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Signaling lipid mediators released from 5 lipoxygenase (5L0) pathways influence both
bone and muscle cells, interfering in their proliferation and differentiation capacities. A
major limitation to studying inflammatory signaling pathways in bone and muscle healing
is the inadequacy of available animal models. We developed a surgical injury model
in the vastus lateralis (VL) muscle and femur in 129/SvEv littermates mice to study
simultaneous musculoskeletal (MSK) healing in male and female, young (3 months) and
aged (18 months) WT mice compared to mice lacking 5LO (5LOKO). MSK defects
were surgically created using a 1-mm punch device in the VA muscle followed by a
0.5-mm round defect in the femur. After days 7 and 14 post-surgery, the specimens were
removed for microtomography (microCT), histopathology, and immunohistochemistry
analyses. In addition, non-injured control skeletal muscles along with femur and L5
vertebrae were analyzed. Bones were microCT phenotyped, revealing that aged female
WT mice presented reduced BV/TV and trabecular parameters compared to aged males
and aged female 5LOKO mice. Skeletal muscles underwent a customized targeted
lipidomics investigation for profiling and quantification of lipid signaling mediators (LMs),
evidencing age, and gender related-differences in aged female 5LOKO mice compared to
matched WT. Histological analysis revealed a suitable bone-healing process with osteoid
deposition at day 7 post-surgery, followed by woven bone at day 14 post-surgery,
observed in all young mice. Aged WT females displayed increased inflammatory
response at day 7 post-surgery, delayed bone matrix maturation, and increased TRAP
immunolabeling at day 14 post-surgery compared to 5LOKO females. Skeletal muscles
of aged animals showed higher levels of inflammation in comparison to young controls
at day 14 post-surgery; however, inflammatory process was attenuated in aged 5LOKO
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(arrowhead), Blood Vessel (BV).

FIGURE 4 | Histopathological characterization of bone healing 7 and 14 days post-surgery: Male and female, young (3 months old), and aged (18 months old)
129/SvEv WT and 5LOKO mice underwent our surgical injury model, and bone specimens were evaluated at 7 and 14 days post-surgery. (A) Representative images
from young and aged animals (WT and 5LOKO) stained with H&E and Goldner’s Trichrome/Alcian Blue. Images were captured at 10x magnification. (B) H&E
representative images from aged animals at 14 days were captured at 100x magnification. Newly formed bone (NB), Osteoclast (blue arrows), Osteoblast

64, 65). In our results for bone phenotyping, we found significant
differences in macroscopic features comparing genders, with
higher values (BW and/or RC length) for males compared to
females in both genotypes. We observed major detrimental aging
effects in female WT mice, with decreased in trabecular bone

parameters (BV/TV and Tb.N) in L5 vertebral body compared
to aged WT males.

Considering the genotype, aged 5LOKO mice also displayed
a higher size compared to aged WT, but additional studies
are necessary to observe the proportion of adipose tissue and
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FIGURE 5 | Histopathological analysis during muscle healing in young and aged WT and 5LOKO mice: Male and female, young (3 months old), and aged (18 months
old) 129/SvEv WT and 5LOKO mice underwent simultaneous surgical muscle and bone injury, and bone specimens were evaluated at days 7 and 14 post-surgery.
(A) Representative images from the central area of muscle injury. Blue arrowheads indicate centralized myonuclei in the region of damage. (B) Representative images
from the adjacent area of injury. Histological transversal sections were stained with H&E. Images were captured at 100x magnification. Green arrows indicate

connective tissue among muscle fibers.

muscles in mice lacking 5LOKO. A previous study has associated ~ fat diet (containing 45% fat by kcal and 3.0g of AA). Briefly, in
the 5LO gene (also called Alox5) as a candidate gene for  this previous study, male and female 5LOKO mice under this
obesity and low bone mass when 5LOKO (in the C57Bl/6  treatment presented decrease in Tb.N compared to WT (at final
background) is subjected under long-term treatment with high  age of 16 weeks, or ~ 4 months) (66). In our comparisons by
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TABLE 3 | Histomorphometry of injured muscles in WT vs. 5LOKO mice.

Parameters Groups/ YWT o Y WT ¢ AWT ¢ AWT o YKO & Y KO ¢ AKO & AKO 9
Periods

Muscle Inflam 7 days 16 £ 52 14 + 22 14 £ 52 15 £ 102 11 +£3 13+ 42 16 + 42 1472

(%) 14 days 14 £ 6% 18 £ 9% 43 4 85 38 4+ 70 10 £ 48 11+ 54 25 + 7o 22 4 40

CSA (um?) 7 days 1,088 + 6612 977 + 4742 894 + 5152 955 + 4242 1,341 £ 7152 1021 £ 5162 994 + 1992 751 £ 2907
14 days 1,208 + 7242 1,127 + 446% 739 + 942 505 4+ 1012 1,451 £4322 1,361 £530° 869+ 383% 741+ 3192

Centralized 7 days 24 + 182 26 + 202 20+ 112 19 £ 102 37 +£132 34 + 82 26 + 42 24 +102

Myonuclei (%) 14 days 23 + 162 28 +£ 172 21 +182 25+ 112 39+ 172 37 + 142 29 + 152 37 + 12°

Results are presented as the means (+SD) for each parameter.

In the comparison between lines, different letters (a vs. b) indicate significant difference for time points (7 vs. 14 days post-surgery) of the same group in each evaluated parameter (p
< 0.05). In the comparison between columns, symbol "indicates comparison between columns: the effect of age (Y vs. A) in groups of same genotype and gender (e.g., Y ¢ WT vs.
A ¢ WT); symbol *indicates the effect of different genotypes (WT vs. KO) in groups of same age and gender (e.g., Y ¢ WT vs. Y ¢ KO). Statistically significant differences are indicated
between groups with equal symbols (p < 0.05). Y = 3 months; A = 18 months. No statistical significant differences were found between genders (¢ vs. ¢) in the comparison of the

same genotype and age (e.g., Y ¢ WT vs. Y & WT).

microCT, we observed an increased bone quality in young and
aged 5LOKO mice, compared to WT controls. It is also important
to emphasize the differences in this particular methodology:
129Sv background, different ages (4 months for young and 18
months for aged mice) and a standard diet. In agreement, a
previous study using radiology and bone histomorphometry has
shown that both male and female 5SLOKO mice, at 7 weeks
age, from either 129Sv or mixed C57Bl/6x129sv background,
have increased cortical bone compared with WT controls (36).
Our study suggested that 5LO knockout protects against age-
related bone loss in females, since the effect of aging on 5SLOKO
females was attenuated and they presented an increased BV/TV
and Tb.N in femur and L5 compared to aged WT controls. It
is also important to emphasize the differences in this particular
methodology: different ages (4 months for young and 18 months
for aged mice) and a standard diet.

It has been demonstrated that females have higher 5LO
activity and/or higher LT production compared to males which
could impact other pathways of the eicosanoid system (46).
Using a unique customized approach of targeted lipidomics
in gastrocnemius muscles of young and aged C57Bl/6 mice,
a previous study has demonstrated lipid signaling is age- and
gender-dependent (12). Our results from targeted lipidomics in
gastrocnemius muscles demonstrate that the deletion of 5LO in
mice significantly impact the profiling and quantities of lipid
mediators in skeletal muscles of 5LOKO mice. In accordance,
the endogenous levels of AA, EPA, and DHA were significantly
decreased in aged female WT mice compared to aged female
5LOKO. Levels of 11,12-EET were significantly increased in
aged 5LOKO male mice compared to aged WT mice. Aged
male WT mice also presented a decrease in the levels of DHA
and EPA compared to aged KO mice. Also, levels of PGE,
were significantly increased in skeletal muscle of aged female
KO mice compared to aged male KO mice. Considering the
effect of gender, levels of PGE, were significantly increased
while 11,12-EET was decreased in aged female KO mice, with
significant differences compared to aged male KO mice. It is
tempting to postulate that such combination of an elevation of
PGE,, which was demonstrated at nanomolar levels to enhance
myogenic differentiation of C2C12 mouse muscle cells and

increase ex vivo contractile force (3, 4), and the decreased levels
in 11,12-EET could combine in the female 5LOKO to promote
improved MSK healing. Although AA-derived lipid mediators
are known to play a major pro-inflammatory role, PGE, can
have a dual role, modulating both pro- and anti-inflammatory
responses (67). Furthermore, PGE, can accelerate myogenesis
differentiation (4) and induce osteogenesis (27, 30, 32). EPA
and DHA are involved in the lipid-mediator profile switching
during resolution of inflammation. In this context, EPA-derived
mediators have a low pro-inflammatory potential, whereas DHA
is a major source for the final anti-inflammatory products
D-series resolvins and protectins required for inflammation
resolution without fibrosis (68-70). EET acids, such as 11,12-
EET, are generated by the activity of cytochrome p450 (CYP)
enzymes on AA (71). 11,12-EET can play a modulatory role on
COX-2 activity and attenuate the synthesis of PGE, during LPS-
induced inflammatory response in rat monocytes (72). Other
previous studies have shown that 11,12-EET can play anti-
inflammatory activities by inhibition TNFa-induced VCAM-1,
E-selectin, and ICAM-1 expression in endothelial cells (73). In
our results, aged 5LOKO females presented an increased amount
of PGE; compared to aged WT females, and conversely, aged
5LOKO females presented a decreased amount of 11,12-EET.
An important consideration about the effects of LMs, myokines,
osteokines, and secreted factors from bone-muscle and tissues
in general is that we should apply accepted knowledge from
endocrinology to this growing and fertile field of investigation.
To investigate the role of 5LO in the process of simultaneous
bone and muscle healing, we developed a new surgical model of
MSK injury in 5LOKO animals. Despite the importance of in vivo
investigation for the comprehension of bone healing, previous
rodent models of bone and muscle damage focus their attention
exclusively on bone formation (14, 74), while the majority of
studies of the on MSK healing addresses skeletal muscle (23, 75)
or bone, but separately (24, 39). In our study, we performed
a moderated simultaneous bone and muscle surgical damage,
with a 1-mm diameter defect in muscle and a 0.5-mm diameter
defect in the subjacent bone (Figure2A), in order to avoid
further surgical complications, such as femur fracture in aged
animals. Our primary goal was to mirror human conditions
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FIGURE 6 | Histomorphometric characterization and Immunolabeling of MuRF1 and MyoD in WT and 5LOKO mice: (A) Representative images for MuRF1
immunostaining and MyoD immunostaining (arrows) in male young SvEv WT mice at 7 days post-surgery. DAB was used for the antigen—antibody reaction. Muscle
samples were left without counterstaining to be used for optical density quantification. (A-A") Positive Pixel quantification was performed by the software Aperio Image
Scope v/ 12.3.3 (Leica Biosystems, Buffalo Grove, USA). Images were analyzed with algorithm Positive Pixel Count version 9 and are expressed as Positivity (number
of positive pixels/number total). Negative controls (NC) were used for calibration and confirmation. (B,C) Results from positive pixel quantification for MuRF1 and
MyoD were presented as means + SD for each marker. Different letters indicate significant differences between young (3 months old) and aged (18 months old) mice
for each sex and strain (o < 0.05).

of simultaneous tissue damage where recovery is feasible and  healing in WT mice. Interestingly, the bone defects of young
to avoid any type of major catastrophic failure. Our results  male and female mice were completely filled with woven bone
revealed a different pattern and timing in bone and muscle by day 7 post-surgery, and maturing by day 14 post-surgery, as
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FIGURE 7 | Histomorphometric characterization and Immunolabeling of Runx-2 and TRAP in WT and 5LOKO mice: (A) Representative images for Runx2
immunostaining and TRAP immunostaining (arrows) of male and female, young (3 months old), and aged (18 months old) 129/SvEv WT and 5LOKO mice.
Identification of antigen—antibody reaction was performed using DAB, counterstained with Mayer’s hematoxylin. (B,C) Pixels quantification of Runx2 (B) and TRAP (C)
was performed by the software Aperio Image Scope v/ 12.3.3 (Leica Biosystems, Buffalo Grove, USA). Images were analyzed with algorithm Positive Pixel Count
version 9 and are expressed as positivity (umber of positive pixels/number total). Negative controls were used for calibration and confirmation. Results were presented
as the mean and SD for each marker. Different letters indicate significant differences in between young (3 months old) and aged (18 months old) mice for each sex and
strain (p < 0.05); symbol * indicates significant differences between WT vs. 5LOKO at the same age.
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previously demonstrated for bone healing in the tibia of mice,
but in a non-simultaneous muscle defect model (76). On the
contrary, muscle healing is clearly delayed in the same animals.
In the site of muscle injury of young male and female WT
mice there was still connective tissue with eventual mononuclear
leukocytes at 7 days post-surgery, with no significant changes
in area density of inflammatory infiltrate at 14 days post-
surgery. It is important to mention that bone has significant
capacity for remodeling/regeneration regarding bone lining cells
and/or osteoprogenitors lineages as stable cells, which are found
in quiescent stage in physiologic conditions, but can undergo
rapid proliferation in response to an injury (20). On the other
hand, muscle fibers rapidly undergo degeneration after extensive
damage (77, 78), and damaged muscle cells can still be found after
6 days in mouse models of surgical injury (17). Simultaneously
and in response to the mediators released to the site of injury,
satellite cells can proliferate and differentiate in new myotubes
followed by upregulation of MyoD (7). This early process was
observed during the first 7 days in mouse models of muscle
injury (17, 78). MuRF1 was used in this study as a marker for
fiber degeneration as a consequence of the surgical injury, as
previously described (79), while MyoD was used as a marker
of new fibers. MyoD induces the expression of muscle-specific

genes in myoblasts and rapid cell proliferation in models of
crush-induced injury, but it may be undetectable in newly formed
myotubes (17, 18). We detected both MuRF1 and MyoD 7 days
post-injury. An intriguing possibility is that both the degradation
of muscle cells and the burst in satellite cell activity and myoblast
proliferation could lead to a surge of myokines near the bone
damage, which in turn helps bone to accelerate regeneration, and
it occurs with muscle flaps, the skeletal muscle functions to assist
in the faster recovery of bone tissue.

Other previous models of combined bone and muscle injury
have been done using models of volumetric muscle loss injury,
and they are more common rats. Usually combined bone and
muscle injury models in rodents involve volumetric muscle-
loss injuries, followed by endogenously healing osteotomy
(80) or severe open fractures (81-83) and non-endogenously
healing femur defects (84). Due to the nature of trauma and
embryologic origin of femur, bone fractures generally heal
throughout a cartilaginous callus formation, previous to woven
bone deposition (80), while in our mouse model the bone healing
was noted to be predominantly driven by intramembranous
healing. Together, these previous studies have also evidenced
impaired bone healing related with concomitant muscle trauma
and increased levels of inflammatory markers in sites of injury
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combined, compared to isolated injuries (80). When muscles
are severely traumatized, the sustained inflammation diminishes
mechanical bone strength and decreases mineralized matrix
in the site of injury (81). Interestingly, these previous studies
evaluated bone and muscle defects with or without combination,
to permit additional comparisons and better determine the role
of muscle in bone healing and vice versa. Comparatively, in our
study we only produced combined injuries for primary study due
the limited number of animals for studying 3 variables (two ages,
genders, and genotypes). Additionally, our model does not aim
to challenge bone and muscle healing with critical injuries, and
it is performed in a very controlled manner, in order to avoid
complications related to the surgical procedure. In this way, it
is possible to investigate the MKS healing in compromised and
fragile animals, such as aged mice.

Considering the advantages of our animal model, we decided
by developing this combined defects in mice, considering a
number of advantages and the cost-benefit related to mice
when comparing with other rodents, such as the possibility
to explore genetic approaches (e.g., 5LOKO mouse model
utilized in this study); the reduced size compared to rats,
which consequently reduces quantities of experimental drugs;
and reduced experimental periods (85). In the context of bone-
muscle crosstalk field, mouse is a suitable animal model for
pharmacological and genetic interventions. Also, while timing
of muscle and bone healing ranges from 4 to 12 weeks in
rats, this type of MSK injury in mice was evaluated along 14
days. Even including longer time points, it might not exceed 4
weeks due the accelerated mice metabolism compared to other
species. Comparing our model with preclinical orthopedic mice
models (e.g., closed and open fractures), our study provides a
surgical model that can be consistently reproduced with a rapid
and simple surgery, minimal timing consuming, improving the
animal recovery and avoid the risk of infections (86). On the
other hand, since it is a non-critical muscle and bone defect,
the present model does not challenge beyond physiological bone-
muscle healing mechanisms in non-compromised animals (e.g.,
young adult and/or health). This is a major advantage in the
context of normal aging.

During aging, the MSK system shows a decreased capacity
for healing, associated with increased levels of inflammation
(7, 11, 87). Our results revealed a significant impairment on
both bone and muscle healing in aged mice when compared
to the young controls. The fraction of newly formed (BV/TYV,
%) bone analyzed by microCT was significantly decreased
in all aged mice, considering both genotypes and genders
(Figures 2C-F). Despite increased amount of thicker collagen
fibers in young 5LOKO females compared to aged controls, no
major differences were found in the collagen content of bone
matrix (Figure 3A). In skeletal muscles, a significant increase
in inflammatory infiltrated in the VL muscles was noted at
day 7 and 14 post-surgery (Table 3). CSA was also significantly
decreased in aged WT females compared to the young controls,
while aged 5LOKO females maintained the CSA compared to
young 5LOKO females (Table 3). Additionally, while MuRF1
immunolabeling was increased in male and female aged mice
(both genotypes), decreased immunolabeling for MyoD was

observed to the matched young groups (for WT genotype),
suggesting a reduced capacity for remodeling and regeneration
along aging (Figure 6). These observations confirm a detrimental
effect of aging in all groups, but with the attenuated effect of
the aging effect in 5LOKO mice, especially in histopathological
comparisons between aged WT vs. aged 5LOKO females.

After 7 days of surgical trauma, injured muscle, periosteum,
and bone of WT mice were assessed for 5LO expression
(Figure 2B). In support of 5LO roles on inflammation (25),
5LO positive cells were predominantly found in the leucocytes
infiltrating bone and muscle healing sites, but also were
found in the constitutive cells of connective tissue from the
periosteum. In agreement with our findings, a mouse model of
femur closed-fracture healing has demonstrated strong positive
immunolabeling of 5LO in bone marrow leukocytes, periosteum,
osteoclast, muscle interstitial cells, and chondrocytes until 7 days
post-injury (27). Given the limitations of immunohistochemistry
techniques, future molecular investigation is necessary to explore
5LO in injured and non-injured bone and muscle cells by
other approaches.

No previous studies have addressed the effects of 5LO or
its metabolites in combined MSK injuries. We next evaluated
the influence of 5LO on bone and muscle healing in different
ages and gender, by comparing WT vs. 5LOKO. Isolated
evaluation of bone injury using bone fracture healing models
have previously demonstrated that genetic deletion of 5LO in
mice (28) or its pharmacological inhibition (39, 40) accelerate
fracture callus formation in young male rodents. An important
finding in our studies was that young female and male 5LOKO
mice presented significantly increased Runx-2 expression in
comparison with matched WT animals at day 7 post-injury,
but with no significant differences in BV/TV of newly formed
bone. Additionally, genetic deletion of 5LO in females led
to attenuated inflammatory response after the simultaneous
injury. While an intense inflammatory response in the bone-
injury site of aged WT females 7 days post-injury with a
delay in healing (14 days) was clear, aged 5LOKO presented
less inflammatory infiltration and earlier mature bone (7 days)
(Figure 4). TRAP-positive osteoclasts were also increased in
aged females WT compared to 5LOKO at day 14 post-surgery
(Figure 7), in agreement with the role of LTs on osteoclast
formation in bone resorption and inflamed environments (34,
35). These results suggest that the 5LO signaling pathway may
play a negative role on bone healing. Furthermore, young
5LOKO mice displayed advanced healing in VL muscle defects
compared to WT mice, with centralized myonuclei surrounded
by connective tissue while highly inflamed muscles could be
seen in WT animals. Both male and female aged 5LOKO mice
exhibited an injury site filled by connective tissue, while aged
controls presented connective and adipose tissue (Figure 4).
Interestingly, the number of positive MyoD cells was already
decreased in young 5LOKO mice 7 days post-injury compared
to WT (Figure 6), but the SLOKO presented a higher amount
of centralized myonuclei indicative of muscle regeneration by
day 14 post-surgery (Table 3). Furthermore, MyoD positive cells
were decreased in aged WT, compared to the young WT mice,
but not in aged 5LOKO mice compared to young 5SLOKO mice
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(Figure 6). Future studies could conduct longitudinal studies to
help further clarify the roles of 5LO in modulating the levels of
muscle regulatory proteins.

In summary, our results demonstrate that 5LOKO mice
present important differences in bone phenotyping and lipid
profiling and quantification in skeletal muscles. Notably, the
deletion of 5LO plays a protective role in bone of aged female
5LOKO mice and significantly impacts the capacity of MSK
healing during aging. It is important to emphasize that this
study presents some limitations, including detailed functional
approaches and molecular quantification of 5LO and its products
in both age and genders. However, our detailed lipidomic
analyses, along with the bone phenotyping, allowed us to we
hypothesize that changes found in skeletal muscle levels of
LMs (particularly the intriguing aforementioned combination
of elevation of PGE, and reduction of 11,12-EET) in 5LOKO
may contribute to explain the improved MSK healing in these
mice. Reinforcing this hypothesis, aged 5SLOKO females mice
presented increased amount of anti-inflammatory lipids (EPA
and DHA) in comparison to aged WT females. We propose that
future studies could investigate the levels of LMs in injured sites

as well as expand the investigation on the role of 5LO in the
MSK system, by using pharmacological and molecular-genetic
approaches. The new model of simultaneous bone-muscle injury
is pathophysiologically relevant for future studies in bone-
muscle crosstalk, as well as suitable to advance the understanding
of MSK healing during aging (Figure 8). We finally suggest the
5LO signaling pathway as a potential target for interventions
against post-menopausal osteoporosis.

CONCLUSION

This study described a suitable mice model of simultaneous
bone-muscle healing in order to contribute to the investigation
of future bone-muscle crosstalk studies (Figure 8), revealing
that simultaneous bone-muscle healing was influenced by aging,
gender, and the 5LO pathway. In general, 5LOKO aged female
mice presented improved healing capacity when compared to
their matched WT groups. Our lipidomic analyses elicited
intriguing possibilities for the roles of lipid signaling mediators
in skeletal aging and MSK healing. Our studies suggest that
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5LO plays a crucial role in both modulation and resolution of
inflammation during aging.
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