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Abstract: Superoxide dismutase (SOD) is a major antioxidant enzyme for superoxide removal, and
cytoplasmic SOD (SOD1) is expressed as a predominant isoform in all cells. We previously reported
that renal SOD1 deficiency accelerates the progression of diabetic nephropathy (DN) via increasing
renal oxidative stress. To evaluate whether the degree of SOD1 expression determines regeneration
capacity and sarcopenic phenotypes of skeletal muscles under incipient and advanced DN conditions,
we investigated the alterations of SOD1 expression, oxidative stress marker, inflammation, fibrosis,
and regeneration capacity in cardiotoxin (CTX)-injured tibialis anterior (TA) muscles of two Akita
diabetic mouse models with different susceptibility to DN, DN-resistant C57BL /6-Ins2* and DN-
prone KK/ Ta-Ins24ki** mice. Here, we report that KK/ Ta-Ins24k* mice, but not C57BL/6-Ins24kit
mice, exhibit delayed muscle regeneration after CTX injection, as demonstrated by the finding
indicating significantly smaller average cross-sectional areas of regenerating TA muscle myofibers
relative to KK/Ta-wild-type mice. Furthermore, we observed markedly reduced SOD1 expression
in CTX-injected TA muscles of KK/ Ta-Ins24kit mice, but not C57BL/6-Ins24%i1 mice, along with
increased inflammatory cell infiltration, prominent fibrosis and superoxide overproduction. Our
study provides the first evidence that SOD1 reduction and the following superoxide overproduction
delay skeletal muscle regeneration through induction of overt inflammation and fibrosis in a mouse
model of progressive DN.

Keywords: akita mouse; cardiotoxin injury; diabetic nephropathy; muscle regeneration; oxidative
stress; superoxide dismutase 1

1. Introduction

Sarcopenia is a muscle disease characterized by degenerative loss of skeletal muscle
mass, leading to a reduction in muscle strength or physical function. Recently, sarcopenia
has been recognized as a novel diabetic complication, most often seen in elderly diabetic
patients (>65 years old) [1]. Notably, accumulating evidence suggests that muscle regenera-
tion pathways are dysregulated in elderly adults with sarcopenia [2]. Moreover, chronic
kidney disease (CKD) is known to be a critical risk factor for the development of sarcopenia.
Indeed, clinical studies have indicated that patients with decreased glomerular filtration
rate (GFR) exhibit a high frequency of muscle loss [3] and have diminished walking speed
and decreased muscle strength [4]. Diabetic nephropathy (DN) is the leading cause of
CKD worldwide, and therefore it may be a potential contributor to the development of
sarcopenia. However, the mechanism underlying the relationship between sarcopenia and
DN is poorly understood.
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Oxidative stress induced by hyperglycemia is well known to be implicated in the de-
velopment and progression of diabetic complications [5]. Under hyperglycemic condition,
excessive superoxide anion is generated by multiple pathways including mitochondrial
electron-transport chain, NAD(P)H oxidase, and uncoupled endothelial nitric oxide syn-
thase [6,7], leading to the cell and tissue injury in various organs [8]. To protect organs from
oxidative stress induced by superoxide excess, superoxide dismutase (SOD) works for super-
oxide removal in body [9]. SOD converts superoxide into hydrogen peroxide and molecular
oxygen, and then the hydrogen peroxide is detoxified to water by catalase or glutathione
peroxidase [10]. Thus, SOD plays a critical role in the antioxidant defense system and would
serve as a defender against various diabetic complications, including sarcopenia.

Ins24ki% mouse (Akita mouse) is a mouse model of non-obese hypoinsulinemic diabetes.
Through the analysis of two Ins24% diabetic mouse models showing different susceptibility
to the development and progression of DN, DN-resistant C57BL/6-Ins24ki** (C57BL/6-Akita)
and DN-prone KK /Ta-Ins24%# (KK /Ta-Akita), we have demonstrated that cytoplasmic
copper/zinc-SOD (SOD1) is down-regulated in the kidneys of KK/Ta-Akita mice that
exhibit progressive DN, but not DN-resistant C57BL/6-Akita mice [11], and that genetic
SOD1 deficiency accelerates diabetic glomerular injury in the DN-resistant C57BL/6-Akita
mice [12]. Additionally, we have verified that the impairment of antioxidant defense system
by renal SOD1 down-regulation and deficiency increases renal oxidative stress in the setting
of diabetes and triggers overt renal injury [12].

Given these lines of evidence indicating the protective role of SOD1 against renal
oxidative damage, we hypothesized that the degree of SOD1 expression in skeletal muscle
may be involved in muscle regeneration competence, which determines sarcopenic skeletal
muscle phenotypes under hyperglycemic condition, and that the muscle SOD1 may be
regulated in a DN severity-dependent manner. The aim of the present study was to test
this hypothesis. For this purpose, we investigated the alterations of SOD1 expression,
oxidative stress marker, inflammation, fibrosis, and regeneration capacity in cardiotoxin
(CTX)-injured tibialis anterior (TA) muscles of two Akita diabetic mouse models with
different susceptibility to DN, DN-resistant C57BL/6-Akita and DN-prone KK/Ta-Akita
mice, and analyzed the role of SOD1 in regeneration of injured muscle in advanced DN.

2. Results
2.1. Physiological and Biochemical Parameters in C57BL/6-Akita and KK/Ia-Akita Mice at 15
Weeks of Age

In the present study, we used two Akita diabetic mouse models that are different re-
garding strain and susceptibility to DN, DN-resistant C57BL/6-Akita and DN-prone
KK/Ta-Akita mice. Table 1 shows physiological and biochemical parameters in 15-week-
old male C57BL/6-Akita and KK/Ta-Akita mice. C57BL/6-Akita and KK/Ta-Akita mice
exhibited comparable values regarding body weight, systolic blood pressure, and blood
glucose. Plasma creatinine, blood urea nitrogen, and total cholesterol were significantly
higher in KK/Ta-Akita mice than in KK/Ta-wild-type (KK/Ta-WT) mice. Comparing the
two Akita mice, blood urea nitrogen, total cholesterol, and triglyceride were significantly
elevated in KK/Ta-Akita mice as compared with C57BL/6-Akita mice. Urinary albumin
levels in KK/Ta-Akita mice were markedly increased relative to KK/Ta-WT mice. Despite
comparable blood glucose levels between the two Akita mice, urinary albumin levels in
C57BL/6-Akita mice were not significantly higher than those in C57BL/6-WT mice. Ex-
pectedly, grip strength values were lower in the two Akita mice than their WT mice in the
same strain. Interestingly, grip strength in DN-prone KK/Ta-Akita mice was significantly
reduced relative to DN-resistant C57BL/6-Akita mice.

2.2. Renal Phenotype in C57BL/6-Akita and KK/In-Akita Mice at 15 Weeks of Age

Consistent with the findings from our previous reports [11,13], KK/ Ta-Akita mice
exhibited overt glomerular mesangial expansion and nodular lesions, as evidenced by
increased accumulation of periodic acid-Schiff (PAS)-positive material in the mesangial area,



Int. . Mol. Sci. 2021, 22, 5491 3of11

and also moderate renal interstitial fibrosis, as shown in the Masson trichrome staining
image (Figure 1A). In contrast, glomerular mesangial expansion and renal interstitial
fibrosis were relatively mild in C57BL/6-Akita mice (Figure 1A). Semiquantitative analysis
of PAS-stained kidney sections indicated significantly higher mesangial expansion score in
KK/Ta-Akita mice relative to KK/Ta-WT and C57BL/6-Akita mice (Figure 1B).

Table 1. Physiological and biochemical parameters in 15-week-old C57BL/6-Akita and KK/Ta-Akita mice. Values are
means = SEM. n = 6 per each group except grip strength. n = 4 per each group for grip strength. * p < 0.05 vs. C57BL/6-WT.
t p <0.05 vs. C57BL/6-Akita. § p < 0.05 vs. KK/Ta-WT.

Parameter C57BL/6-WT C57BL/6-Akita KK/Ta-WT KK/Ta-Akita
Body weight (g) 23.4+04 21.7+£0.3 29.8 £0.9 216 +£045
Systolic blood pressure (mmHg) 102 +5 117 5% 106 =3 116 + 38
Blood glucose (mmol/L) 9.5+0.3 214+29* 94+ 0.6 259 +1.88
Plasma creatinine (umol/L) 25.0 +2.7 221+44 148 +29 354+768
Blood urea nitrogen (mmol /L) 9.0+ 04 80+1.1 83+04 165 +2.1%8
Total cholesterol (mmol/L) 1.79 + 0.06 2.07 +0.30 1.74 + 0.03 413+ 02318
Triglyceride (mmol/L) 1.37 £ 0.12 117 £ 0.14 1.63 + 0.09 23740357
Urinary albumin (ug/mg creatinine) 66 + 25 141 + 19 76 £18 631+ 1085
Grip strength (kg) 0.272 4+ 0.003 0.235 £ 0.003 * 0.227 £ 0.008 0.168 + 0.004 *§
A
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Figure 1. Renal histopathology in C57BL/6-Akita and KK/Ta-Akita mice. (A) Representative renal cortical images of PAS
and Masson trichrome staining in C57BL/6-WT, C57BL/6-Akita, KK/Ta-WT, and KK/Ta-Akita mice at 15 weeks of age.
Bars = 50 um. (B) Glomerular mesangial expansion scores. Data are presented as means £ SEM. n = 6 per group.
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2.3. Inflammation and Fibrosis in TA Muscles Following CTX Injection-Induced Injury

CTX injection is one of the most frequently used methods to experimentally induce
muscle injury by causing myolysis of myofibers [14-17]. On day 14 after CTX injection, ex-
amination of hematoxylin-eosin (HE)-stained muscle tissue sections revealed that markedly
increased inflammatory cell infiltration was observed in TA muscle interstitial spaces of
KK /Ta-Akita mice, while the cell infiltration was mild in those of C57BL/6-Akita mice
(Figure 2A,B). Collagen I as an extracellular matrix is known to be increased in muscle
degeneration induced by aging and CTX chemical injury [18-20]. In the current study,
collagen I deposition was markedly increased in TA muscles of KK/Ta-Akita mice on day
14 after CTX injection relative to those of C57BL/6-Akita mice (Figure 2C,D). Additionally,
the analysis of Masson trichrome-stained muscle sections indicated prominent fibrotic
changes in TA muscles of KK/Ta-Akita mice on day 14 after CTX injection (Figure 2E). The
mRNA expression analysis of Collal, which provides instructions for making collagen I,
revealed that Collal expression levels were markedly elevated in CTX-injured TA muscles
of KK/Ta-Akita mice as compared with those of C57BL/6-Akita and KK/Ta-WT mice
(Figure 2F).
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Figure 2. Inflammatory and fibrotic changes in TA muscles on day 14 after saline (non-injured) or CTX injection. (A)

Representative images of HE staining in TA muscles. (B) Invasion area of HE-stained inflammatory cells in TA muscles on

day 14 after CTX injection. (C) Representative images of collagen I immunofluorescent staining in TA muscles. (D) Analysis

of collagen I deposit area in collagen I-stained images in TA muscles on day 14 after CTX injection. CTX — and CTX + indicate

saline and CTX injection, respectively. (E) Representative images of Masson trichrome staining in TA muscles. (F) Collal

mRNA expression analysis in TA muscles on day 14 after CTX injection. Bars = 200 um for all images. Data are presented as

means + SEM. n = 4 per group.
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2.4. Regeneration of TA Muscles Following CTX Injection-Induced Injury

To evaluate the regeneration competence of CTX-injured TA muscles in C57BL/6-Akita
and KK/Ta-Akita mice, we analyzed the myofiber cross-sectional area in laminin-stained
TA muscle sections. Through the morphometrical analysis of myofiber, KK/ Ta-Akita mice
exhibited significantly smaller average cross-sectional areas of myofibers in saline-injected
TA muscles as compared with KK/Ta-WT mice (Figure 3A,B). Additionally, on day 14 after
CTX injection, KK/Ta-Akita mice showed significantly smaller average cross-sectional
areas of regenerating TA muscle myofibers, indicating delayed muscle regeneration relative
to KK/Ta-WT mice (Figure 3A,C). In contrast, the average cross-sectional areas of myofibers
were not significantly different between C57BL/6-WT and C57BL/6-Akita mice on day 14
after both saline and CTX injections (Figure 3A-C).

C57BL/6-WT C57BL/6-Akita KKITa-WT KKiTa-Akita

A
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Figure 3. Assessment of regeneration in TA muscles on day 14 after saline (non-injured) or CTX injection.
(A) Representative images of laminin immunofluorescent staining in TA muscles. Bars =200 pum.
(B) Average cross-sectional area (CSA) of regenerating TA muscle myofibers on day 14 after saline
injection. (C) Average CSA of regenerating TA muscle myofibers on day 14 after CTX injection. Data are
presented as means + SEM. n = 4 per group.

2.5. Changes in Oxidative Stress and SOD1 Expression in TA Muscles Following CTX
Injection-Induced Injury

Muscle superoxide levels were assessed by dihydroethidium (DHE) histochemistry.
On day 14 after CTX injection, superoxide production was increased in TA muscles of
KK/Ta-Akita mice as compared with C57BL/6-Akita and KK/Ta-WT mice, indicating
increased oxidative stress within TA muscles of KK/Ta-Akita mice during the muscle
regeneration process (Figure 4A,B). Notably, SOD1, which is a major antioxidant defender
against superoxide and oxidative stress, was markedly down-regulated in TA muscles
of KK/Ta-Akita mice relative to C57BL/6-Akita and KK/Ta-WT mice on day 14 after
CTX injection (Figure 4A,C). These data suggest that DN-prone KK /Ta-Akita mice have
increased superoxide production and impaired antioxidant defense capacity not only in
their kidneys, but also in their muscles.
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Figure 4. Changes in superoxide production and SOD1 expression in TA muscles on day 14 after
CTX injection. (A) Representative images of DHE and SOD1 immunofluorescent stainings in TA
muscles on day 14 after CTX injection. The degree of superoxide production was evaluated by DHE
fluorescence intensity. Bars = 200 um. (B) The average semiquantified fluorescence intensity of DHE
staining. DHE fluorescence intensity was assessed in 6 TA muscle regions per mouse, and the average
value was calculated in each mouse. (C) The average semiquantified fluorescence intensity of SOD1
immunofluorescent staining. SOD1 fluorescence intensity was assessed in 6 TA muscle regions per
mouse, and the average value was calculated in each mouse. Data are presented as means + SEM. n = 4

per group.
3. Discussion

To explore the mechanism underlying the relationship between sarcopenia and DN,
we used two Akita diabetic mouse models with different susceptibility to DN, DN-resistant
C57BL/6-Akita and DN-prone KK/Ta-Akita mice in the present study. KK/ Ta-Akita mice
are characterized by overt albuminuria and prominent diabetic glomerulosclerosis, as
previously reported [11]. In contrast, C57BL/6-Akita mice are known to develop only mild
albuminuria and minor glomerular lesions [11]. Additionally, in this study, such renal
phenotypes were observed in the two Akita diabetic mouse models (Table 1; Figure 1).

Regarding physiological parameter of sarcopenia, KK/Ta-Akita mice with progressive
DN exhibited lower grip strengths as compared with DN-resistant C57BL/6-Akita mice
(Table 1). This finding suggests a potential relationship between sarcopenia and the severity
of DN. The development of sarcopenia is known to rely mainly on dysregulation of muscle
regeneration [2,21]. Additionally, accumulating evidence suggests that inflammation and
fibrosis influence the muscle regeneration process [22]. Given these lines of evidence,
it is conceivable that the inflammatory and fibrotic changes in skeletal muscle may be
induced under pathological environments such as progressive DN, and further accelerated
by exposure to various stimuli including chemicals or by aging. Therefore, we first focused
on the investigation of inflammation and fibrosis in the skeletal muscle regeneration
process following CTX injection, which is a widely used method to experimentally induce
muscle injury. Our results demonstrate that inflammatory and fibrotic changes are highly
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caused during the regeneration process of chemically injured muscle under progressive
DN conditions, as evidenced by excessive inflammatory cell infiltration, enhanced collagen
I deposition, and increased expression of Collal mRNA, which is responsible for making
collagen I in skeletal muscles of the DN-prone KK/Ta-Akita mice (Figure 2). Collagen is
a major component of extracellular matrix (ECM), and it has an essential role in muscle
regeneration [22]. However, excessive collagen accumulation, which is defined as fibrosis,
would adversely affect muscle regeneration after injury [23]. In this regard, Hu et al.
reported impaired regeneration of myofibers by excessive muscle collagen deposition after
CTX injury in high-fat diet-induced mice [24]. Moreover, Krause et al. reported that an
impairment in collagen remodeling after intramuscular CTX injection delayed muscle
regeneration in C57BL/6-Akita mice [20].

Generally, skeletal muscles have a tremendous capacity for repair and regeneration
in response to injury. However, this process can be compromised in several pathological
conditions such as myopathies, muscular dystrophy and sarcopenia [14,17,25]. Considering
these characteristics of skeletal muscle, we next investigated the degrees of muscle regener-
ation following CTX injury through laminin immunohistochemical analysis and compared
them between the two Akita diabetic mouse models. It is noteworthy that KK/Ta-Akita
mice with progressive DN, but not DN-resistant C57BL/6-Akita mice, showed significantly
smaller average cross-sectional areas of myofibers relative to their WT controls, KK/Ta-
WT mice, in both CTX-injected and saline-injected TA muscles. These findings indicate
that muscle regeneration capacity may depend on the severity of DN. Indeed, several ex-
perimental studies on CTX-injured muscles have shown a reduced muscle regeneration
competence in mouse models of subtotally nephrectomized mice with chronic kidney
disease [26] and obese ob/ob and db/db mice with overt albuminuria [27].

Oxidative stress has been shown to be a crucial factor that affects the muscle regen-
eration process [28,29]. To mitigate oxidative damage, SOD works as a defender against
oxidative stress in body. In mammals, there are three SOD isoforms of cytoplasmic SOD1,
mitochondrial manganese-SOD (SOD2), and extracellular copper/zinc-SOD (SOD3) [10,30].
Of the three isoforms, SOD1 is considered to be a major isoform, since it is expressed as
a predominant isoform in all cells. Additionally, it is known that SOD1 accounts for 50%
to 80% of total SOD activity, SOD2 accounts for 2% to 12%, and SOD3 accounts for the re-
mainder in normal mouse arteries [10,31]. Furthermore, our previous studies have verified
that SOD1 deficiency causes overt diabetic renal injury in the DN-resistant C57BL/6-Akita
mice [12], and that SOD1 expression is down-regulated in the kidneys of DN-prone KK/Ta-
Akita mice [11]. Based on these lines of evidence, we speculated that antioxidative defense
capacity by SOD1 may also be reduced in the skeletal muscles of DN-prone KK/Ta-Akita
mice. As expected, our results clearly indicate down-regulated SOD1 expression and
increased oxidative stress in the skeletal muscles of DN-prone KK/Ta-Akita mice after CTX
injection (Figure 4). In addition, we showed the notable findings that SOD1 expression is
relatively maintained and therefore oxidative stress is not significantly increased in the
skeletal muscles of DN-resistant C57BL/6-Akita mice relative to their WT controls even
after CTX injection (Figure 4). Similar to our findings, a recent experimental study has
indicated that increased oxidative stress and decreased SOD1 expression are observed in
skeletal muscles of 5/6 nephrectomized rats as a CKD model [32]. Taken together, the
current findings suggest critical roles of SOD1 in protection against muscle oxidative stress
and in muscle regeneration, and a close relationship between muscle SOD1 reduction and
DN severity or the degree of CKD.

Satellite cells are well known to play an important role in muscle regeneration [33,34].
When skeletal muscle is injured, quiescent satellite cells are activated. The activated satellite
cells undergo active proliferation, and they contribute to differentiation of myoblasts and
regeneration of myofibers [35]. Hence, it appears to be plausible that the satellite cells
are negatively regulated in progressive DN, resulting in delayed muscle regeneration.
Unfortunately, the current study has not clarified the alterations of satellite cell activation
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and proliferation during muscle injury in advanced DN. Further study would be required
about this point.

A possible mechanism of delayed skeletal muscle regeneration in progressive DN is
summarized in Figure 5. The present study provides the first evidence that SOD1 reduction
and the following superoxide overproduction delay skeletal muscle regeneration through
induction of overt inflammation and fibrosis in advanced DN. However, further studies are
needed to clarify a more detailed mechanism underlying the regulation of muscle regener-
ation via the signaling from satellite cells in DN. Finally, the current results would give a
new insight into the pathogenesis of sarcopenia in DN and contribute to the development
of better treatment strategies for this disease.
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Figure 5. Proposed mechanism of delayed skeletal muscle regeneration in DN-prone KK/Ta-Akita mice. During exposure

to hyperglycemia or chemicals such as CTX, excessive superoxide anions are produced in muscle fibers. Oxidative stress

induced by superoxide overproduction would increase inflammatory cell infiltration into the muscle interstitial spaces,

accelerate muscle interstitial fibrosis, and delay differentiation of myoblasts and regeneration of myofibers via suppressing

activation and proliferation of satellite cells. When SOD1 removes superoxide anions effectively, these inflammatory and

fibrotic changes would be attenuated, leading to promoting regeneration of injured muscles. Hence, SOD1 down-regulation

observed in TA muscles of DN-prone KK/Ta-Akita mice following CTX injection may be involved in their delayed skeletal

muscle regeneration.

4. Materials and Methods
4.1. Experimental Animals

C57BL/6-Akita mice are available from SLC (Hamamatsu, Shizuoka, Japan). KK/ Ta-
Akita mice were generated in our laboratory as described previously [11]. In the present
study, 12- to 15-week-old male C57BL/6-WT, C57BL/6-Akita, KK/Ta-WT, and KK/ Ta-
Akita mice were used for the histopathologic assessment of renal tissues and for the
histological evaluation of skeletal muscle tissues following cardiotoxin injury. The mice
were allowed unrestricted access to standard rodent chow and water. The animal work was
reviewed and approved by the Committee on Animal Experimentation of Akita University
(protocol number a-1-0245, approved 5 August 2020).
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4.2. Measurements of Physiological and Biochemical Parameters

Blood glucose levels on samples obtained after a 6 h daytime fast were determined
using Glutestmint (Sanwa Chemistry, Aichi, Japan). We measured plasma creatinine, blood
urea nitrogen, plasma total cholesterol, and plasma triglyceride levels by using an auto-
analyzer (Fuji Dry-Chem 5500, Fuji Film, Tokyo, Japan). Urinary albumin and creatinine
concentrations on morning spot urine were measured by an Albuwell-M Murine Microal-
buminuria ELISA kit (Exocell, Philadelphia, PA, USA) and Creatinine Companion kit
(Exocell), respectively, and the urinary albumin-to-creatinine ratio was determined as
described previously [36]. Systolic blood pressure and grip strength were determined
using a non-invasive tail cuff and pulse transducer system (BP-98A, Softron, Tokyo, Japan)
and a grip strength meter (MK-380Si, Muromachi Kikai, Tokyo, Japan), respectively. The
measurements of grip strength were repeated ten times, and the maximum value of grip
strength of each mouse is presented.

4.3. Renal Histology

We evaluated renal histopathology in male C57BL/6-WT, C57BL/6-Akita, KK/Ta-
WT, and KK/Ta-Akita mice at 15 weeks of age. The removed kidneys were fixed in 4%
paraformaldehyde in PBS overnight at 4 °C. Paraffin-embedded kidney tissues were cut to
2 um thickness and then stained with periodic acid-Schiff (PAS) and Masson trichrome. The
assessment of glomerular mesangial expansion was carried out using a semiquantitative
score, as described previously [11].

4.4. Studies of Muscle Regeneration Following CTX Injury

Twelve-week-old male C57BL/6-WT, C57BL/6-Akita, KK/Ta-WT, and KK /Ta-Akita
mice were used for the muscle regeneration studies. To prepare chemically injured muscle
models, 100 puL of 10 uM cardiotoxin solution in saline was injected into left TA muscles.
The right TA muscles were injected with the same volume of saline and served as the
non-injured control. On day 14 after CTX injection, the mice were sacrificed, and TA
muscles were removed and rapidly frozen. The muscles were cut at a position 2.5 mm from
the proximal side, and 10 um thick muscle tissue sections were prepared for HE staining,
Masson trichrome staining, immunofluorescence histochemistry, and DHE histochemistry.
The immunofluorescence histochemistry for collagen I, laminin, and SOD1 was performed
using rabbit anti-collagen I (1:250; abcam, Cambridge, UK), rat anti-laminin (1:400; Santa
Cruz, Dallas, TX, USA), and rabbit anti-Cu/Zn SOD (SOD1) (1:100; Stressgen, Ann Arbor,
MI, USA) antibodies, respectively. The muscle superoxide levels were determined by DHE
histochemistry, as described previously [11]. The fluorescent images were observed using
confocal laser microscopy (LSM510; Carl Zeiss, Jena, Germany) or inverted fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan). The collagen I accumulation area in muscle
tissue sections was calculated using BZ-II analyzer software version 2.2 (Keyence). The
myofiber cross-sectional areas in immunofluorescent-stained sections of laminin were
measured in micrometers squared using BZ-II analyzer software version 2.2 (Keyence).
The fluorescence intensity of DHE and SOD1 was semiquantified using Adobe Photoshop
(version CS5; Adobe systems, San Jose, CA, USA).

4.5. Collal mRNA Expression Analysis

Mouse total RNA was extracted from TA muscles using an RNeasy Mini Kit (Qiagen,
Hilden, Germany), and then complementary DNA was synthesized using a Prime Script
First-Strand cDNA Synthesis Kit (Takara, Shiga, Japan). Quantitative real-time PCR was
performed using a Thermal Cycler Dice Real Time System (Takara) and SYBR Premix Ex
tag II (Takara). Primer sequences were as follows: 5'-CATTGTGTATGCAGCTGACTTC-3
(forward) and 5-CGCAAAGAGTCTACATGTCTAG-3' (reverse) for Collal; and
5'-CTCAACACGGGAAACCTCAC-3 (forward) and 5-GCTCCACCAACTAAGAACG-3
(reverse) for 185 ribosomal RNA. The relative expression of Collal transcripts was calcu-
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lated as a ratio to 185, and then the ratio of Collal mRNA expression level in CTX-injured
TA muscle to that in non-injured TA muscle was determined in each mouse.

4.6. Statistical Analysis

All data are presented as means & SEM. Statistical analysis was performed using
GraphPad Prism software (GraphPad, San Diego, CA, USA). Differences between mul-
tiple groups were determined by one-way ANOVA followed by Bonferroni’s multiple
comparison test. p-value < 0.05 was considered statistically significant.

Author Contributions: Investigation, Y.T., T.S. (Tatsunori Shimizu), S.K., M.N., TM. and H.E,; formal
analysis, Y.T., T.S. (Tatsunori Shimizu), Y.S., T.S. (Takehiro Sato), Y.Y. and H.E; methodology, Y.T.
and H.F; Writing—original draft preparation, Y.T.; validation, Y.T., T.S. (Tatsunori Shimizu) and
H.F; writing—review and editing, T.S. (Tatsunori Shimizu), Y.Y. and H.E.; conceptualization, H.F,;
supervision, H.F; funding acquisition, H.F; project administration, H.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding,.

Institutional Review Board Statement: Animal experiments were performed in accordance with the
Animal Welfare Guidelines of Akita University. All procedures were approved by the Committee on
Animal Experimentation of Akita University (protocol number a-1-0245, approved on 5 August 2020).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon reasonable request.
Acknowledgments: We are grateful to Hiromi Fujishima for her excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Veronese, N.; Pizzol, D.; Demurtas, J.; Soysal, P.; Smith, L.; Sieber, C.; Strandberg, T.; Bourdel-Marchasson, I.; Sinclair, A.; Petrovic,
M.; et al. Association between sarcopenia and diabetes: A systematic review and meta-analysis of observational studies. Eur.
Geriatr. Med. 2019, 10, 685-696. [CrossRef]

Brzeszczynska, J.; Meyer, A.; McGregor, R.; Schilb, A.; Degen, S.; Tadini, V.; Johns, N.; Langen, R.; Schols, A.; Glass, D.].; et al.
Alterations in the in vitro and in vivo regulation of muscle regeneration in healthy ageing and the influence of sarcopenia. J.
Cachexia. Sarcopenia Muscle 2018, 9, 93-105. [CrossRef] [PubMed]

Foley, R.N.; Wang, C.; Ishani, A.; Collins, A.J.; Murray, A.M. Kidney function and sarcopenia in the United States general
population: NHANES III. Am. J. Nephrol. 2007, 27, 279-286. [CrossRef]

Roshanravan, B.; Patel, K.V.; Robinson-Cohen, C.; de Boer, I.LH.; O’'Hare, A.M.; Ferrucci, L.; Himmelfarb, J.; Kestenbaum, B.
Creatinine clearance, walking speed, and muscle atrophy: A cohort study. Am. J. Kidney Dis. Off. ]. Natl. Kidney Found. 2015, 65,
737-747. [CrossRef]

Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes 2005, 54, 1615-1625. [CrossRef]

Li, J.-M.; Shah, A.M. Endothelial cell superoxide generation: Regulation and relevance for cardiovascular pathophysiology. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2004, 287, R1014-R1030. [CrossRef] [PubMed]

Sousa-Victor, P; Garcia-Prat, L.; Serrano, A.L.; Perdiguero, E.; Mufioz-Cénoves, P.; Brzeszczyniska, J.; Meyer, A.; McGregor,
R.; Schilb, A.; Degen, S.; et al. Oxidative stress as a major culprit in kidney disease in diabetes. Diabetes 2015, 24, 1615-1625.
[CrossRef]

Evans, ].L.; Goldfine, I.D.; Maddux, B.A.; Grodsky, G.M. Oxidative stress and stress-activated signaling pathways: A unifying
hypothesis of type 2 diabetes. Endocr. Rev. 2002, 23, 599-622. [CrossRef]

Fridovich, I. Superoxide radical and superoxide dismutases. Annu. Rev. Biochem. 1995, 64, 97-112. [CrossRef]

Faraci, FM.; Didion, S.P. Vascular protection: Superoxide dismutase isoforms in the vessel wall. Arterioscler. Thromb. Vasc. Biol.
2004, 24, 1367-1373. [CrossRef]

Fujita, H.; Fujishima, H.; Chida, S.; Takahashi, K.; Qi, Z.; Kanetsuna, Y.; Breyer, M.D.; Harris, R.C.; Yamada, Y.; Takahashi, T.
Reduction of renal superoxide dismutase in progressive diabetic nephropathy. J. Am. Soc. Nephrol. 2009, 20, 1303-1313. [CrossRef]
Fujita, H.; Fujishima, H.; Takahashi, K.; Sato, T.; Shimizu, T.; Morii, T.; Shimizu, T.; Shirasawa, T.; Qi, Z.; Breyer, M.D.; et al. SOD1,
but not SOD3, deficiency accelerates diabetic renal injury in C57BL/6-Ins2(Akita) diabetic mice. Metabolism 2012, 61, 1714-1724.
[CrossRef]

Takashima, S.; Fujita, H.; Fujishima, H.; Shimizu, T.; Sato, T.; Morii, T.; Tsukiyama, K.; Narita, T.; Takahashi, T.; Drucker, D.].; et al.
Stromal cell-derived factor-1 is upregulated by dipeptidyl peptidase-4 inhibition and has protective roles in progressive diabetic
nephropathy. Kidney Int. 2016, 90, 783-796. [CrossRef]


http://doi.org/10.1007/s41999-019-00216-x
http://doi.org/10.1002/jcsm.12252
http://www.ncbi.nlm.nih.gov/pubmed/29214748
http://doi.org/10.1159/000101827
http://doi.org/10.1053/j.ajkd.2014.10.016
http://doi.org/10.2337/diabetes.54.6.1615
http://doi.org/10.1152/ajpregu.00124.2004
http://www.ncbi.nlm.nih.gov/pubmed/15475499
http://doi.org/10.2337/diabetes.54.6.1615
http://doi.org/10.1210/er.2001-0039
http://doi.org/10.1146/annurev.bi.64.070195.000525
http://doi.org/10.1161/01.ATV.0000133604.20182.cf
http://doi.org/10.1681/ASN.2008080844
http://doi.org/10.1016/j.metabol.2012.05.005
http://doi.org/10.1016/j.kint.2016.06.012

Int. . Mol. Sci. 2021, 22, 5491 11 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Garry, G.A.; Antony, M.L.; Garry, D.J. Cardiotoxin induced injury and skeletal muscle regeneration. Methods Mol. Biol. 2016, 1460,
61-71. [CrossRef]

Chaweewannakorn, C.; Tsuchiya, M.; Koide, M.; Hatakeyama, H.; Tanaka, Y.; Yoshida, S.; Sugawara, S.; Hagiwara, Y.; Sasaki,
K.; Kanzaki, M. Roles of IL-1«/ 3 in regeneration of cardiotoxin-injured muscle and satellite cell function. Am. . Physiol. Regul.
Integr. Comp. Physiol. 2018, 315, R90-R103. [CrossRef]

Uezumi, A.; Fukada, S.; Yamamoto, N.; Takeda, S.; Tsuchida, K. Mesenchymal progenitors distinct from satellite cells contribute
to ectopic fat cell formation in skeletal muscle. Nat. Cell Biol. 2010, 12, 143-152. [CrossRef]

Hardy, D.; Besnard, A.; Latil, M.; Jouvion, G.; Briand, D.; Thépenier, C.; Pascal, Q.; Guguin, A.; Gayraud-Morel, B.; Cavaillon,
J.-M.; et al. Comparative Study of Injury Models for Studying Muscle Regeneration in Mice. PLoS ONE 2016, 11, e0147198.
[CrossRef] [PubMed]

Goldspink, G.; Fernandes, K.; Williams, P.E.; Wells, D.]. Age-related changes in collagen gene expression in the muscles of mdx
dystrophic and normal mice. Neuromuscul. Disord. 1994, 4, 183-191. [CrossRef]

Kovanen, V.; Suominen, H. Age- and training-related changes in the collagen metabolism of rat skeletal muscle. Eur. J. Appl.
Physiol. Occup. Physiol. 1989, 58, 765-771. [CrossRef]

Krause, M.P,; Al-Sajee, D.; D’Souza, D.M.; Rebalka, I.A.; Moradj, J.; Riddell, M.C.; Hawke, T.J. Impaired Macrophage and Satellite
Cell Infiltration Occurs in a Muscle-Specific Fashion Following Injury in Diabetic Skeletal Muscle. PLoS ONE 2013, 8, e70971.
[CrossRef] [PubMed]

Sousa-Victor, P.; Garcia-Prat, L.; Serrano, A.L.; Perdiguero, E.; Mufnioz-Canoves, P. Muscle stem cell aging: Regulation and
rejuvenation. Trends Endocrinol. Metab. 2015, 26, 287-296. [CrossRef]

Mahdy, M.A.A. Skeletal muscle fibrosis: An overview. Cell Tissue Res. 2019, 375, 575-588. [CrossRef] [PubMed]

Biferali, B.; Proietti, D.; Mozzetta, C.; Madaro, L. Fibro-Adipogenic Progenitors Cross-Talk in Skeletal Muscle: The Social Network.
Front. Physiol. 2019, 10, 1074. [CrossRef]

Hu, Z.; Wang, H.; Lee, .LH.; Modi, S.; Wang, X.; Du, J.; Mitch, W.E. PTEN inhibition improves muscle regeneration in mice fed a
high-fat diet. Diabetes 2010, 59, 1312-1320. [CrossRef] [PubMed]

Chamberlain, J.S.; Metzger, ].; Reyes, M.; Townsend, D.; Faulkner, J.A. Dystrophin-deficient mdx mice display a reduced life span
and are susceptible to spontaneous rhabdomyosarcoma. FASEB J. 2007, 21, 2195-2204. [CrossRef]

Zhang, L.; Wang, X.H.; Wang, H.; Du, J.; Mitch, W.E. Satellite cell dysfunction and impaired IGF-1 signaling cause CKD-induced
muscle atrophy. J. Am. Soc. Nephrol. 2010, 21, 419-427. [CrossRef]

Nguyen, M.H.; Cheng, M.; Koh, T.J. Impaired muscle regeneration in Ob/ob and Db/db mice. ScientificWorldJournal 2011, 11,
1525-1535. [CrossRef] [PubMed]

Kozakowska, M.; Pietraszek-Gremplewicz, K.; Jozkowicz, A.; Dulak, J. The role of oxidative stress in skeletal muscle injury and
regeneration: Focus on antioxidant enzymes. J. Muscle Res. Cell Motil. 2015, 36, 377-393. [CrossRef] [PubMed]

Aragno, M.; Mastrocola, R.; Catalano, M.G.; Brignardello, E.; Danni, O.; Boccuzzi, G. Oxidative stress impairs skeletal muscle
repair in diabetic rats. Diabetes 2004, 53, 1082-1088. [CrossRef] [PubMed]

Fridovich, I. Superoxide anion radical (O2-.), superoxide dismutases, and related matters. J. Biol. Chem. 1997, 272, 18515-18517.
[CrossRef]

Fukai, T.; Galis, Z.S.; Meng, X.P,; Parthasarathy, S.; Harrison, D.G. Vascular expression of extracellular superoxide dismutase in
atherosclerosis. . Clin. Investig. 1998, 101, 2101-2111. [CrossRef]

Wang, D.; Wei, L.; Yang, Y.; Liu, H. Dietary supplementation with ketoacids protects against CKD-induced oxidative damage and
mitochondrial dysfunction in skeletal muscle of 5/6 nephrectomised rats. Skelet. Muscle 2018, 8, 18. [CrossRef] [PubMed]
Sambasivan, R.; Yao, R.; Kissenpfennig, A.; Van Wittenberghe, L.; Paldi, A.; Gayraud-Morel, B.; Guenou, H.; Malissen, B.;
Tajbakhsh, S.; Galy, A. Pax7-expressing satellite cells are indispensable for adult skeletal muscle regeneration. Development 2011,
138, 3647-3656. [CrossRef] [PubMed]

Spradling, A.; Drummond-Barbosa, D.; Kai, T. Stem cells find their niche. Nature 2001, 414, 98-104. [CrossRef]

Forcina, L.; Cosentino, M.; Musaro, A. Mechanisms Regulating Muscle Regeneration: Insights into the Interrelated and Time-
Dependent Phases of Tissue Healing. Cells 2020, 9, 1297. [CrossRef] [PubMed]

Qi, Z.; Fyjita, H,; Jin, J.; Davis, L.S.; Wang, Y.; Fogo, A.B.; Breyer, M.D. Characterization of susceptibility of inbred mouse strains
to diabetic nephropathy. Diabetes 2005, 54, 2628-2637. [CrossRef] [PubMed]


http://doi.org/10.1007/978-1-4939-3810-0_6
http://doi.org/10.1152/ajpregu.00310.2017
http://doi.org/10.1038/ncb2014
http://doi.org/10.1371/journal.pone.0147198
http://www.ncbi.nlm.nih.gov/pubmed/26807982
http://doi.org/10.1016/0960-8966(94)90019-1
http://doi.org/10.1007/BF00637389
http://doi.org/10.1371/journal.pone.0070971
http://www.ncbi.nlm.nih.gov/pubmed/23951058
http://doi.org/10.1016/j.tem.2015.03.006
http://doi.org/10.1007/s00441-018-2955-2
http://www.ncbi.nlm.nih.gov/pubmed/30421315
http://doi.org/10.3389/fphys.2019.01074
http://doi.org/10.2337/db09-1155
http://www.ncbi.nlm.nih.gov/pubmed/20200318
http://doi.org/10.1096/fj.06-7353com
http://doi.org/10.1681/ASN.2009060571
http://doi.org/10.1100/tsw.2011.137
http://www.ncbi.nlm.nih.gov/pubmed/21805021
http://doi.org/10.1007/s10974-015-9438-9
http://www.ncbi.nlm.nih.gov/pubmed/26728750
http://doi.org/10.2337/diabetes.53.4.1082
http://www.ncbi.nlm.nih.gov/pubmed/15047625
http://doi.org/10.1074/jbc.272.30.18515
http://doi.org/10.1172/JCI2105
http://doi.org/10.1186/s13395-018-0164-z
http://www.ncbi.nlm.nih.gov/pubmed/29855350
http://doi.org/10.1242/dev.067587
http://www.ncbi.nlm.nih.gov/pubmed/21828093
http://doi.org/10.1038/35102160
http://doi.org/10.3390/cells9051297
http://www.ncbi.nlm.nih.gov/pubmed/32456017
http://doi.org/10.2337/diabetes.54.9.2628
http://www.ncbi.nlm.nih.gov/pubmed/16123351

	Introduction 
	Results 
	Physiological and Biochemical Parameters in C57BL/6-Akita and KK/Ta-Akita Mice at 15 Weeks of Age 
	Renal Phenotype in C57BL/6-Akita and KK/Ta-Akita Mice at 15 Weeks of Age 
	Inflammation and Fibrosis in TA Muscles Following CTX Injection-Induced Injury 
	Regeneration of TA Muscles Following CTX Injection-Induced Injury 
	Changes in Oxidative Stress and SOD1 Expression in TA Muscles Following CTX Injection-Induced Injury 

	Discussion 
	Materials and Methods 
	Experimental Animals 
	Measurements of Physiological and Biochemical Parameters 
	Renal Histology 
	Studies of Muscle Regeneration Following CTX Injury 
	Col1a1 mRNA Expression Analysis 
	Statistical Analysis 

	References

