/
gly064

Dyar KA, Ciciliot S, Wright LE, et al. Muscle insulin
sensitivity and glucose metabolism are controlled by the
intrinsic muscle clock. Mol Metab. 2014;3(1):29-41. doi:10.
1016/j.molmet.2013.10.005

Chang H, Kwon O, Shin MS, et al. Role of Angptl4/Fiaf in
exercise-induced skeletal muscle AMPK activation. J Appl
Physiol. 2018;125(3):715-722. doi:10.1152/japplphysiol.
00984.2016

Neves AR, Albuquerque T, Quintela T, Costa D. Circadian
rhythm and disease: relationship, new insights, and future
perspectives. J Cell Physiol. 2022;237(8):3239-3256. doi:10.
1002/jcp.30815

Newman AB, Kupelian V, Visser M, et al. Strength, but not
muscle mass, is associated with mortality in the health, aging
and body composition study cohort. J Gerontol A Biol Sci Med
Sci. 2006;61(1):72-77. doi:10.1093/gerona/61.1.72

Bunger MK, Wilsbacher LD, Moran SM, et al. Mop3 is an
essential component of the master circadian pacemaker in
mammals. Cell. 2000;103(7):1009-1017. do0i:10.1016/s0092-
8674(00)00205-1

Kondratov RV, Kondratova AA, Gorbacheva VY,
Vykhovanets OV, Antoch MP. Early aging and age-related
pathologies in mice deficient in BMALIL, the core component
of the circadian clock. Genes Dev. 2006;20(14):1868-1873.
doi:10.1101/gad.1432206

Wolff G, Duncan MJ, Esser KA. Chronic phase advance alters
circadian physiological rhythms and peripheral molecular
clocks. J Appl Physiol. 2013;115(3):373-382. do0i:10.1152/
japplphysiol.01139.2012

Ono D, Honma S, Nakajima Y, Kuroda S, Enoki R, Honma K.
Dissociation of Perl and Bmall circadian rhythms in the
suprachiasmatic nucleus in parallel with behavioral outputs.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

53.

Proc Natl Acad Sci U S A. 2017;114(18):E3699-E3708. doi:10.
1073/pnas.1613374114

Nicolaides NC, Chrousos GP. Sex differences in circadian
endocrine rhythms: clinical implications. Eur J Neurosci.
2020;52(1):2575-2585. doi:10.1111/ejn.14692

Bartling B, Al-Robaiy S, Lehnich H, Binder L, Hiebl B,
Simm A. Sex-related differences in the wheel-running activity
of mice decline with increasing age. Exp Geront. 2017;87(Pt B):
139-147. doi:10.1016/j.exger.2016.04.011

Borbélyova V, JaniSova K, Myslivecek J, Riljak V. Sex-related
differences in locomotion and climbing of C57Bl/6NTac mice
in a novel environment. Physiol Res. 2019;68(Suppl. 3):
S353-S359. doi:10.33549/physiolres.934348

Oydanich M, Babici D, Zhang J, Rynecki N, Vatner DE,
Vatner SF. Mechanisms of sex differences in exercise capacity.
Am J Physiol Regul Integr Comp Physiol. 2019;316(6):
R832-R838. d0i:10.1152/ajpregu.00394.2018

Larsson L, Degens H, Li M, et al. Sarcopenia: aging-related
loss of muscle mass and function. Physiol Rev. 2019;99(1):
427-511. doi:10.1152/physrev.00061.2017

Purves-Smith FM, Sgarioto N, Hepple RT. Fiber typing in
aging muscle. Exerc Spotr Sci Rev. 2014;42(2):45-52. doi:10.
1249/jes.0000000000000012

Jacobi D, Liu S, Burkewitz K, et al. Hepatic Bmall regulates
rhythmic mitochondrial dynamics and promotes metabolic
fitness. Cell Metab. 2015;22(4):709-720. doi:10.1016/j.cmet.
2015.08.006

Gouspillou G, Bourdel-Marchasson I, Rouland R, et al.
Mitochondrial energetics is impaired in vivo in aged skeletal
muscle. Aging cell. 2014;13(1):39-48. doi:10.1111/acel.12147
Del Campo A, Contreras-Herndndez I, Castro-Sepulveda M,
et al. Muscle function decline and mitochondria changes in
middle age precede sarcopenia in mice. Aging. 2018;10(1):
34-55. doi:10.18632/aging.101358

Yeung F, Hoberg JE, Ramsey CS, et al. Modulation of NF-xB-
dependent transcription and cell survival by the SIRT1
deacetylase. EMBO J. 2004;23(12):2369-2380. doi:10.1038/s;j.
emboj.7600244

de Goede P, Wefers J, Brombacher EC, Schrauwen P,
Kalsbeek A. Circadian rhythms in mitochondrial respiration.
J Mol Endocrinol. 2018;60(3):R115-R130. doi:10.1530/jme-
17-0196

Hurst C, Robinson SM, Witham MD, et al. Resistance exercise
as a treatment for sarcopenia: prescription and delivery. Age
Ageing. 2022;51(2):afac003. doi:10.1093/ageing/afac003

Yoo SZ, No MH, Heo JW, et al. Role of exercise in age-related
sarcopenia. J Exerc Rehabil. 2018;14(4):551-558. doi:10.12965/
jer.1836268.134

Shen Y, Shi Q, Nong K, et al. Exercise for sarcopenia in older
people: a systematic review and network meta-analysis.
J Cachexia Sarcopenia Muscle. 2023;14(3):1199-1211. doi:10.
1002/jcsm.13225

Jin H, Xie W, Hu P, et al. The role of melatonin in sarcopenia:
advances and application prospects. Exp  Geront.
2021;149:111319. doi:10.1016/j.exger.2021.111319
Coto-Montes A, Boga J, Tan D, Reiter R. Melatonin as a
potential agent in the treatment of sarcopenia. Int J Mol Sci.
2016;17(10):1771. doi:10.3390/ijms17101771

858017 SUOWILLOD BATe81D 3|edlidde sy Ag peussnob ale sejoie VO ‘8sn Jo sejn. Joj Aiqi8UIIUQ /3|1 UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M Are1q 1 jpul|Uo//SdL) SUORIPUOD PUe SWLB | 84} 89S *[£20Z/0T/0T] Uo ARiqiauljuo /8|IM ‘epeuels 8 pepseAIUN Aq ZT62T [dI/TTTT 0T/I0p/wW00 A8 |im Areiqipul|uoy//sdny woly pepeojumod ‘0 ‘X6.0009T


https://doi.org/10.3389/fnmol.2020.00007
https://doi.org/10.3389/fnmol.2020.00007
https://doi.org/10.1023/a:1020884312053
https://doi.org/10.1023/a:1020884312053
https://doi.org/10.1093/gerona/glz079
https://doi.org/10.1080/10715760600936359
https://doi.org/10.1002/9780470942390.mo110123
https://doi.org/10.1002/9780470942390.mo110123
https://doi.org/10.1093/gerona/gly064
https://doi.org/10.1093/gerona/gly064
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1152/japplphysiol.00984.2016
https://doi.org/10.1152/japplphysiol.00984.2016
https://doi.org/10.1002/jcp.30815
https://doi.org/10.1002/jcp.30815
https://doi.org/10.1093/gerona/61.1.72
https://doi.org/10.1016/s0092-8674(00)00205-1
https://doi.org/10.1016/s0092-8674(00)00205-1
https://doi.org/10.1101/gad.1432206
https://doi.org/10.1152/japplphysiol.01139.2012
https://doi.org/10.1152/japplphysiol.01139.2012
https://doi.org/10.1073/pnas.1613374114
https://doi.org/10.1073/pnas.1613374114
https://doi.org/10.1111/ejn.14692
https://doi.org/10.1016/j.exger.2016.04.011
https://doi.org/10.33549/physiolres.934348
https://doi.org/10.1152/ajpregu.00394.2018
https://doi.org/10.1152/physrev.00061.2017
https://doi.org/10.1249/jes.0000000000000012
https://doi.org/10.1249/jes.0000000000000012
https://doi.org/10.1016/j.cmet.2015.08.006
https://doi.org/10.1016/j.cmet.2015.08.006
https://doi.org/10.1111/acel.12147
https://doi.org/10.18632/aging.101358
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.1530/jme-17-0196
https://doi.org/10.1530/jme-17-0196
https://doi.org/10.1093/ageing/afac003
https://doi.org/10.12965/jer.1836268.134
https://doi.org/10.12965/jer.1836268.134
https://doi.org/10.1002/jcsm.13225
https://doi.org/10.1002/jcsm.13225
https://doi.org/10.1016/j.exger.2021.111319
https://doi.org/10.3390/ijms17101771

LA RV . ric cscorcl

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

FERNANDEZ-MARTINEZ Er AL.

Leonardo-Mendonga RC, Ocafia-Wilhelmi J, de Haro T, et al.
The benefit of a supplement with the antioxidant melatonin
on redox status and muscle damage in resistance-trained
athletes. Appl Physiol Nutr Metab. 2017;42(7):700-707. doi:10.
1139/apnm-2016-0677

Suofu Y, Li W, Jean-Alphonse FG, et al. Dual role of
mitochondria in producing melatonin and driving GPCR
signaling to block cytochrome c release. Proc Natl Acad Sci
USA. 2017;114(38):E7997-E8006. doi:10.1073/pnas.
1705768114

Vina J, Tarazona-Santabalbina FJ, Pérez-Ros P, et al. Biology
of frailty: modulation of ageing genes and its importance to
prevent age-associated loss of function. Mol Aspects Med.
2016;50:88-108. doi:10.1016/j.mam.2016.04.005
Forbes-Robertson S, Dudley E, Vadgama P, Cook C, Drawer S,
Kilduff L. Circadian disruption and remedial interventions:
effects and interventions for jet lag for athletic peak
performance. Sports Med. 2012;42(3):185-208. doi:10.2165/
11596850-000000000-00000

Sharma R, Sahota P, Thakkar MM. Melatonin promotes sleep
in mice by inhibiting orexin neurons in the perifornical lateral
hypothalamus. J Pineal Res. 2018;65(2):€12498. doi:10.1111/
jpi.12498

Matsumoto M. The hypnotic effects of melatonin treatment on
diurnal sleep in humans. Psychiatry Clin Neurosci. 1999;53(2):
243-245. doi:10.1046/j.1440-1819.1999.00480.x

Memme JM, Erlich AT, Phukan G, Hood DA. Exercise and
mitochondrial health. J Physiol. 2021;599(3):803-817. doi:10.
1113/jp278853

Lee S, Kim M, Lim W, Kim T, Kang C. Strenuous exercise
induces mitochondrial damage in skeletal muscle of old mice.
Biochem Biophys Res Commun. 2015;461(2):354-360. doi:10.
1016/j.bbrc.2015.04.038

Flockhart M, Nilsson LC, Tais S, Ekblom B, Apré6 W,
Larsen FJ. Excessive exercise training causes mitochondrial
functional impairment and decreases glucose tolerance in
healthy volunteers. Cell Metab. 2021;33(5):957-970. doi:10.
1016/j.cmet.2021.02.017

Nasoni MG, Carloni S, Canonico B, et al. Melatonin reshapes
the mitochondrial network and promotes intercellular

64.

65.

66.

67.

68.

mitochondrial transfer via tunneling nanotubes after
ischemic-like injury in hippocampal HT22 cells. J Pineal Res.
2021;71(1):e12747. doi:10.1111/jpi. 12747

Acuna Castroviejo D, C. Lopez L, Escames G, Lopez A,
A. Garcia J, J. Reiter R. Melatonin-mitochondria interplay in
health and disease. Curr Top Med Chem. 2011;11(2):221-240.
doi:10.2174/156802611794863517

Venegas C, Garcia JA, Escames G, et al. Extrapineal
melatonin: analysis of its subcellular distribution and daily
fluctuations. J Pineal Res. 2012;52(2):217-227. doi:10.1111/j.
1600-079X.2011.00931.x

Lopez A, Ortiz F, Doerrier C, et al. Mitochondrial impairment
and melatonin protection in Parkinsonian mice do not depend
of inducible or neuronal nitric oxide synthases. PLoS One.
2017;12(8):e0183090. doi:10.1371/journal.pone.0183090
Leonardo-Mendonga RC, Martinez-Nicolas A, de Teresa
Galvin C, et al. The benefits of four weeks of melatonin
treatment on circadian patterns in resistance-trained athletes.
Chronobiol Int. 2015;32(8):1125-1134. doi:10.3109/07420528.2015.
1069830

Zhu Y, Liu Y, Escames G, et al. Deciphering clock genes
as emerging targets against aging. Ageing Res Rev. 2022;81:
101725. doi:10.1016/j.arr.2022.101725

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Fernindez-Martinez J,
Ramirez-Casas Y, Aranda-Martinez P, et al.
iMS-Bmall ™'~ mice show evident signs of
sarcopenia that are counteracted by exercise and
melatonin therapies. J Pineal Res. 2023;e12912.
doi:10.1111/jpi.12912

858017 SUOWILLOD BATe81D 3|edlidde sy Ag peussnob ale sejoie VO ‘8sn Jo sejn. Joj Aiqi8UIIUQ /3|1 UO (SUORIPUOD-PUR-SWBIW0D A8 | 1M Are1q 1 jpul|Uo//SdL) SUORIPUOD PUe SWLB | 84} 89S *[£20Z/0T/0T] Uo ARiqiauljuo /8|IM ‘epeuels 8 pepseAIUN Aq ZT62T [dI/TTTT 0T/I0p/wW00 A8 |im Areiqipul|uoy//sdny woly pepeojumod ‘0 ‘X6.0009T


https://doi.org/10.1139/apnm-2016-0677
https://doi.org/10.1139/apnm-2016-0677
https://doi.org/10.1073/pnas.1705768114
https://doi.org/10.1073/pnas.1705768114
https://doi.org/10.1016/j.mam.2016.04.005
https://doi.org/10.2165/11596850-000000000-00000
https://doi.org/10.2165/11596850-000000000-00000
https://doi.org/10.1111/jpi.12498
https://doi.org/10.1111/jpi.12498
https://doi.org/10.1046/j.1440-1819.1999.00480.x
https://doi.org/10.1113/jp278853
https://doi.org/10.1113/jp278853
https://doi.org/10.1016/j.bbrc.2015.04.038
https://doi.org/10.1016/j.bbrc.2015.04.038
https://doi.org/10.1016/j.cmet.2021.02.017
https://doi.org/10.1016/j.cmet.2021.02.017
https://doi.org/10.1111/jpi.12747
https://doi.org/10.2174/156802611794863517
https://doi.org/10.1111/j.1600-079X.2011.00931.x
https://doi.org/10.1111/j.1600-079X.2011.00931.x
https://doi.org/10.1371/journal.pone.0183090
https://doi.org/10.3109/07420528.2015.1069830
https://doi.org/10.3109/07420528.2015.1069830
https://doi.org/10.1016/j.arr.2022.101725
https://doi.org/10.1111/jpi.12912

	iMS-Bmal1-/- mice show evident signs of sarcopenia that are counteracted by exercise and melatonin therapies
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Generation of the inducible skeletal muscle-specific Bmal1 knockout mouse model
	2.2 Treatments
	2.3 Circadian rhythm of locomotor activity
	2.4 Physical activity assessment
	2.5 Frailty index calculation
	2.6 Tissue preparation
	2.7 Skeletal muscle histology and histochemistry
	2.8 Immunofluorescence for fiber type identification
	2.9 TEM analysis
	2.10 Statistical analysis

	3 RESULTS
	3.1 Lack of Bmal1 in skeletal muscle induces a phase advance in the running activity of mice, with exercise and mainly melatonin preventing the loss of rhythm
	3.2 Lack of Bmal1 in skeletal muscle prompts a decay in mice's physical activity that correlates with a drop in the FI, which is normalized with melatonin and exercise treatments
	3.3 Lack of Bmal1 in skeletal muscle induces a reduction in SDH activity and changes in fiber types of the GM, which were normalized after melatonin and exercise
	3.4 Lack of Bmal1 in skeletal muscle reveals histological and morphometrical changes in GM that are counteracted by melatonin and exercise
	3.5 Lack of Bmal1 in skeletal muscle provokes ultrastructural alterations in the intermyofibrillar mitochondria of the GM, which were reversed with melatonin treatment, but not with exercise

	4 DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




