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ABSTRACT   20 

Impaired oxidative capacity and mitochondrial function contribute to the dystrophic pathology in 21 

muscles of Duchenne muscular dystrophy (DMD) patients and in relevant mouse models of the 22 

disease. Emerging evidence suggests an association between disrupted core clock expression 23 

and mitochondrial quality control, but this has not been established in muscles lacking 24 

dystrophin. We examined the diurnal regulation of muscle core clock and mitochondrial quality 25 

control expression in dystrophin-deficient C57BL/10ScSn-Dmdmdx (mdx) mice, an established 26 

model of DMD. Male C57BL/10 (BL/10; n=18) and mdx mice (n=18) were examined every 4 27 

hours beginning at the dark cycle. Throughout the entire light-dark cycle, extensor digitorum 28 

longus (EDL) muscles from mdx mice had decreased core clock mRNA expression (Arntl, 29 

Cry1, Cry2, Nr1d2; p<0.05) and disrupted mitochondrial quality control mRNA expression 30 

related to biogenesis (decreased; Ppargc1a, Esrra; p<0.05), fission (increased; Dnm1l; 31 

p<0.01), fusion (decreased; Opa1, Mfn1; p<0.05) and autophagy/mitophagy (decreased: 32 

Bnip3; p<0.05; increased: Becn1; p<0.05). Cosinor analysis revealed a decrease in the 33 

rhythmicity parameters mesor and amplitude for Arntl, Cry1, Cry2, Per2, and Nr1d1 (p<0.001) 34 

in mdx mice. Diurnal oscillations in Esrra, Sirt1, Map1lc3b and Sqstm1 were absent in mdx 35 

mice, along with decreased mesor and amplitude of Ppargc1a mRNA expression (p<0.01). 36 

The expression of proteins involved in mitochondrial biogenesis (decreased: PPARGC1A, 37 

p<0.05) and autophagy/mitophagy (increased: MAP1LC3BII, SQSTM1, BNIP3; p<0.05) were 38 

also dysregulated in tibialis anterior muscles of mdx mice. These findings suggest that 39 

dystrophin deficiency in mdx mice impairs the regulation of the core clock and mitochondrial 40 

quality control, with relevance to DMD and related disorders. 41 

Keywords: Muscular dystrophy, diurnal variation, dystrophin, mitochondria  42 
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INTRODUCTION 43 

The circadian core clock is a molecular oscillator that regulates physiological processes 44 

relevant to skeletal muscle homeostasis. Diurnal regulation of mRNA expression is regulated 45 

by a set of core clock proteins, the transcriptional activators circadian locomotor output cycles 46 

kaput (Clock) and brain and muscle aryl hydrocarbon receptor nuclear translocator-like 1 47 

(Arntl; also known as Bmal), and function through coordinated negative transcription-48 

translation feedback loops generated by the transcriptional repressors period 1/2/3 (Per1/2/3) 49 

and cryptochrome 1/2 (Cry1/2) (1). The core clock regulates daily gene expression patterns 50 

involved in metabolism, signal transduction and transcription (2, 3), with the transcription of 51 

specific metabolic pathways tightly linked to the regulation of cellular metabolism (1). There is 52 

crosstalk between the expression and activity of core clock components and mitochondrial 53 

homeostasis (4). Disruptions to core clock components impair mitochondrial quality control and 54 

respiratory function, whereas alterations in cellular metabolism and metabolic intermediates 55 

influencing clock regulation (4, 5). Evidence suggests that disruptions to the core clock in 56 

muscle can impair cellular processes regulating contractile and metabolic function (6-8), which 57 

has important implications in muscle-related disorders such as cancer and muscular 58 

dystrophies. 59 

In Duchenne muscular dystrophy (DMD) and murine models of disease, muscles exhibit 60 

impaired mitochondrial content and function (9-11), which has been implicated in the 61 

pathophysiology. Mitochondrial homeostasis is dynamically regulated through processes 62 

related to biogenesis, dynamics (fission/fusion events), and mitophagy (12). Given that 63 

disruption of these cellular processes has been implicated in DMD, an improved understanding 64 

of the underlying mechanisms regulating mitochondrial quality control is required to develop 65 

effective treatments. Despite independent evidence for altered core clock and mitochondrial 66 
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quality control mechanisms in dystrophic pathology (13, 14), how these cellular processes 67 

fluctuate throughout the diurnal cycle in muscles lacking dystrophin has yet to be examined. 68 

We therefore examined the expression of the core clock and mitochondrial quality control 69 

throughout the light-dark cycle (assessed every 4 hours) in mdx and age-matched control 70 

BL/10 mice. Our findings suggest dystrophin deficiency in muscles of mdx mice impairs the 71 

regulation of the core clock and mitochondrial quality control, with relevance to DMD and 72 

related muscle disorders. 73 

 74 

  75 



5 

MATERIALS AND METHODS 76 

Animals and Experimental Design 77 

Male, C57BL/10 (BL/10) and dystrophin deficient C57BL/10ScSn-Dmdmdx (mdx) mice 78 

were obtained from the Animal Resources Centre (Canning Vale, WA, Australia) at 4-5 weeks 79 

of age. All mice were housed under a 12-hour light/dark cycle and provided access to drinking 80 

water and standard chow ad libitum. Following 2-weeks of acclimation to the light-dark cycle, 81 

mice were killed in an alternating fashion every 4 h beginning at the onset of the dark cycle 82 

(Zeitgeber time (ZT) 12). Mice were anesthetized by sodium pentobarbitone (120 mg/kg), 83 

tissues were rapidly excised, weighed, and frozen in liquid nitrogen, and then mice were 84 

euthanized by cardiac excision while under deep anesthesia. All experiments were approved 85 

by the Animal Ethics Committee of The University of Melbourne (AEC 1613961). 86 

 87 

RNA extraction and qPCR  88 

 Total RNA was extracted from extensor digitorum longus (EDL) muscle and qPCR was 89 

performed in triplicate as described previously (15). mRNA expression was normalized to 90 

Hprt1, which was not altered by dystrophin deficiency or time of day. Primers used in this study 91 

have been published previously (19). 92 

 93 

Immunoblotting 94 

Protein was isolated from the tibialis anterior (TA) muscles and western blot performed 95 

as described previously (15, 16). Protein content was determined via Bio-Rad DC protein 96 

assay as per manufacturer’s instructions (Bio-Rad). Samples were separated by SDS-PAGE 97 

using Criterion TGX Stain-Free Precast Gels (Bio-Rad) and transferred to 0.45 µm PVDF via 98 



6 

wet transfer at 4°C (100V for 60 min). Membranes were incubated with primary and secondary 99 

antibodies before being treated with enhanced chemiluminescence (Super Signal West Femto; 100 

Thermo Scientific) and visualized using ChemiDoc imaging system (Bio-Rad). Antibodies used 101 

in this study have been published previously (17-19). Blots were quantified using ImageJ 102 

software (NIH) and normalized to total protein. 103 

To determine differences in protein expression, samples were analyzed as described 104 

previously (18-20). An equal amount of protein from each genotype (n=3 samples/timepoint) 105 

was pooled to generate diurnal expression patterns for both groups on a single gel, as shown 106 

in Figures 1C and 4A. To determine the effects of dystrophin deficiency throughout the entire 107 

light-dark cycle, all six timepoints were grouped and differences between BL10 and mdx mice 108 

were assessed by Student’s t-test. In contrast to previous studies (18-20), we did not perform 109 

statistical analysis across genotypes within light or dark cycles (e.g., n=3 genotype), but 110 

representative curves are presented for qualitative assessment and to guide future studies 111 

examining protein expression. 112 

 113 

Statistical Analysis  114 

Data are presented as mean ± standard error of the mean unless noted in the Figure 115 

Legends. In Figures 1 and 4, an unpaired Student’s t-test was performed to determine 116 

differences in body mass (n=18 genotype), muscle mass (n=18 genotype), mRNA expression 117 

independent of time (n=18 genotype), and protein expression independent of time (n=6 118 

genotype) between BL/10 and mdx mice. In Figure 2, a one-way analysis of variance (ANOVA) 119 

was performed to determine if there were differences in mRNA expression over time. If this 120 

condition was met, then the rhythmicity of gene expression was evaluated using a cosine wave 121 
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fitted by the least squares method using a predefined period of 24 h. If a significant rhythm was 122 

detected across both genotypes (e.g., amplitude statistically greater than zero), the cosine 123 

curve parameters mesor, amplitude and acrophase, were compared using an unpaired 124 

Student’s t-test. The parameters were defined as: Mesor, the mid-value of the cosine curve 125 

representing a rhythm-adjusted mean; Amplitude, the one-half distance between peak and 126 

trough; Acrophase, the time of the peak of fitted curve, representing the average time of high 127 

values in the data. In Figure 3, a two-way ANOVA (genotype × time) with post hoc comparison 128 

by the Fisher’s LSD test was used to determine differences between BL/10 and mdx mice. 129 

When an ‘interaction’ or ‘main effect of time’ was observed, rhythmicity of gene expression was 130 

evaluated using a cosine wave fitted by the least squares method as described for Figure 2. 131 

GraphPad Prism 8 software (GraphPad, San Diego, CA) and Microsoft Excel (Microsoft, 132 

Redmond, WA) were used for data processing and analyses.  133 



8 

RESULTS  134 

Dystrophin deficiency in mdx mice disrupts core clock and mitochondrial quality control mRNA 135 

expression. 136 

We examined muscles from dystrophin deficient mdx and age-matched BL/10 mice 137 

every 4 hours beginning at the start of the dark cycle (Fig. 1A). As expected, tibialis anterior 138 

(TA) and extensor digitorum longus (EDL) muscles of mdx mice were heavier independent of 139 

body mass (Fig. 1B; TA: p<0.0001; EDL: p<0.001), exhibited a loss of dystrophin protein 140 

isoform 427 (DP427) protein expression (Fig. 1C; p<0.0001), and a reciprocal upregulation of 141 

utrophin (UTRN) protein expression (Fig. 1C; p<0.0001). We then assessed whether the 142 

relative mRNA expression of the core clock and mitochondrial quality control were 143 

dysregulated throughout the entire light-dark cycle in muscles of mdx mice. We found that 144 

Arntl, Cry1, Cry2, and Nr1d2 mRNA expression were decreased in muscles of mdx mice 145 

(Figure 1D; p<0.05). The changes in core clock components coincided with disrupted 146 

regulation of mitochondrial quality control related to biogenesis (decreased; Ppargc1a, Esrra; 147 

p<0.05), fission (increased; Dnm1l; p<0.01), fusion (decreased; Opa1, Mfn1; p<0.05) and 148 

mitophagy (decreased: Bnip3; p<0.05; increased: Becn1; p<0.05). Similar findings in gene 149 

expression were also observed in skeletal muscle biopsies of patients diagnosed with DMD 150 

compared to healthy controls when examining a published RNA sequencing dataset (Fig. 1F) 151 

(21). Overall, these results demonstrate that dystrophin deficiency in muscles of mdx mice and 152 

human patients disrupts the absolute core clock and mitochondrial quality control mRNA 153 

expression. 154 

 155 

Dystrophin deficiency in mdx mice disrupts diurnal oscillations in core clock mRNA expression. 156 



9 

The core clock genes exhibited significant differences in mRNA expression across 157 

timepoints in BL/10 and mdx mice when examined by one-way ANOVA (Fig. 2; all p<0.05 158 

except Cry1 and Cry2 in mdx mice; p<0.10). Cosinor analysis revealed that diurnal oscillations 159 

in core clock mRNA expression occurred in both BL/10 and mdx mice (Fig. 2; p<0.05). The 160 

mesor of Arntl, Cry1, Cry2, Per2, Nr1d1, and Nr1d2 mRNA expression were decreased in mdx 161 

mice (Fig. 2; p<0.001). The amplitude of Arntl, Cry1, Cry2, Per2, and Nr1d1 mRNA expression 162 

were also decreased in mdx mice (Fig. 2J; p<0.001). Interestingly, the mRNA expression of 163 

several core clock genes (Cry1, Per1, Per2, Nr1d1, Nr1d2) exhibited trends towards alterations 164 

in acrophase (Fig. 2K; p<0.10), but only Per3 mRNA expression reached statistical 165 

significance (p<0.05). These results demonstrate that dystrophin deficiency in muscles of mdx 166 

mice suppressed absolute and diurnal oscillations of core clock mRNA expression. 167 

 168 

Dystrophin deficiency in mdx mice disrupts diurnal oscillations in mitochondrial quality control 169 

mRNA expression. 170 

Given the disruptions to core clock mRNA expression, we assessed differences in 171 

mitochondrial quality control mRNA expression by a two-way ANOVA (genotype × time) with 172 

post hoc analysis. When an ‘interaction’ or ‘main effect of time’ was observed, rhythmicity was 173 

evaluated using a cosine wave fitted by the least squares method, as described previously. 174 

Cosinor analysis revealed diurnal oscillations of mitochondrial quality control mRNA expression 175 

occurred in 8 out of 13 genes (Ppargc1a, Esrra, Sirt1, Map1lc3, Sqstm1, Bnip3, Becn1, Bcl2; 176 

p<0.05) examined in BL/10 mice (Fig. 3), whereas this occurred in only 4 out of 13 genes 177 

(Ppargc1a, Bnip3, Becn1, Bcl2; p<0.05) in mdx mice (Fig. 3). We then assessed whether 178 

dystrophin deficiency altered the rhythmicity parameters mesor, amplitude and acrophase of 179 
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these four genes common to BL/10 and mdx mice. While the mesor of all four genes 180 

(Ppargc1a, Bnip3, Becn1, Bcl2) were decreased in mdx mice (Fig. 3; p<0.001), only the 181 

amplitude of Ppargc1a mRNA expression was decreased (Fig. 3N; p<0.01). Interestingly, the 182 

mean difference in acrophase of Ppargc1a, Becn1, and Bcl2 was significantly different 183 

between BL/10 and mdx mice (Fig. 3O; p<0.01). These results demonstrate that diurnal 184 

oscillations in mitochondrial biogenesis and autophagy/mitophagy mRNA expression are most 185 

sensitive to the loss of dystrophin in muscles of mdx mice. 186 

We next explored how dystrophin deficiency altered the regulation of mitochondrial 187 

quality control mRNA expression of genes that did not exhibit rhythmicity in mdx mice. 188 

Interestingly, the mRNA expression of Esrra and Sirt1 was decreased at the early phase of the 189 

dark cycle in mdx mice (ZT 16; Fig. 3B,C; p<0.05). There was a main effect to increase Dnm1l 190 

mRNA expression in mdx mice, which appeared related to elevations at the end of the dark 191 

cycle and into the early light cycle (ZT 24, 04; Fig. 3D). In contrast, there was a main effect to 192 

decrease Opa1 and Mfn1 mRNA expression in mdx mice, which appeared related to their 193 

suppression at most timepoints throughout the light-dark cycle (Fig. 3F,G; p<0.05). The 194 

expression of Map1lc3b was increased mid-way through both the dark and light cycle in mdx 195 

mice (ZT 16, 04; Fig. 3I; p<0.01). While the expression of Sqstm1 was decreased at the start 196 

of the dark cycle in mdx mice (Fig. 3J; p<0.01), the expression was increased midway 197 

throughout the dark (ZT 20; p<0.05) and light cycles (ZT 08; p<0.05). Interestingly, the mRNA 198 

expression of Bnip3 was decreased across multiple timepoints of the light-dark cycle (Fig. K; 199 

p<0.05). Collectively, these results demonstrate that dystrophin deficiency in mdx mice 200 

suppresses both absolute and diurnal oscillations of muscle mitochondrial quality control 201 

mRNA expression. 202 
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 203 

Dystrophin deficiency in mdx mice disrupts diurnal oscillations in mitochondrial biogenesis and 204 

mitophagy protein expression. 205 

While the field of circadian biology and physiology has been guided mostly by the 206 

analysis of mRNA expression (22), we investigated whether the expression of proteins 207 

involved in mitochondrial biogenesis and autophagy/mitophagy were altered throughout the 208 

light-dark cycle. We found throughout the entire light-dark cycle an uncoupling of the regulators 209 

of mitochondrial biogenesis PPARGC1A (decreased; p<0.001), ESRRA (no change), and 210 

SIRT1 (increased; p<0.0001) (Fig. 4A). The loss of mitochondrial proteins COX4I1 and VDAC 211 

(p<0.05) coincided with increased expression of autophagy/mitophagy markers MAP1LC3BI, 212 

MAP1LC3BII, SQSTM1, and BNIP3 (Fig. 4A; p<0.05). Qualitatively, the expression of 213 

PPARGC1A was decreased throughout most timepoints of the light-dark cycle in mdx mice 214 

(Fig. 4B), while the expression of SIRT1 was higher throughout the entire light-dark cycle (Fig. 215 

4C). The expression of COX4I1 and VDAC were decreased at the early timepoints of the dark 216 

cycle in mdx mice (Fig. 4D, E). The expression of MAP1LC3B, SQSTM1, and BNIP3 were 217 

increased throughout most timepoints of the light-dark cycle in mdx mice (Fig. 4F-H), with the 218 

greatest differences observed during the light cycle. Overall, these initial observations highlight 219 

that that the loss of dystrophin in muscles of mdx mice disrupts diurnal oscillations in 220 

mitochondrial biogenesis and autophagy/mitophagy protein expression.  221 
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DISCUSSION 222 

Examination of core clock and mitochondrial quality control throughout the light-dark 223 

cycle in mdx and age-matched BL/10 mice revealed that dystrophin deficiency in muscles of 224 

mdx mice: i) suppressed core clock mRNA expression; ii) disrupted mitochondrial quality 225 

control mRNA expression related to biogenesis, fission, fusion and mitophagy; iii) suppressed 226 

diurnal oscillations in core clock and mitochondrial quality control mRNA expression; and iv) 227 

impaired the expression of proteins involved in mitochondrial biogenesis and 228 

autophagy/mitophagy. These findings suggest that dystrophin deficiency in muscles of mdx 229 

mice impairs regulation of the core clock and mitochondrial quality control, with relevance to 230 

the pathophysiology of DMD and related disorders. 231 

The core clock has been implicated in the regulation of contractile and metabolic 232 

function (6-8), which is biologically and clinically relevant to multiple muscle-related disorders. 233 

When examining muscles across the entire light-dark cycle, we found dystrophin deficiency in 234 

mdx mice suppressed the absolute expression of several core clock mRNAs, which is 235 

consistent with the only previous investigation in mouse models of DMD (13). We also highlight 236 

that this is also observed in muscles of DMD patients (21). Importantly, we revealed for the first 237 

time that while diurnal oscillations in core clock mRNA expression were present in mdx mice, 238 

the rhythmicity parameters mesor and amplitude were decreased across multiple core clock 239 

genes (Arntl, Cry1, Cry2, Per2, Nr1d1). Interestingly, we also observed a significant change in 240 

the acrophase of Per3 mRNA expression in mdx mice, with several other core clock genes 241 

showing strong trends towards differences when peak amplitude occured (Cry1, Per1, Per2, 242 

Nr1d1, Nr1d2). Determining the intrinsic relationship between the dystrophin-glycoprotein 243 

complex, mechanical signaling, and core clock regulation, will require further interrogation. 244 
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Previous studies demonstrated that Arntl knockout in mdx mice aggravated the dystrophic 245 

pathology, impaired regenerative capacity, and reduced survival (13), whereas treatment with 246 

the REV-ERB antagonist SR8278 improved muscle function associated with enhanced 247 

mitochondrial biogenesis and oxidative capacity (14). Whether current therapeutic 248 

interventions which aim to improve the pathophysiology in DMD also restore basal and diurnal 249 

oscillations in core clock mRNA expression has yet to be examined. Nonetheless, the findings 250 

highlight core clock expression is altered throughout the light-dark cycle in muscles of mdx 251 

mice, and that modulation of the core clock may be a therapeutic target to address aspects of 252 

the dystrophic pathology. 253 

Mitochondrial function is critical for the maintenance of muscle structure and function, 254 

and disruptions to mitochondrial quality control underlie muscle-related disorders, including 255 

DMD (23). Disruptions to core clock components can impair mitochondrial homeostasis and 256 

respiratory function, while alterations in cellular metabolism and metabolic intermediates can 257 

influence core clock regulation (4, 5). We found that dystrophin deficiency in mdx mice 258 

suppressed the absolute and diurnal oscillations of key regulators involved in mitochondrial 259 

quality control. Importantly, we show for the first time that several of these genes exhibited 260 

diurnal oscillations in healthy skeletal muscle, but this rhythmicity was altered or completely 261 

abrogated in muscles lacking dystrophin. For example, diurnal oscillations of Esrra and Sirt1 262 

mRNA expression, key regulators of mitochondrial biogenesis, were not observed in mdx mice. 263 

Further, while muscles of mdx mice retained some rhythmicity of genes involved in 264 

mitochondrial biogenesis (Ppargc1a) and autophagy/mitophagy (Bnip3, Becn1, Bcl2), the 265 

parameters mesor, amplitude and acrophase, were significantly altered. The changes in mRNA 266 

expression related to mitochondrial biogenesis and autophagy/mitophagy were also coupled to 267 
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alterations in protein expression throughout the light-dark cycle. These findings suggest an 268 

inability to induce mitochondrial biogenesis in the active dark cycle and an overactivation of 269 

autophagy/mitophagy during the inactive light cycle. This is consistent with our recent findings 270 

of impaired transcriptional remodeling to chronic low-frequency electrical stimulation in 271 

dystrophic skeletal muscles (16). Further, the increase in autophagy/mitophagy proteins may 272 

indicate an accumulation of dysfunctional mitochondria, a hallmark of the dystrophic pathology 273 

(9-11). While previous studies targeting mitochondrial biogenesis, autophagy and mitophagy in 274 

mdx mice improved the dystrophic pathology (23-25), whether these adaptations alter the 275 

regulation of the core clock has not been addressed. Future studies are warranted to 276 

determine the interaction between the core clock and mitochondrial quality control in the 277 

pathophysiology of muscular dystrophy, and implications on the rhythmicity of gene/protein 278 

expression should be considered. 279 

Dystrophin deficiency in mdx mice altered absolute and diurnal oscillations of the core 280 

clock and mitochondrial quality control throughout the light-dark cycle. Further, changes in 281 

mRNA and protein expression involving mitochondrial biogenesis and autophagy/mitophagy 282 

were tightly coupled in muscles of dystrophic mice. Importantly, we identified unique time-of-283 

day differences in the expression of core clock and mitochondrial quality control, which should 284 

be considered in future studies. It is feasible that therapeutic strategies could be optimized by 285 

an improved understanding of diurnal oscillations in cellular physiology. Collectively, these 286 

results suggest dystrophin deficiency in mdx mice impairs muscle regulation of the core clock 287 

and mitochondrial quality control (Fig. 4J), with relevance to DMD and related disorders. 288 

  289 
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FIGURE LEGENDS 380 

Figure 1. Experimental approach and validation of dystrophin deficiency. (A) 381 

Experimental approach. Mice were killed every 4 h beginning at the start of the dark cycle (n=3 382 

timepoint/genotype). (B) Body mass, tibialis anterior (TA) muscle mass, and extensor digitorum 383 

longus (EDL) muscle mass (n=18 genotype). (C) Dystrophin (DP427) and utrophin (UTRN) 384 

protein expression in TA muscles throughout the entire light-dark cycle (n=6 genotype). An 385 

equal amount of protein from each genotype was pooled (n=3 genotype/timepoint) to generate 386 

diurnal expression patterns on the same gel, with the original western blots shown as 387 

representative image (n=6 genotype). (D) Core clock and (E) mitochondrial quality control 388 

mRNA expression in EDL muscles throughout the entire light-dark cycle (n=3 timepoint/group). 389 

(F) Heatmap showing the expression of core clock and mitochondrial quality control genes 390 

manually curated from a published dataset in healthy human controls (n=7) and Duchenne 391 

muscular dystrophy (DMD) patients (n=6) (21). Data are means ± standard error. Unpaired 392 

Student’s t-test (B-E); †p <0.10, *p < 0.05, **p < 0.01, ***p < 0.001. C57BL/10 (BL/10), 393 

C57BL/10ScSn-Dmdmdx (mdx), Total protein (TP). 394 

 395 

Figure 2. Dystrophin deficiency in mdx mice disrupts core clock mRNA expression. (A-I) 396 

Core clock mRNA expression in extensor digitorum longus (EDL) muscles at each timepoint 397 

throughout the entire light-dark cycle (n=3 timepoint/genotype). The curved lines represent the 398 

cosine wave fitted by the least squares method. The triangles on the right side of the graph 399 

represent the rhythmicity parameter mesor. (J) Amplitude of core clock mRNA expression in 400 

EDL muscles throughout the entire light-dark cycle (n=3 genotype). (K) Acrophase of core 401 

clock mRNA expression in EDL muscles throughout the entire light-dark cycle (n=3 genotype). 402 
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Data are means ± standard error, except (J) which is means ± 95% confidence interval. A one-403 

way analysis of variance (ANOVA) was performed to determine if there were differences in 404 

gene expression. If this condition was met, then the rhythmicity of gene expression was 405 

evaluated using a cosine wave fitted by the least squares method. If a significant rhythm was 406 

detected across both genotypes (e.g., amplitude statistically greater than zero), the cosine 407 

curve parameters mesor, amplitude and acrophase, were compared by unpaired Student’s t-408 

test. †p <0.10, *p < 0.05, **p < 0.01, ***p < 0.001. C57BL/10 (BL/10), C57BL/10ScSn-Dmdmdx 409 

(mdx), confidence interval (CI). 410 

 411 

Figure 3. Dystrophin deficiency in mdx mice disrupts mitochondrial quality control 412 

mRNA expression. (A-M) Mitochondrial quality control mRNA expression in extensor 413 

digitorum longus (EDL) muscles at each timepoint throughout the entire light-dark cycle (n=3 414 

timepoint/genotype). The straight lines are connecting data points for the two-way ANOVA. 415 

The dotted curved lines represent the cosine wave fitted by the least squares method. The 416 

triangles on the right side of the graph represent the rhythmicity parameter, mesor. (N) 417 

Amplitude of core clock mRNA expression in EDL muscles throughout the entire light-dark 418 

cycle (n=3 genotype). (O) Acrophase of core clock mRNA expression in EDL muscles 419 

throughout the entire light-dark cycle (n=3 genotype). Data are means ± standard error, except 420 

(N) which is means ± 95% confidence interval. A two-way ANOVA (genotype × time) with post 421 

hoc comparison by the Fisher’s LSD test was used to determine differences between BL/10 422 

and mdx mice. When an ‘interaction’ or ‘main effect of time’ was observed, rhythmicity of gene 423 

expression was evaluated using a cosine wave fitted by the least squares method. If a 424 

significant rhythm was detected across both genotypes (e.g., amplitude statistically greater 425 
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than zero), the cosine curve parameters mesor, amplitude and acrophase, were compared by 426 

unpaired Student’s t-test. †p <0.10, *p < 0.05, **p < 0.01, ***p < 0.001. C57BL/10 (BL/10), 427 

C57BL/10ScSn-Dmdmdx (mdx), confidence interval (CI). 428 

 429 

Figure 4. Dystrophin deficiency in mdx mice disrupts mitochondrial biogenesis and 430 

autophagy/mitophagy protein expression. (A) Mitochondrial quality control protein 431 

expression in tibialis anterior (TA) muscles throughout the entire light-dark cycle. An equal 432 

amount of protein from each genotype was pooled (n=3 genotype/timepoint) to generate 433 

diurnal expression patterns on the same gel, with the original western blots shown as 434 

representative image (n=6 genotype). (B-I) Mitochondrial quality control protein expression in 435 

TA muscles at each timepoint throughout the entire light-dark cycle, as described in (A) (n=6 436 

genotype). (J) Dystrophin deficiency in muscles of mdx mice impairs the regulation of the core 437 

clock and mitochondrial quality control. Created with BioRender.com. Data are means ± 438 

standard error. Unpaired Student’s t-test (A); †p <0.10, *p < 0.05, **p < 0.01, ***p < 0.001, 439 

****p < 0.0001. C57BL/10 (BL/10), C57BL/10ScSn-Dmdmdx (mdx), Total protein (TP). 440 


