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The mitochondrial calcium uniporter (MCU) occupies a noteworthy position in the regulation of mitochondrial
calcium uptake. This study investigated the effects of MCU modulator-mediated mitochondrial calcium on
mitochondrial dysfunction, oxidative stress, endogenous enzyme activities, and tenderness during postmortem
aging. Spermine, as an activator of MCU, resulted in an increase in mitochondrial calcium levels, not only dis-
rupting mitochondrial morphology but also triggering mitochondrial oxidative stress and downregulation of
antioxidant factors. Additionally, the spermine group underwent later activation of calpain and earlier activation
of caspases, as well as the myofibril fragmentation index was initially lower and then higher compared with
control group, indicating that endogenous enzymes played an indispensable role in different aging periods.
Interestingly, the results of the Ru360 (an inhibitor of MCU) group were opposite to those aforementioned
findings. Our data provide a novel perspective on the regulatory mechanism of mitochondrial calcium homeo-

stasis mediated by MCU on tenderness.

1. Introduction

It has been proposed that apoptosis is one of the key molecular
mechanisms controlling postmortem (PM) tenderization (Wang et al.,
2018). At present, there are three main apoptotic pathways: the first is
the caspase-8- and caspase-10-mediated exogenous death receptor
signaling pathways. Second, the cytochrome c release and the caspase-3
activation-related intrinsic mitochondrial signaling pathway. Third, the
caspase-12-regulated endoplasmic reticulum signaling pathway (Zou,
Yu, Shao, Sun, & Li, 2022). Previous studies have suggested that the
mitochondrial pathway may be necessary for oxidative stress-mediated
apoptosis to occur during PM aging (Wang et al., 2018). Analogously,
mitochondria-induced apoptosis is primarily due to mitochondrial
dysfunction and redox homeostasis imbalance (Ma, Zhang, Wang, Yu, &
Han, 2023). The primary organelle that produces reactive oxygen spe-
cies (ROS) is the mitochondria, which is also the organelle that is most
frequently targeted for attack (Ding, Wei, Liu, Zhang, & Huang, 2022).
ROS generated by single electron transfer could result in mitochondrial

membrane swelling or loss of membrane potential after animal bleeding
(Liu et al., 2023; Zhang, Ma, & Kim, 2020). Cytochrome c is released
from the mitochondria to the cytoplasm to bind Apaf-1, dATP/ATP and
pro-caspase-9 when mitochondrial permeability increases, triggering
executioner caspase activation (Green, 2005).

Numerous reports have stated that Ca?* levels are crucial for regu-
lating the tenderness of meat (Cao et al., 2012; Wang, Han, Ma, Yu, &
Zhao, 2017). PSE (pale, soft and exudative) meat had a higher apoptotic
potential than RFN (reddish-pink, firm and nonexudative) meat at 1 h
PM, which may be related to Ca?*t channel disorder (Guo et al., 2016).
Kiyimba et al. (2022) clarified that differential proteins between dark-
cut and normal-pH beef played an important role in regulating
cellular Ca" homeostasis using LC-MS/MS-based proteomics. The in-
crease in cytoplasmic Ca®" levels could accelerate muscle acidification
by activating sarcoplasmic reticulum calcium ATPase, leading to a
surging rate of ATP hydrolysis (Scheffler & Gerrard, 2007). Additionally,
Ca* accelerated the rate of glycolysis, thereby promoting H* accumu-
lation and pH reduction, mediating PM tenderization (Zou, Jia, Ji, Li, &

* Corresponding author at: No.1, Nongda South Rd., Xi Beiwang, Haidian District, Beijing 100193, China.

E-mail address: fhuang226@163.com (F. Huang).
1 Both authors contributed equally to the work.

https://doi.org/10.1016/j.fochx.2024.101366

Received 25 January 2024; Received in revised form 24 March 2024; Accepted 5 April 2024

Available online 7 April 2024

2590-1575/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:fhuang226@163.com
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2024.101366
https://doi.org/10.1016/j.fochx.2024.101366
https://doi.org/10.1016/j.fochx.2024.101366
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Ding et al.

Dai, 2023). Moreover, calpain is a well-known Ca?*-dependent cysteine
protease that can promote the transfer of cytochrome ¢ by mediating the
cleavage of Bcl-2 family members, and hydrolyzing myofibrillar proteins
(Ding, Wei, Zhang, Zhang, & Huang, 2021; Jia et al., 2021). Mito-
chondria, as key regulators of cytoplasmic free Ca*, are closely related
to cell metabolism and cell survival in their uptake of Ca?t (Zou et al.,
2023). The mitochondrial calcium uniporter (MCU), which is present in
the inner membrane of mitochondria, controls the release of Ca®* from
the cytoplasm into the mitochondria. Dang et al. (2020) found that MCU
expression in very tender steaks was lower than that in intermediate
tender steaks. Nevertheless, the mechanism of endogenous enzyme ac-
tivities and tenderization mediated by MCU remains unclear. Intrigu-
ingly, the upregulation of MCU in colorectal cancer led to an increase in
mitochondrial Ca?t uptake, which further enhanced mitochondrial ROS
production by promoting mitochondrial biogenesis (Liu et al., 2020). We
hypothesized that MCU could affect mitochondrial functional integrity
and redox balance by governing mitochondrial Ca?" intake and ulti-
mately regulate apoptosis pathway-mediated meat tenderization.
Therefore, we injected spermine/Ru360 into the Longissimus thoracic
(LT) muscle of PM cattle, which is a specific activator/inhibitor of MCU.
The aim was to clarify the regulatory mechanism of MCU on tenderness
by evaluating the changes in mitochondrial Ca* levels after MCU
activation or inhibition, as well as its impact on the acceleration or delay
of mitochondrial dysfunction and oxidative stress during PM aging.

2. Materials and methods
2.1. Muscle sampling

Six Chinese yellow cattle with similar genetic backgrounds were fed
and managed under the same conditions at Dachang Farm, Hebei
Province, China. Following the guidelines of the Chinese Academy of
Agricultural Sciences’ Animal Care and Ethics Committee (ID:
IAS20160616), all cattle (606 + 15 kg body weight) were slaughtered at
Hebei Fucheng Wufeng Food Co. LTD, a commercial meat processing
company. Within 20 min of exsanguination, LT muscles were separated
into 18 equal-size sections (2 cm x 2 cm x 2 cm, three groups x six aging
periods) per carcass, and 108 slices were obtained from six cattle for six
replications. The first group was injected with physiological saline at a
ratio of 1:1 (w/v) (meat/buffer) as the control group. The second group
was injected with the same proportion of spermine (an MCU activator,
20 pmol/L) as the spermine group. The third group was injected with
Ru360 (an MCU inhibitor, 20 pmol/L) as the Ru360 group. All samples
were obtained at 4 °C for 0, 6, 12, 24, 72, and 120 h PM, immediately
prepared for electron microscopy and then instantly frozen in liquid
nitrogen for biochemical analysis.

2.2. Mitochondrial isolation

Mitochondria were isolated as previously reported with minor
modifications (Zhang et al., 2020). The meat samples were homogenized
for 1 min at 10000 g using precooled extraction buffer. After centri-
fuging the homogenate twice for 10 min at 1000 g, the resulting su-
pernatant was centrifuged for 10 min at 8000 g, and the precipitate was
then resuspended in the extraction buffer. A BCA Protein Assay Kit was
used to measure the protein content.

2.3. Determination of Ca®* concentration in mitochondria

A mitochondrial Ca?' concentration fluorescence detection kit
(Genmed Scientifics INC, USA) was used to measure the changes in
mitochondrial Ca®* uptake during PM aging after treatment with MCU
modulators. After adjusting the mitochondrial protein concentration to
1 mg/mL, the staining solution was incubated. The intensity of the
fluorescence was measured using a Synergy™ H1 microplate reader,
with excitation and emission wavelengths of 550 and 590 nm,
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2.4. Determination of mitochondrial permeability transition pore (MPTP)
opening

A few minor adjustments were made to the protocol to follow Wang
et al. (2017). With the opening of the MPTP, the permeability of the
mitochondrial inner membrane to sucrose and mannitol was enhanced,
as manifested by a decrease in absorbance at 540 nm. The mitochondrial
suspension was incubated with three volumes of MPTP detection buffer
(pH 7.4) containing 230 mM mannitol, 70 mM sucrose, and 3.0 mM
Hepes. A UV spectrophotometer was used to detect the absorbance at
540 nm.

2.5. Mitochondrial micromorphology detection

Ultrastructural observation was performed by the method of Wang
et al. (2021). A1 mm x 1 mm x 1 mm incision was made from the
muscle samples before freezing in liquid nitrogen. The samples were
fixed in a 2.5% glutaraldehyde solution, and then fixed with 1% osmium
tetroxide after rinsing with phosphate buffer, followed by ethanol
gradient dehydration. Subsequently, specimens were embedded with
Epon812 resin and sectioned with Power TOM-XL. Finally, utilizing a
transmission electron microscope (Hitachi H-750, Japan), mitochon-
drial micromorphology was acquired after the ultrathin slices were
stained.

2.6. Determination of mitochondrial ROS and antioxidant capacity

The degree of oxidative stress of mitochondria and total antioxidant
capacity were assessed. 2,7'-Dichlorohydrofluorescein diacetate (DCFH-
DA), a nonfluorescent dye that can penetrate cells, can be deacetylated
by cellular esterases to nonfluorescent DCFH, which quickly converts to
DCF with high fluorescence when reacting with ROS. Therefore, after
0.5 h of treatment with DCFH-DA (10 pM) at 37 °C, the fluorescence of
the mitochondrial suspension was measured at 480/525 nm (the
wavelength of excitation and emission). The water-soluble formazan dye
may be produced by WST-1 reacting with the superoxide anion (0?7)
that xanthine oxidase generates, and superoxide dismutase (SOD) could
undergo a disproportionation reaction with 02, reducing the genera-
tion of formazan dye. Reduced glutathione (GSH) could react with DTNB
to generate TNB (a yellow compound) with absorbance at 405 nm. In
brief, the muscle samples were homogenized in phosphate buffer (pH
7.2) containing 2% sodium dodecyl sulfate (SDS) to obtain the total
protein extraction solution. The level of mitochondrial ROS, as well as
the SOD activity and GSH content, which characterize antioxidant ca-
pacity, were detected in accordance with Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China) appropriate kits.

2.7. Determination of calpain activity

The sarcoplasmic proteins were obtained following our published
work (Ding et al., 2021). For three 10 s bursts at a speed of 15,000 g, the
samples were homogenized using cold lysis buffer, and the supernatant
after centrifugation was sarcoplasmic proteins. Reaction buffer and
substrate from a calpain activity test kit (93-K240-100, Biovision, USA)
were treated with sarcoplasmic proteins. The fluorescence was
measured at 400/505 nm (the wavelength of excitation and emission).

2.8. Determination of caspase activities

Referring to the method of Ding et al. (2021), sarcoplasmic proteins
were incubated with reaction buffer and LEHD-AFC/DEVD-AFC (sub-
strates of caspase-9 and caspase-3, respectively) from caspase activity
assay kits (K118/K533, Biovision, USA). The fluorescence was measured
at 400/505 nm (excitation wavelength/emission wavelength).
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2.9. Determination of myofibril fragmentation index (MFI)

The MFI was carried out in compliance with the protocols outlined
by Olson, Parrish, and Stromer (1976) and modified by Wang et al.
(2022). The sample was homogenized and centrifuged with 10 times the
volume of pre-cooled buffer solution (1 mM MgCl,, 1 mM EDTA, 20 mM
K;HPO4, 100 mM KCl, and pH 7.0), and the operation was repeated
twice. The precipitate was resuspended with the same volume of buffer
solution and protein concentration was adjusted to 0.5 mg/mL. The MFI
value was calculated as the absorbance (540 nm) multiplied by 200.

2.10. SDS-PAGE and western blotting

After extracting all of the proteins, the protein concentration was
determined. Soaking treatment buffer was added to the SDS-PAGE
samples. A 4% stacking gel and a 12.5% separating gel were used to
determine the expression level of MCU. The gels were run at constant 80
V and 120 V for 30 min and 90 min, respectively. Polyvinylidene fluo-
ride membranes were immediately filled with the gel contents and left at
4 °C for 90 min at 200 mA. The membrane was then incubated with anti-
MCU (ab110325, Abcam) and anti-GAPDH (ab8245, Abcam) overnight
after blocking with TBST buffer containing 5% skim milk powder for 2 h.
The membrane was rinsed with TBST four times for ten minutes, both
before and after incubation with HRP-conjugated goat anti-rabbit IgG.
The band image was captured using a ChemiDoc TMMP Imaging System
(Bio-Rad, CA, USA), and Quantity One software (Bio-Rad, CA, USA)
handled the grayscale level analysis.

2.11. Statistical analysis

Utilizing SPSS 25.0 software, the Analysis of Variance (ANOVA) was
performed on all data, along with the New Multiple-range test of Duncan
and LSD. Treatments, aging time and their interaction were used as fixed
effects, and animals were considered random effects. The results are
presented as the mean + SE. P values <0.05 were considered statisti-
cally significant.

3. Results and discussion

In this study, we utilized spermine/Ru360 to evaluate the mecha-
nism of MCU-mediated mitochondrial calcium homeostasis on meat
tenderness. Spermine, as an MCU activator, promoted the entry of
cytosolic Ca®* into mitochondria (Qiu et al., 2020). In contrast, Ru360 is
an MCU-specific inhibitor with significant inhibitory effect on mito-
chondrial Ca®* uptake (Sun et al., 2023). Sustained Ca®* transfer could
lead to mitochondrial dysfunction. The redox balance of mitochondria
regulated by MCU is essential for the normal respiration and mobility of
mitochondria (Weiser et al., 2023). Calpain and caspases, as key
endogenous enzymes for hydrolyzing myofibrillar proteins and
improving tenderness in PM muscles, could be activated by calcium ions
and the intrinsic mitochondrial signaling pathway, respectively (Huang
et al., 2014; Huang, Huang, Zhou, Xu, & Xue, 2011). As a consequence,
we chose prerigor muscles to ensure mitochondrial integrity. By evalu-
ating the effects of MCU modulators on mitochondrial calcium, mito-
chondrial dysfunction, antioxidant capacity, endogenous enzyme
activities, and tenderness, we explored the relationship between MCU-
mediated mitochondrial calcium homeostasis and tenderness in PM
muscles (Fig. 1).

3.1. MCU expression and mitochondrial Ca®t concentration

It has been determined that MCU is the transporter in charge of
mitochondrial Ca%" uptake (Baughman et al., 2011). Additionally, MCU
was essential for tissue function in both healthy and pathological cir-
cumstances as well as mitochondrial energy metabolism (Nemani,
Shanmughapriya, & Madesh, 2018). The effect of spermine/Ru360 on
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Fig. 1. Experimental design and workflow.

the expression of MCU is shown in Fig. 2A and B. MCU expression
increased markedly by extending the duration from 0 h to 24 h in the
control group. Compared to the control group at 24 h, the expression
levels of MCU were significantly increased and decreased after treat-
ment with spermine and Ru360, respectively. Additionally, mitochon-
drial Ca®" was examined through mitochondrial isolation to clarify the
changes in mitochondrial Ca®* during PM aging, as well as the effect of
MCU regulators on mitochondrial calcium homeostasis (Fig. 2C). With
the aging time extended, the mitochondrial Ca?" levels in both the
control group and the spermine group showed an initial increase fol-
lowed by a decrease. The mitochondrial Ca%* levels in the spermine
group were higher than those in the control group at each corresponding
time point and reached a maximum value at 24 h after slaughter.
Conversely, the mitochondrial Ca* levels in the Ru360 group gradually
decreased and were lower than those in the control group and the
spermine group (P < 0.05). Moreover, The impact of the spermine/
Ru360 treatment on mitochondrial Ca®" levels was dependent on time
(treatment x time, P < 0.001). With ATP consumption and pH decline in
PM muscles, the calcium uptake capacity of the sarcoplasmic reticulum
is disrupted, leading to cytoplasmic calcium overload (Dang, Buhler,
Davis, et al., 2020). Mitochondria occupy a noteworthy position in
cytoplasmic calcium regulation in skeletal muscle due to the proximity
of mitochondria to the sarcoplasmic reticulum and their ability to
transport calcium. The aforementioned biochemical process may be the
reason for the upregulation of MCU and induction of elevated mito-
chondrial Ca?" levels at 24 h after slaughter. According to previous
findings, spermine and Ru360 could serve as specific activators and
inhibitors of MCU, respectively, mediating mitochondrial calcium up-
take through upregulation and downregulation of MCU expression (Wu
et al., 2021). Similarly, mitochondrial calcium overload resulting from
abnormal MCU expression was the main reason for the formation of low-
quality chicken breast meat such as wooden breast meat (Zhang, Xing,
Li, Zhang, & Gao, 2023). Dang, Buhler, Thornton, Legako, and Matarneh
(2020) injected bovine longissimus thoracis et lumborum muscle samples
with DS16570511, which significantly inhibited mitochondrial calcium
uptake and increased free calcium concentration. These results sug-
gested that upregulation of MCU could lead to changes in mitochondrial
calcium levels during PM aging, and spermine/Ru360 could be used to
construct an MCU-mediated mitochondrial calcium uptake imbalance
model.

3.2. MPTP opening and mitochondrial micromorphology

An excessive increase in cytoplasmic calcium resulted in increased
mitochondrial calcium uptake, which induced MPTP opening and
apoptosis activation (Qi, Li, Jin, Simmen, & Shuai, 2020). Similarly,
Wang et al. (2017) utilized the MPTP regulator cyclosporine A to study
the effect of MPTP opening mediated by it on the regulation of the
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Fig. 2. The effects of spermine and Ru360 on MCU expression and mitochondrial calcium uptake during PM aging. (A) The expression level of MCU in the control
group, spermine group, and Ru360 group at 24 h PM. (B) The content of mitochondrial calcium in the three groups during PM aging. Data are presented as mean +
SE. Different letters (a — i) denoted a significant difference (P < 0.05). MCU, mitochondrial calcium uniporter, PM, postmortem.

mitochondrial apoptosis pathway in yak meat tenderness and speculated
that MPTP opening may be affected by Ca?* overload. It has been shown
by Hepple (2016) that MPTP is crucial to the mitochondrial apoptosis
pathway. The effect of spermine/Ru360 on the degree of MPTP opening
during PM aging of beef meat is shown in Fig. 3A, and the decrease in
absorbance reflects an increase in MPTP openness. The MPTP openness
of the control group showed a gradually increasing trend (P < 0.05),
which was in accordance with the report of Wang et al. (2017). There
was a significant difference between the spermine group/Ru360 group
and the control group from 24 h after slaughter. From 24 h to 120 h, the
MPTP opening in Ru360 group was significantly higher than that in the
control group (P < 0.05), but the MPTP opening in the spermine group
was significantly lower than that in the control group (P < 0.05) except
at 48 h PM. Spermine/Ru360 treatment differentially influenced MPTP
over time (treatment x time, P < 0.001). The present results were
basically consistent with the trend of changes in mitochondrial calcium
and demonstrate that the increase in sarcoplasmic calcium led to an
increase in mitochondrial calcium uptake, triggering the opening of the
MPTP during PM aging, which can be alleviated by the MCU inhibitor.

Additionally, mitochondrial morphology analysis using transmission
electron microscopy is shown in Fig. 3B. The mitochondrial structure at
0 h PM was intact, with a smooth outer membrane and a compact cristae
structure folded by the inner membrane, similar to physiological mito-
chondria. The size of mitochondria significantly increased and the outer
membrane of mitochondria gradually ruptured, accompanied by some
mitochondria exhibiting the vesicular ultrastructure at 24 h PM. In the
spermine group, the cristae structure became hazy, and the outer

membrane structure of the mitochondria was severely torn at 24 h PM.
In contrast, the smoothness of the outer membrane structure and the
integrity of the cristae structure in the Ru360 group were better than
those in the control group. Analogously, the cristae structure was
degraded and discontinuous, and the matrix had a brighter appearance
at 24 h and 72 h PM (Li et al., 2020). The above results supported that
MCU-mediated mitochondrial calcium homeostasis altered MPTP
opening and mitochondrial membrane integrity, which represent mito-
chondrial function.

3.3. Oxidative stress and antioxidant capacity

Excessive activation of MCU can induce an upregulation in mito-
chondrial Ca®" uptake, often accompanied by an increase in mito-
chondrial ROS, mediating cell apoptosis (Dong et al., 2017). The
overload of mitochondrial Ca?* driven by MCU resulted in mitochon-
drial dysfunction, inducing more severe mitochondrial ROS over-
production (Liu, et al., 2019). Significant changes in mitochondrial ROS
were observed, as shown in Fig. 4A. The amount of mitochondrial ROS
fell from O to 12 h and rose from 12 to 120 h (P < 0.05) in the control
group. Previous studies revealed that the ROS level in muscle first
decreased and then increased, reaching its lowest point at 6 h or 12 h
(Ding et al., 2022; Zhang, Li, Yu, Han, & Ma, 2019). The mitochondrial
ROS level at 24 h in longissimus lumborum was higher than that at 1 h PM
(Zou et al., 2022). The mitochondrial ROS content in the spermine group
was significantly higher than that in the control group from 72 to 120 h,
while the mitochondrial ROS content in the Ru360 group remained
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lower than that in the control group from 12 to 120 h PM. Additionally,
mitochondrial ROS content was markedly different between the three
groups over aging (treatment x time, P < 0.001). Spermine and Ru360
could upregulate and downregulate mitochondrial ROS in pathological
models, respectively (Liu, et al., 2019; Liu et al., 2020). The intracellular
antioxidant system has the effect of clearing ROS content in the early PM
period, and oxidative stress can be triggered once the adaptive mecha-
nism of cells to maintain internal balance fails. The initial time of sig-
nificant differences in mitochondrial ROS induced by spermine and
Ru360 compared to the control group was later than the critical time of
mitochondrial Ca?*, suggesting that mitochondrial ROS changes may be
mediated by mitochondrial Ca®*.

SOD and GSH are key endogenous enzymes that maintain cellular
oxidative balance. SOD is a metalloprotein that controls the 0%~ con-
centration by catalyzing dismutase, thereby protecting cells from
oxidative stress. GSH is a biothiol composed of glutamic acid, cysteine,
and glycine, which has the ability to scavenge ROS. SOD and GSH were
measured to evaluate the effect of spermine and Ru360 on the antioxi-
dant capacity of muscle cells during PM aging (Fig. 4B, C). The SOD
activity in the control group first increased and then decreased and
reached a maximum at 72 h. These results were similar to those reported
by Wang et al. (2018). The changes in SOD activities in the Ru360 group
were consistent with those in the control group and higher than those in
the control group from 6 h to 120 h (P < 0.05). However, the SOD ac-
tivity of the spermine group reached its peak earlier than that the control
group, and was lower than that of the control group from 12 h to 120 h,
except at 24 h. Interestingly, the trend of changes in GSH content and
SOD activity in the three groups was basically the same. Spermine/
Ru360 treatment influenced GSH content and SOD activity over time
(treatment x time, P < 0.001). These results were understandable since

mitochondrial permeability transition pore, PM, postmortem.

the activity and content of antioxidant factors were closely related to the
degree of intracellular oxidative stress, possibly caused by mitochon-
drial calcium imbalance.

3.4. Activities of endogenous enzymes

Currently, it has been determined that calpain and caspases are
crucial players in the intricate process of myofibrillar protein hydrolysis
and are indispensable endogenous enzymes that control PM muscle
tenderness (Ding et al., 2021). Calpain is a calcium-dependent cysteine
protease distributed on the Z-line, and its activity changes are shown in
Fig. 5A. In this study, the calpain activity in the control group increased
between 0 and 24 h (P < 0.05), indicating that the calpain activation was
mainly in the early stage of PM aging, and the calpain activity signifi-
cantly decreased between 24 and 120 h (P < 0.05). The calpain activity
of the Ru360 group at the corresponding time points was higher than
that of the control group and reached its maximum value at 24 h PM,
earlier than that of the control group. In contrast, the calpain activity of
the spermine group reached its maximum value later than that of the
control group. Spermine/Ru360 treatment differentially affected cal-
pain activity over time (treatment x time, P < 0.001). Dang, Buhler,
Thornton, et al. (2020) found an increase in calpain activity by injecting
DS16570511 (an MCU inhibitor), strongly suggesting that it resulted
from an increase in free calcium. In other words, the difference in cal-
pain activity between the spermine and Ru360 groups was caused by
mitochondrial calcium uptake mediated by MCU regulators, leading to
changes in sarcoplasmic calcium.

As mentioned earlier, the mitochondrial pathway is one of the three
ways to induce cell apoptosis. The release of apoptotic factors caused by
mitochondrial dysfunction, which induced an increase in caspase-9 and
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caspase-3 activities, was a symbol of apoptosis pathway activation and
implied that myofibrillar proteins were hydrolyzed by caspases (Zhang
et al., 2020). The time when caspase-9 and caspase-3 activities reached
their maximum in the three groups was the earliest in the spermine
group, followed by the control group, and the latest in the Ru360 group
(Fig. 5B, C). Additionally, the caspase-9 and caspase-3 activities of the
Ru360 group reached their maximum values at 24 h and 72 h PM,
respectively, which is consistent with our previous results (Ding et al.,
2022; Wang et al., 2017). The impact of the spermine/Ru360 treatment
on caspase-9 and caspase-3 activities was dependent on time (treatment
x time, P < 0.001). The aforementioned results suggested that there was
complex cross-talk between calpain and caspases, which has been
partially confirmed by Chen, Feng, Zhang, Xu, and Zhou (2012). Cal-
pastatin serves as an inhibitor of calpain and a substrate of caspase-3,
closely linking the two key endogenous enzymes. Notably, calpain not
only promoted the formation of MPTP but also directly affected the
release of AIF, which could further activate caspases after being released
from mitochondria (Kar et al., 2010). Conversely, the Ca®*-ATPase
located in the plasma membrane could be cleaved by caspase-3, inac-
tivating the Ca?* pump, and calpain was activated by free calcium
(PASzty et al., 2007). Thus, MCU-mediated mitochondrial calcium up-
take was one of the important influencing factors for the synergistic
interaction between calpain and caspases.

3.5. Tenderness of PM beef muscles

MFI reflected I-band breakage and myofibrillar protein hydrolysis,
which was a representative indicator for evaluating tenderness PM
(Feng et al., 2020). The impact of spermine and Ru360 on MFI is shown
in Fig. 6. MFI increased significantly in the three groups over the whole
aging stage (P < 0.05). The increase in MFI in the control group meant
that myofibrillar proteins were gradually broken and degraded during
PM aging. The MFI of the spermine group was lower than that of the
control group at 6-12 h (P < 0.05), and higher than that of the control
group at 24-120 h (P < 0.05), while the MFI of the Ru360 group was
lower than that of the control group throughout the entire aging period
(P < 0.05). In other words, the spermine group that prioritized mito-
chondrial dysfunction and induced cell apoptosis had the highest MFI,
followed by the control group, and the Ru360 group had the lowest MFI.
Moreover, spermine/Ru360 treatment differentially affected MFI over
time (treatment x time, P < 0.001). It appeared that calpain activation
does not play a major role in myofibrillar protein degradation. It was
controversial that Dang, Buhler, Davis, et al. (2020) found that the MFI
of steaks injected with DS16570511 was higher than that of the control
group, indicating a higher degree of proteolysis, and speculated that this
may be due to the observation of greater calpain activity in these steaks.
The emergence of this contradiction may be due to differences in animal
species, resulting in different endogenous enzymes that play a dominant
role in myofibrillar protein degradation during PM aging.

4. Conclusions

In summary, this study focused on the effect of mitochondrial cal-
cium uptake on tenderness during PM aging. Spermine and Ru360 were
used to construct in vivo models that promote and inhibit mitochondrial
calcium uptake, respectively. Mitochondrial calcium imbalance induces
varying degrees of mitochondrial dysfunction and oxidative stress.
These changes triggered the activation of key endogenous enzymes such
as calpain and caspase-9/3 at different aging periods, resulting in dif-
ferences in tenderness between different models. These results demon-
strated that MCU-mediated mitochondrial calcium homeostasis plays an
indispensable role in the regulation of tenderness and may be the
initiator of mitochondrial morphology damage, inducing intracellular
redox imbalance and triggering cell apoptosis. This study improved the
tenderization mechanism of postmortem meat and laid a theoretical
foundation for establishing quality control techniques targeting
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Fig. 6. The changes of MFI in the control group, spermine group, and Ru360
group during PM aging. Data are presented as mean =+ SE. Different letters (a —
n) denoted a significant difference (P < 0.05). MFI, myofibril fragmentation
index, PM, postmortem.

mitochondria.
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