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High-intensity interval training
alleviates STZ-induced muscle
atrophy by restoration of nuclear
positioning defects in C57BL/6
male mice

Masoud Rahmati®2*? & Rohollah Nikooie(3>!

We tested the hypothesis that improper myonuclei arrangement and morphology are involved in
diabetes-induced myofiber atrophy and whether and how high-intensity interval training (HIIT) affects
these impairments in isolated skeletal muscle myofibers. STZ-induced diabetes decreased muscle fiber
cross-sectional area (CSA) mediated by reduced myonuclear number, enhanced nuclear apoptotic,

and failed nuclear accretion from satellite cells. STZ-induced muscle atrophy was accompanied by
improper nuclear positioning (sinus of the maximum diameter angles and distance between adjacent
myonuclei) and morphology (maximum diameter, area, and volume of the nuclei), which was mediated
by suppressed expression of proteins involved in nuclear positioning including KIF5B, dynein, and
Nesprinl. Disturbing nuclear positioning by inhibition of Kinsein1 activity reduced CSA to a greater
extent than in diabetes alone, suggesting STZ-induced muscle atrophy is mediated by changes in
nuclear positioning. HIIT alleviated the STZ-induced decline in muscle CSA and myonuclei per fiber by
restoring myonuclear morphometry impairments and improper nuclear positioning to the normal level.
HIIT-induced increase in muscle CSA deterred by inhibition of Kinesin1 activity, suggesting its effect

is mediated by proper nuclear positioning. These findings suggest that normal nuclear positioning are
required for the changes in fiber size properties associated with HIIT in diabetic skeletal muscle fibers.
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Diabetes mellitus (DM) is a metabolic disease characterized by abnormal hyperglycemia due to p-cell failure
in insulin production or decreased sensitivity of peripheral tissues such as skeletal muscle, adipose tissue, and
liver to insulin!. Being the most critical tissue in maintaining glucose homeostasis under insulin-stimulated
conditions and major glucose storage and metabolism site, skeletal muscle significantly contributes to diabetic
complications. Therefore, a reduction of skeletal muscle mass would compromise blood glucose homeostasis. DM
is also associated with skeletal muscle atrophy and loss of myonuclei, which leads to impaired muscle function
and metabolism?. The diminished skeletal muscle mass in DM is partly related to impairment in skeletal muscle
regeneration and recovery from injury>*, deficiency in growth and development of skeletal muscle®, and a shift
in the fiber types toward more glycolytic or fast-twitch phenotypes®”.

The reduction in skeletal muscle mass in DM also appears to be partly accounted for by altered myonuclei
arrangement and morphology®® and loss of myonuclei!®!!. The normal muscle fibers are characterized with
peripherally-located nuclei distribution to maximize the distance between adjacent nuclei'?>-'*. Nuclei movement
to the center of the myofiber, nucleus movement to the muscle periphery, equidistant spacing of nuclei, and
movement of nuclei to the neuromuscular junction (NM]J) are the key steps governing the nuclear positioning
process and each step is mediated by different arrays of regulators/motor proteins such as kinesin and dynein
motor proteins'?!%. Such an appropriate nuclear distribution profoundly impacts normal muscle function and
development, and several muscle diseases such as CentroNuclear Myopathy (CNM) and dystrophies have been
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linked to mispositioned myonuclei'®. Although nuclear positioning and its impact on muscle function have been
poorly understood in DM, diabetes-induced alteration in morphometric of myonuclei has been reported®®. A
decrease in the length and diameters of the myonuclei has been reported in the fore and hind limb muscles
of streptozotocin (STZ)-diabetic rats®. Skeletal muscle of obese Zucker rats shows a decreased myonuclear
numbers per unit fiber length and increased myonuclear domain size, a measure of cytosolic volume per nucleus,
compared to healthy animals'!. A clear cause of such a myonuclear loss in DM is unclear. However, satellite cell
dysfunction due to reduced satellite cell proliferation or decreases in myogenic regulatory factor proteins might
partly be associated with loss of myonuclei in DM'®'7. Since myonuclei’s properties and number are related to
fiber size, it is possible that diabetic-induced muscle atrophy, at least partly, be related to improper myonuclei
arrangement and morphology. However, there is no substantial evidence.

Physical exercise is one of the most frequently prescribed tools to manage diabetes complications. High-
intensity interval training (HIIT) encompasses short-term, intense intervals (80-120% of maximal oxygen
consumption (VO,max)) alternated with periods of lower intensity for recovery. In addition to having more
beneficial metabolic effects than traditional endurance training, HIIT was shown to enhance cross-sectional area
(CSA) of soleus, tibialis anterior, and gastrocnemius, and increase skeletal muscle volume and left ventricular
mass'®. Moreover, HIIT augments phosphorylation levels of the mechanistic target of rapamycin (mTOR)
signals, p70 S6 kinase (p70S6 K), ribosomal protein S6 (S6)!° in young and old mice. In addition, HIIT can
induce substantial muscle damage, which is a profound stimulus to activate muscle satellite cells?%2!, Mechanical
damage associated with HIIT also causes a progressive increase in myonuclei, increasing muscle fiber size?>%3.
Meanwhile, insulin resistance is more attributable to fast-twitch muscle fiber?’. Since HIIT is a more effective
training stimulus for fast-twitch muscle fibers?, it could be an efficient training modality improving glucose
homeostasis in fast-twitch muscle fibers. These properties make HIIT an appropriate hypertrophic exercise,
especially considering the lack of a physiological hypertrophy-inducing protocol for mice.

The primary goal of this study was to test the central hypothesis of whether and how HIIT affects myonuclei
arrangement and morphology in skeletal muscle. To evaluate this hypothesis, we investigated: (1) whether HIIT
can alleviate diabetes-induced muscle atrophy and myonuclear reduction; (2) the effects of HIIT on myonuclear
morphometry impairments and nuclear positioning in diabetic isolated myofibers; (3) possible mechanisms that
may be involved in HIIT-induced regulation of myonuclei arrangement and morphology.

Materials and methods

Animals

A total of 60 ten-week-old C57BL/6 male mice were provided and housed four-per-cage in an animal lab under
standard conditions (12-hour light/dark cycle in a room at the temperature of 20-25 °C) with access to food and
water ad libitum. All institutional (as registered under the code: LUNS.REC.1395.170 at Lorestan University of
Medical Sciences) and animal research health and ethics guidelines were followed. Moreover, the present study
was carried out in compliance with the ARRIVE guidelines. The animals were divided randomly into six groups:
(1) healthy control (C, N=10), which performed no exercise; control trained (T, N=10), which were underwent
endurance training; diabetic control (DC, N=10), which experienced STZ-induced induction, diabetic trained
(DT, N=10), which were underwent STZ-induced induction and endurance training; diabetic-RBL (D-RBL,
N=10), which were underwent STZ-induced induction and subjected to inhibition of kinesin-1 activity and
expression in the gastrocnemius muscle; and diabetic trained-RBL (DT-RBL, N=10), which were underwent
STZ-induced induction and endurance training and subjected to inhibition of kinesin-1 activity and expression
in the gastrocnemius muscle.

Diabetes induction

All the mice were kept in an animal lab for two weeks before the experiments to acclimatize. Subsequently,
diabetes was induced through daily intraperitoneal injection with 50 mg/kg body weight of streptozotocin
(Sigma, St. Louis, MO, USA) freshly dissolved in 0.1 M citrate buffer (pH 4.5) for five consecutive days®>. Two
weeks later, diabetes was confirmed by measuring tail vein blood glucose level (>300 mg/1d.) using an Accu
Chek Compact Plus blood glucose meter (Roche Diagnostics K.K., Tokyo, Japan). During the study course,
blood glucose levels were assessed weekly.

High-intensity interval training (HIIT) protocol

Before starting HIIT protocol, mice were acclimated on the treadmill five times a week at 10 m/min speed for
10 min with no incline. After acclimation protocol for one week, mice were subjected to 3 sessions of HIIT
per week for four weeks. Each session consisted of a 5 min warm-up at 10 m/min, eight exercise intervals at
the prescribed speed and angle of inclination for 3-5 min, and a 1 min rest interval at 10 m/min between each
interval. The inclination angle gradually increased from 5° in the first week to 10° in the second week and
remained at 15° in the third and fourth weeks. The treadmill speed was maintained at 15 m/min for all training
sessions. No electronic shocks were employed to reduce the stress effect of running on the treadmill during
training sessions. Mice were manually assisted back on the treadmill to resume running after landing on the
rear part of the treadmill. All HIIT sessions were performed on a leveled motor-driven treadmill (Model T510E,
Diagnostic and Research, Taoyuan, Taiwan).

Inhibition of kinesin-1

Daily intraperitoneal injection (30 mg/kg) of Rose Bengal Lactone (RBL; Sigma) was administered to inhibit
kinesin-1 activity?® and suppress its protein levels?’. Successful inhibition was confirmed via immunoblot in
terms of kinesin-1 expression in gastrocnemius of the D-RBL compared to the DC group. Western blot analysis

Scientific Reports |

(2025) 15:6891 | https://doi.org/10.1038/s41598-025-91259-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

revealed 83% decrease in Kinesin-1 expression in gastrocnemius of the D-RBL compared to the DC group
(Fig. 1S).

Isolation of mono-myofibers and Immunofluorescence staining

The animals were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg). Following the dissection
of the whole muscle from the mice, the gastrocnemius muscle blocks were fixed in 4%PFA in PBS for 2 H at
RT. After washes, 40 to 50 mono-myofibers were isolated per staining from each muscle. To detect myonuclei,
isolated myofibers were then mounted on glass slides in Vectashield mounting medium containing DAPI
(Vector Laboratories, UK). Finally, myofibers were mounted on slides using fluromount Aqueous mounting
(Sigma, F4680-25mL) and kept at 4° C. Isolated fibers were analyzed using confocal laser scanning microscopy
(Olympus Co. Ltd., Tokyo, Japan).

Fluorescent immunohistochemistry analysis

According to our previous studies, immunofluorescent protocols were carried out?»**. We used antibodies
specific for laminin (L9393, Sigma-Aldrich, St. Louis, MO, USA), Dynein (ab111177, Abcam, Cambridge,
MA), KIF5B (abl167429, Abcam, Cambridge, MA), SUN1 (bsm-54420R, Sapphire Bioscience, Australia),
Nesprinl (ab192234, Abcam, Cambridge, MA) and Pax7 (Developmental Studies Hybridoma Bank, Iowa, IA,
USA). Secondary antibodies were coupled to FITC, Cy3, or Cy5 (Jackson Immunoresearch Inc). Additionally,
antibodies specific to MyHC types I, IIa, and IIb (BA-D5, SC-71, and BF-F3, respectively, University of Iowa
Developmental Studies Hybridoma Bank, Iowa City, IA), were supplemented with secondary antibodies coupled
to Alexa Fluor 405, 488 and 546 to detect different fiber types (Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA). Fiber type IIx expression was judged from unstained myofibers.

As previously described, satellite cells were immunolabeled with an antibody directed against Pax7%%. Only
those cells that were Dynein*, KIF5B*, Nesprinl*, SUN1" and Pax7* with DAPI* were counted, expressed
as a percentage, and normalized to fiber number. Nuclei exhibiting apoptotic changes were identified with
TUNEL-positive apoptotic nuclei using the in situ cell death detection kit, TMRred (Roche Applied Science,
Indianapolis, IN, USA), as described previously and expressed per muscle Sect®’. For confocal analysis, pictures
were taken on a TCS SP5 X microscope (Leica Microsystems) at 20X magnification, n and for each condition
of each experiment, at least 10-12 fields chosen randomly were analyzedToto measure MHC distribution, CSA,
and nuclei per myofiber, images were captured at x10 and x20 magnification using a Carl Zeiss Axiolmager
fluorescent microscope (Carl Zeiss, Jena, Germany). Whole muscle sections were obtained using the mosaic
function in Image M1 Software, and muscle fiber cross-sectional area, satellite cells, and myonuclei were analyzed
utilizing MyoView?’. A blinded, well-experienced technician performed all manual counting.

Morphometric analysis of isolated myofibers

In order to measure CSA of isolated myofibers we used the following formulas: CSA=m x (w/2) x (t/2) where w
and f are the width and thickness, respectively. The volume for 100 pm was calculated as CSA x 100 um (um?).
Then we measured the following parameters for the myonuclei analysis of isolated myofibers using the analysis
particles plugin of Image J software on 2D projections: area (pm?), maximum diameter length (um), roundness,
and angle (sinus value) of the maximum diameter relative to the long axis of the fibers. Roundness was calculated
as 1/(length of the major axis/length of the minor axis). The number of nuclei was counted and illustrated as
the number of nuclei/100 pum fiber length or the number of nuclei/volume calculated for 100 um fiber length.
To measure the mean distance between adjacent myonuclei, the three-dimensional coordinates of the geometric
center of each nucleus were determined on image stacks using the 3D manager plugin of Image J software.

Western blotting

Approximately 100 mg of gastrocnemius muscle was homogenized in ice-cold RIPA buffer (50 mM Tris- HCI,
1 mM EDTA, 150 mM NaCl, NP40 1%, Na deoxycholate 1%, SDS 1%, protease and phosphatase inhibitor
0.01 M, pH 7.4) and then centrifuged at 14,000 RPM for 15 min at 4 °C. Supernatant was discovered and used to
measure protein expression. Protein concentration was determined with Bradford protein assay using BSA as a
standard and western blotting was performed as previously described’'. Molecular weight standards were used
to identify appropriate antibody binding. Band densities were determined with Image] densitometer software.
Primary antibodies used were rabbit anti-Nesprinl (abcam, cat. # ab192234); anti-KIF5B (cell signaling, cat. #
18148); anti-SUN1 (abcam, cat. # ab103021); anti-Dynein (abcam, cat. # ab23905); and kensinl (abcam, cat. #
ab167429). Goat Anti-Rabbit IgG Antibody, Peroxidase Conjugated (Millipore, cat. # AP132P) was used as the
secondary antibody.

Statistical analysis

Statistical analyses were conducted by SPSS software (version 19, SPSS Inc., Chicago, IL, USA). Normality and
homogeneity of data were assessed by Shapiro-Wilk and Levene’s test, respectively. A within-between (groups x
time) repeated measures ANOVA followed by Tukey’s post hoc test were used to compare differences in blood
glucose and body weight between groups through the study period. Two-way analysis of variance (ANOVA)
was performed to determine Dynein, KIF5B, Nesprinl, SUNI, and Pax7 abundances and other variables in
experimental groups. The statistical significance level was set at a=0.05. The data were reported as mean = S.E.M
values.
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Results

Blood glucose levels, body weight, and gastrocnemius mass/body weight

Compared to the C group, the animals from the DC group exhibited significant hyperglycemia and decreased
body weight (Table 1), suggesting diabetes was successfully induced in the present study. As Table 1 shows, STZ-
induced diabetes significantly increased blood glucose levels (p <0.01), decreased body weight (p<0.05), and
attenuated gastrocnemius mass/body weight in the DC compared to the C group (p < 0.05). Inhibition of kinesin-1
activity exaggerated the effects of diabetes in the D-RBL group. Body weight (p <0.05) and gastrocnemius mass/
body weight (p<0.05) in the D-RBL were significantly lower compared to the DC group. In animals from the
DT group, HIIT significantly decreased blood glucose levels (p <0.05) and increased gastrocnemius mass/body
weight (p <0.05) compared to the DC group. However, there was still a significant difference between the C and
DT groups’ gastrocnemius mass/body weight (p <0.05), suggesting HIIT could not fully restore STZ-induced
reduction in gastrocnemius mass/body weight. HIIT significantly decreased blood glucose levels in the DT-
RBL group compared to the D-BRL (p<0.05). However, neither body weight nor gastrocnemius mass/body
weight was changed in the animals from the DT-RBL group compared to the D-BRL. Also, gastrocnemius mass/
body weight (p <0.05) in the DT was significantly higher than in the D-BRL group. These results indicate that
HIIT-induced increase in gastrocnemius mass/body weight is mediated, at least in part, by changes in nuclear
positioning.

HIIT successfully restored STZ-induced muscle atrophy and myonuclear reduction

To understand the effect of diabetes, HIIT, and nuclear positioning on muscle atrophy, muscle fiber CSA, and
myonuclear number were studied using laminin and DAPI staining to determine the limit of each myofiber
and to detect myonuclei, respectively. As Fig. 1A-C shows, muscle fiber CSA and myonuclear number of single
fibers were affected by diabetes. STZ-induced diabetes significantly decreased muscle fiber CSA of gastrocnemius
muscle in the DC (p <0.05) and the D-BRL (p <0.01) compared to the C group (Fig. 1A, B). The effect of diabetes
on muscle fiber CSA of the gastrocnemius muscle was more pronounced in the animals from the D-BRL than the
DC and there was a significant difference between the two groups (p <0.05). HIIT significantly increased muscle
fiber CSA in the gastrocnemius muscle of the T and DT groups compared to their counterpart control group
(all p<0.01) (Fig. 1B). HIIT restored muscle fiber CSA in the DT to normal value; however, there was still a
significant difference between the T and DT regarding the gastrocnemius muscle fiber CSA (p<0.01). In animals
from the DT-BRL group, HIIT could not restore muscle fiber CSA of gastrocnemius to normal value compared
to the C group (p>0.05). The difference of muscle fiber CSA of gastrocnemius was significant between the DT
and D-BRL groups at the end of the study (p <0.01).

Since increasing the number of myonuclei per fiber and maintaining a constant myonuclear domain is
vital for muscle hypertrophy*?, we further evaluated the effect of diabetes and HIIT on the magnitude of the
myonuclear number. Figure 1C shows that the number of myonuclei per fiber in the DC (p <0.01) and DC-BRL
groups (p <0.01) were significantly lower compared to values found in the C group. HIIT significantly increased
the number of myonuclei per fiber in the gastrocnemius muscle of the T and DT, respectively, compared to their
counterpart control group (all p<0.01) (Fig. 1C). HIIT restored the number of myonuclei per fiber in the DT
to a normal value; however, there was still a significant difference between the T and DT regarding the number
of myonuclei per fiber (p<0.01). In animals from the DT-BRL group, HIIT could not restore the number of
myonuclei per fiber to normal value compared to the C group. The difference in the number of myonuclei per
fiber was significant between the DT and D-BRL groups at the end of the study (p <0.05).

To determine the mechanism of STZ-induced decrease in myonuclei number and to understand how
HIIT rescue it, nuclear apoptotic was compared between the groups. TUNEL-positive nuclei located on the
laminin basement membrane was assessed to identify apoptotic nuclei. Compared to the C group, the number
of TUNEL-positive nuclei per section of gastrocnemius muscle fibers increased significantly in the DC (p<0.01)
and to a greater extent in the DC-BRL group (p <0.01) (Fig. 1D, E). While HIIT successfully reduced the number
of TUNEL-positive nuclei per section of gastrocnemius muscle fibers in the DT compared to the CT group
(p<0.01), its effect was almost completely deterred in the DT-BRL group. This data suggests that STZ-induced
enhance in nuclear apoptotic declines the number of myonuclei, thereby reducing CSA of gastrocnemius muscle.
HIIT can alleviate the STZ-induced decline in myonuclei per fiber and muscle CSA by restoring nuclear apoptotic
to the normal level. However, proper nuclear positioning is required for HIIT-induced increase in muscle CSA.

groups | Body weight (g) | Blood glucose (mg/dL) | Gas mass/BW (mg/g)
C 30.11+0.61 111£17 4.24+0.47
T 32.64+0.75 105£12 4.41£0.52
DC 26.75+£0.57* 539+56** 3.39+0.35*
DT 27.84+0.95* 475167t 3.54%0.61*
D-RBL | 23.64+0.78* 567 £72%* 3.15+£0.43*
DT-RBL | 24.34+£0.91* 462+ 51**+ 3.22+0.57*

Table 1. Animals’ weight, blood glucose levels, and gastrocnemius mass/body weight (gas mass/BW) in the
study groups. Values are mean + S.E.M. Healthy control (C), trained (T), diabetic control (DC), diabetic trained
(DT), diabetic-RBL (D-RBL), and diabetic trained-RBL (DT-RBL). *Significant difference with the C (P <0.05),
**(P<0.01). tSignificant difference with the DC (P<0.05). N=10 per group.
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Fig. 1. STZ-induced enhancement in nuclear apoptotic declined the number of myonuclei, thereby

reducing muscle CSA. HIIT restored it to the normal level. (A) Representative images of muscle CSA
analyses: laminin (red) and Hoechst (blue). Scale bars represent 25 ym. (B,C) Graphs show quantification of
gastrocnemius muscle CSA (B) and number of nuclei per fiber (C). (D,E) Tunnel staining was used to identify
TUNEL-positive nuclei located on the laminin basement membrane. (D) Representative image showing
immunostaining for laminin (green), TUNEL (red), DAPI (blue). Arrows point at TUNEL-positive nuclei
located on the laminin basement membrane. (E) Graphs show quantification of TUNEL-positive nuclei
located on the laminin basement membrane. (F) Representative image showing MyHC immunostaining of
gastrocnemius muscle: MyHC I (blue), MyHC IIA (green), MyHC IIX (black), and MyHC IIB (red). Scale bars
represent 25 ym. (G,H) Graphs show quantification of myofiber CSA in different fiber types (G) and MyHC
distribution (H) of gastrocnemius muscle. Values expressed as means+ SD. The different letters indicate a
significant difference (ANOVA and subsequent Tukey’s HSD, P<0.05).

HIIT abolished STZ-induced muscle fiber-type switching from MyHC lla to MyHC IIb

Since slow (type I) and fast fibers (types Ila, IIx, and IIb) differentially respond to specific atrophy signals®,
possible changes in the MyHC distribution and CSA in a different types of gastrocnemius muscle fibers were
evaluated (Fig. 1F-H). The total number of fibers were similar in gastrocnemius muscle of the C (6435 £964),
T (6987+825), DC (6258 +798), DT (6514 +943), D-RBL (6124 +778), DT-RBL (6203 +829) and there was
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no significant difference among the groups. STZ-induced diabetes significantly decreased MyHC Ila in the
gastrocnemius muscle of the DC and D-RBL groups. It significantly increased MyHC IIb and IIx in the DC and
D-RBL groups compared to the C group (all p<0.01) (Fig. 1G). HIIT restored the number of type Ila and IIb
fibers in the DT to normal value; however, there was still a significant difference between the T and DT regarding
the number of type ITa and IIb fibers (all p <0.01) (Fig. 1G).

The mean value of MyHC I fiber CSA was identical between all groups (Fig. 1H). However, MyHC Ila, IIx,
and IIb fiber CSA were smaller in animals from the DC and D-BRL than in the C group (all p <0.05). Thus the
most significant effects of diabetes were a marked decrease in MyHC Ila fibers, an increase in MyHC IIb fibers,
and a decline in CSA of MyHC Ila, IIx, and IIb fibers. HIIT significantly increased MyHC Ila, IIx, and IIb
fibers CSA in animals from the T and DT compared to their counterpart control groups (all p <0.05, Fig. 1H).
However, HIIT did not affect MyHC Ila, IIx, and IIb fibers CSA in the animals from the DT-BRL, and there
was no significant difference between the D-BRL and DT-BRL groups at the end of the study. Altogether, these
results demonstrated that diabetes causes muscle fiber-type switching from MyHC Ila to MyHC IIb and IIx
while exercise training produced a shift toward more significant expression of MyHC Ila. Meanwhile, the results
indicate that nuclear positioning is required for HIIT-induced muscle fiber-type switching from MyHC IIb and
IIx to MyHC IIa in diabetic animals.

HIIT reserved myonuclear morphometry impairments in diabetic isolated myofibers

A morphometric analysis of myonuclear was performed in gastrocnemius isolated muscle fibers further to
investigate the effect of diabetes and exercise on myonuclei. We first checked the effect of diabetes and training
on the CSA and myonuclei number in gastrocnemius isolated muscles fibers (Fig. 2A-C). The results revealed
a significant decrease in CSA and myonuclear number in DC and D-BRL groups compared with the C group
(all p<0.05) (Fig. 2B). Additionally, inhibition of kinesin-1 activity exaggerated the effects of diabetes in the
D-RBL group. CSA (p <0.01) and myonuclear number (p <0.01) of gastrocnemius isolated myofibers in the DT-
BRL group were significantly lower than the DC group (Fig. 2B, C). In the T and DT groups, HIIT significantly
increased CSA and the number of myonuclei compared to their counterpart control group (all p <0.05, Fig. 2B,
C). Nevertheless, inhibition of kinesin-1 activity abolished the positive effect of HIIT on, CSA and the number
of myonuclei in gastrocnemius isolated muscles fibers of the animals from the DT-BRL.

We were next interested to know whether and how diabetes and exercise can affect myonuclear morphometric
properties. The results are reported in (Fig. 2D-G). STZ-induced diabetes significantly decreased the nuclei
volume and maximum diameter in DC and D-BRL groups compared to the C group (all p <0.05; Fig. 2D, E).
The effect of diabetes was more pronounced in the animals from the D-BRL group. Their maximum diameter
and volume of the nuclei were significantly lower than those values found in the DC group (all p <0.05). The
area of the myonuclei was similar between the C and DC groups but had a lower value in the D-BRL group
than the DC (p<0.05; Fig. 2F). In T and DT trained groups, HIIT significantly increased volume of the nuclei
(all p<0.01; Fig. 2D) and the maximum diameter (all p<0.01; Fig. 2E) compared to their counterpart control
group. The beneficial effects of HIIT on the maximum diameter and volume of the nuclei were deterred by
inhibition of kinesin-1 activity and there was no significant difference between the DC-BRL and TD-BRL at the
end of the study. Moreover, the mean values of nuclei roundness were identical between all groups (all p>0.05,
Fig. 2G). These results revealed a protective effect of HIIT from a slight modification of the nuclear properties in
gastrocnemius isolated myofibers of diabetic animals. The results also indicate that normal nuclear positioning
is required for the changes in myonuclear morphometric properties associated with HIIT in diabetic animals.

HIIT improves nuclear positioning in diabetic isolated myofibers

Since normal nuclear positioning is required for different muscle functions, including muscle mass 4 we next
further question whether there is a change in the myonuclear positioning of the gastrocnemius isolated muscles
fibers. The sinus of the maximum diameter angles relative to the fiber’s long axis and the distance between
adjacent myonuclei were calculated and compared among the groups. Compared with the C group, a decrease in
sinus value was found in isolated fibers of DC (P <0.05, Fig. 2H) and DC-BRL groups (p <0.001, Fig. 2H). Sinus
values were significantly lower in the DC-BRL group (p <0.05, Fig. 2H) compared with the DC group. Sinus
values were similar between the C and T groups and between the DC-BRL and DT-BRL groups. However, HIIT
restored diminished sinus values in the DT to normal value and sinus values were significantly higher in the DT
than the DC group (all p <0.05, Fig. 2H). Altogether, these data argue for a slight but significant modification of
the spatial organization of myonuclei in the atrophied myofibers from STZ-induced diabetic mice.

To calculate the distance between adjacent myonuclei, the spatial organization of nuclei was first determined
in gastrocnemius isolated myofibers by measuring the nearest neighbor distance, i.e., the distance from each
nucleus to the nearest nucleus measured using the three-dimensional coordinates of their geometric center.
Compared with the C group, diabetes caused an increase of the mean distance between adjacent myonuclei in
DC (P<0.05, Fig. 2I) and DC-BRL groups (p<0.001, Fig. 2I). Compared with the DC group, the mean distance
between adjacent myonuclei was significantly higher in the DC-BRL group (p<0.05, Fig. 2I). In the T and
DT groups, HIIT significantly decreased the mean distance between adjacent myonuclei (all p <0.01; Fig. 2I)
compared to their counterpart control group. HIIT did not affect the mean distance between adjacent myonuclei
in the DT-BRL and there was no significant difference between the DC-BRL and DT-BRL. These results
suggest that diabetes by reducing the distance between adjacent myonuclei could lead to the abnormal spatial
organization of nuclei in myofibers, while HIIT can restore the normal distance between adjacent myonuclei.
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Fig. 2. Induction of diabetes was associated with disturbance in morphometric characteristics of myonuclei
and nuclear positioning in gastrocnemius isolated myofibers, and HIIT rescued it to the normal level. (A)
Confocal microscopy images of single muscle fibers of gastrocnemius muscle stained by DAPI. The illustrated
image corresponds to the XY projection of one image stack. Scale bars represent 25 ym. (B,C) Graphs show
quantification of CSA (x10%) (um?) (B) and myonuclei number (C) in gastrocnemius isolated muscle fibers.
(D-G) Graphs show morphometric characteristics of myonuclei: quantification of the nuclear volume (x10°)
(um?/100 pm) (D), the maximum diameter of the nuclei (um) (E), nuclear area (um?) (F), nuclear roundness
(G) in gastrocnemius isolated muscles fibers. (H,I) graphs show nuclear positioning indexes in gastrocnemius
isolated myofibers: sinus of the angle of the maximum diameter of nuclei relative to the axis of the fiber (H)
and nearest neighbor distance of myonuclei of isolated fibers (I). Values expressed as means + SD. The different
letters indicate a significant difference (ANOVA and subsequent Tukey’s HSD, P<0.05).

HIIT attenuated diabetes-induced abnormality in the nuclear linker and motor proteins
involved in nuclear positioning

To determine how diabetes and HIIT affect nuclear positioning in skeletal muscle, we next measured the
expression of motor proteins involved in nuclear positioning (KIF5B and dynein) and proteins involved in
linking the nucleus to the cytoskeleton (Nesprinl and SUN1). KIF5B, dynein, and Nesprinl numbers were
significantly lower in the DC group than those values found in the C group (all p <0.01; Figs. 3A-F and 4A-
C). In contrast, the expression of SUN1 was not affected by STZ-induced diabetes (Fig. 4D-F). Inhibition of
kinesin-1 activity did not affect the expression of protein analyzed. HIIT significantly increased the expression
of KIF5B, dynein, and Nesprinlin T and DT groups compared to their counterpart control groups (all p<0.01).
The expression of SUN1 was not affected by HIIT, neither in T nor in DT groups. The effects of HIIT on KIF5B,
dynein and Nesprinl expression were deterred by inhibition of kinesin-1 activity and there was no significant
difference for any protein analyzed between the DC-BRL and DT-BRL.

To further confirm of diabetes and HIIT effect on nuclear positioning, we also measured the expression of
KIF5B, dynein, Nesprinl, and SUN1 in skeletal muscle by western blotting. STZ-induced diabetes decreased the
expression of KIF5B (DC, 43%, p < 0.05; DC-BRL, 58%, p <0.01, Fig. 3E, F), dynein (DC, 40%, p < 0.05; DC-BRL,
48%, p<0.01, Fig. 3E, F), and Nesprinl (DC, 21%, p <0.05; DC-BRL, 30%, p <0.05, Fig. 4C, F) compared to the
C group and had no effect on SUNI expression. HIIT increased the expression of KIF5B (T, 74%, p<0.01; DT,
255%, p<0.01, Fig. 3E, F), dynein (T, 55%, p<0.05; DT, 78%, p < 0.05, Fig. 4C, F), and Nesprin1 (T, 59%, p < 0.05;
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Fig. 3. STZ-induced diabetes disturbance in nuclear positioning was mediated by reduced expression of
motor proteins involved in nuclear positioning. (A) Representative image of Kif5B analysis. (A 1-4) Higher
magnification of selected area (yellow box) in image (A) showing Laminin (red), Kif5B (green), and myonuclei
(blue). (B) Quantification of number of Kif5B*/100 fibers. (C) Representative image of Dynein analysis. (C1-4)
Higher magnification of selected area (yellow box) in image (D) showing Laminin (green), Dynein (red), and
myonuclei (blue). (D) Quantification of number of Dynein*/100 fibers. Scale bars represent 50 pum. (E,F) In-gel
profile and bar plots for densitometric scanning analysis of KIF5B and Dynein. The fold changes in expression
levels of the proteins analyzed were normalized for B-actin. Values expressed as means + SD. The different
letters indicate a significant difference (ANOVA and subsequent Tukey’s HSD, P<0.05).

DT, 57%, p <0.05, Fig. 4C, F) compared to their counterpart groups, and had no effect on SUNI expression. The
effects of HIIT on KIF5B, dynein and Nesprinl expression were deterred by inhibition of kinesin-1 activity and
there was no significant difference for any protein analyzed between the DC-BRL and DT-BRL. Altogether, these
results suggest that muscle nuclear positioning machinery is negatively affected by STZ-induced diabetes and
HIIT can restore their expression to normal levels.
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Fig. 4. Suppressed expression of Nesprinl, but not SUN1, was involved in STZ-induced diabetes disturbance
in nuclear positioning, and HIIT rescued it to the normal level. (A) Representative image of Nesprin1 analysis:
Laminin (green), Nesprinl (red), and myonuclei (blue). (B) Quantification of number of Nesprin1/100 fibers.
Scale bars represent 50 um. (C,F) In-gel profile and bar plots for densitometric scanning analysis of Nesprinl.
The fold changes in expression levels of the proteins analyzed were normalized for B-actin. (D) Representative
image of SUN1 analysis: Laminin (red), SUNI (green), and myonuclei (blue). (E) Quantification of number
of Kif5B*/100 fibers. Scale bars represent 50 um. (C,F) In-gel profile and bar plots for densitometric scanning
analysis of SUN1. The fold changes in expression levels of the proteins analyzed were normalized for B-actin.
Values expressed as means + SD. The different letters indicate a significant difference (ANOVA and subsequent
Tukey’s HSD, P<0.05).

HIIT effectively restored lower satellite cell content in diabetic myofibers

Given that myonuclei are post-mitotic, myonuclear accretion is thought to occur through the fusion of satellite
cells to the growing myofiber, thereby contributing to a nucleus'*. Therefore, we next decided to quantify the
number of satellite cells to determine the cause of lower myonuclear number in gastrocnemius muscle of diabetic
mice. We evaluated the number of Pax7* cells in 100 fibers (Fig. 5). The number of Pax7* cells significantly
decreased in the gastrocnemius muscle of the DC (P<0.05, Fig. 5A, B) and DC-BRL groups (p <0.001, Fig. 5A, B)
compared to the C group. The effect of diabetes was more pronounced in the animals from the DC-BRL than in
the DC. The number of Pax7* cells was significantly lower in this group (p <0.05, Fig. 5). In the T and DT groups,
HIIT significantly increased the number of Pax7* cells (p <0.01; p<0.01) compared to their counterpart control
group. HIIT did not affect the number of Pax7* cells in the DT-BRL, and there was no significant difference
between the DC-BRL and DT-BRL groups. Altogether, our results suggest that gastrocnemius muscle atrophy
in diabetic mice is related to a lower nuclear number which might be caused by failed nuclear accretion from
satellite cells. While HIIT is capable of producing significant muscle hypertrophic stimuli by restoring satellite
cell numbers.

Discussion
The current study examined whether and how diabetes and HIIT affected myonuclear positioning and
examined how HIIT-induced possible changes in myonuclear positioning contribute to STZ-induced muscle
atrophy. Three novel results were ascertained and discussed in more detail as follows: (1) STZ-induced diabetes
causes myonuclear reduction, impairs myonuclear morphometry, and disrupts nuclear positioning in diabetic
isolated myofibers, thereby causing muscle atrophy; (2) HIIT successfully restores STZ-induced impairment
in myonuclear morphometry and nuclear positioning, thereby causing muscle hypertrophy; (3) HIIT-induced
muscle hypertrophy is mediated by improvement in nuclear positioning in STZ-induced diabetic myofibers.
Consistent with previous studies**~%’, our results showed that STZ-induced diabetes causes muscle atrophy
associated with a myonuclear reduction in diabetic mice. Although the exact mechanism of STZ-induced muscle
atrophy is unclear, enhanced activity of WWP1/KLF15 axis, increased p65 content®®, FoxO transcription factors
(FoxOs)-induced increases in proteolytic pathways®” are some of the mechanisms involved in STZ-induced
muscle atrophy. In this context, we were interested in knowing whether STZ-induced muscle atrophy is related
to myonuclear morphometric properties and nuclear positioning. We observed that gastrocnemius mass/body
weight, muscle fiber CSA of the gastrocnemius, and myonuclear number were lower in the diabetic animals than
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Fig. 5. STZ-induced atrophy in gastrocnemius muscle was related to a failed nuclear accretion from satellite
cells. HIIT was capable of restoring satellite cell numbers. (A) Representative image of Pax7 analysis. (A 1-4)
Higher magnification of selected area (yellow box) in image (A) showing Laminin (red), Pax7 (green), and
myonuclei (blue). Scale bars represent 50 um. (B) Quantification of the number of Pax7*/100 fibers. Values
expressed as means + SD. The different letters indicate a significant difference (ANOVA and subsequent Tukey’s
HSD, P<0.05).

in healthy mice. All these changes were associated with disrupted nuclear positioning, quantified by the distance
between adjacent myonuclei, sinus values (the angle of the maximum diameter), and improper myonuclear
morphometric properties, quantified by the maximum diameter and volume of the nuclei, in the STZ-induced
diabetic mice. To investigate the cause-and-effect relationship between STZ-induced muscle atrophy and nuclear
positioning, kinesin-1 activity was inhibited by, i.p., injection of Rose Bengal Lactone in diabetic animals.
Their responses were compared with those of the diabetic control animals. We selected Kinesin-1 because the
interaction between KIF5b/Kinesin-1 and a Microtubule Associated Protein (Map7) builds a complex required
for achieving and maintaining proper nuclear positioning. Thus drug inhibition of Kinesin-1 activity is a usual
method to disrupt myonuclear positioning®, especially considering that conditional muscle knock-out for
Kinesin-1 leads to animal death due to severe dystrophy of skeletal muscles®. The present study results indicate
that inhibition of kinesin-1 successfully disrupted nuclear positioning in diabetic animals and exaggerated STZ-
induced muscle atrophy compared with those of the diabetic control animals, suggesting STZ-induced muscle
atrophy is mediated, at least in part, by changes in nuclear positioning.

Skeletal muscle characteristics, including fiber type distribution and glycolytic capacity, may be linked to
alterations in insulin action; a high percentage of more glycolytic fibers would be directly related to insulin
sensitivity’. Consistent with previous studies in diabetic patients*®*! our results show that STZ-induced diabetes
causes a higher percentage of type IIB fibers in gastrocnemius muscle of diabetic mice. Although, our result
showed that HIIT was effective enough to restore skeletal muscle fiber type distribution in STZ-induced diabetic
mice.

To understand how STZ-induced diabetes disrupts nuclear positioning, muscle satellite cell content and the
expression of motor proteins involved in nuclear positioning were evaluated. Our results showed that STZ-
induced diabetes decreases the number of Pax7* cells in skeletal muscle of diabetic mice, suggesting STZ-
induced diabetes suppresses muscle stem cell proliferation in skeletal muscle. Since myonuclei are post-mitotic,
satellite cell-mediated myonuclear accretion is required for skeletal muscle fiber hypertrophy'*. In this regard,
our results indicate that HIIT successfully restores satellite cell contents in STZ-induced diabetic myofibers.
These findings suggest that skeletal muscle fiber atrophy in STZ-induced diabetic mice is related to the lower
nuclear number, which might also be caused by failed nuclear accretion from satellite cells, while HIIT, thereby
restoring satellite cell numbers, can produce significant physiological changes in hypertrophic stimuli. We also
found that diabetes decreases the number of skeletal muscle motor proteins involved in nuclear positioning,
including KIF5B and dynein. Moreover, myonuclei rigidity is dependent on proteins of the LINC complex such
as Nesprinl and SUN1*2 In the present study, we found that diabetes triggers Nesprinl, which may explain
the improper positioning of the muscle nuclei in STZ-induced diabetic animals. These data suggest a complex
interplay between factors that maintain peripheral myonuclei localization and demonstrate that reduction in
motor proteins and Nesprinl contribute to improper myonuclei positioning in diabetes, while HIIT can restore
these abnormalities.

Various diseases can directly affect myonuclear positioning. In a heterogeneous group of inherited muscle
diseases, CentroNuclear Myopathies (CNMs) are characterized pathologically by an abnormal localization
of myonuclei in the center of myofibers'. Different genes implicated in various CNMs such as Mtml,
Amphyphisin-2/BIN1, Dynamin-2, and Hacdl have already been identified*>*%. In addition, in the case of
sarcopenic skeletal muscle, myonuclear positioning is changed and peripheral myonuclei are also progressively
lost®.
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Despite the significant findings, the current study has several limitations. As a proof-of-concept study
investigating the effects of high-intensity interval training (HIIT) on diabetes-induced myofiber atrophy,
experiments were conducted exclusively on male diabetic mice. Further studies are needed to assess whether
similar changes occur in female diabetic mice, as sex may influence the regulation of muscle fibers and myonuclear
arrangement®. This is particularly relevant given that gender differences could impact the generalizability of the
findings. Although this study provides important insights into the effects of high-intensity interval training
(HIIT) on diabetes-induced myofiber atrophy using an in vivo model, it is important to acknowledge that the
current study lacks in vitro investigations. In vitro models would allow for a more detailed exploration of the
underlying molecular and cellular mechanisms involved in the observed effects. Specifically, these models could
help identify the precise signaling pathways that regulate myonuclear accretion, hypertrophy, and muscle fiber
morphology in diabetic conditions. Future research should aim to integrate both in vivo and in vitro approaches
to further elucidate the mechanisms through which HIIT influences muscle regeneration and remodeling at the
cellular level. By utilizing in vitro systems, we can more accurately assess the role of key regulatory factors, such
as muscle stem cells, myonuclear dynamics, and metabolic signaling, providing a comprehensive understanding
of the therapeutic potential of HIIT for individuals with diabetes.

Altogether, STZ-induced diabetes changes myonuclear positioning and morphology, while HIIT successfully
restores these impairments. Thus, HIIT might serve as an adjunct therapy in diabetes. However, further work is
necessary to fully understand the underlying mechanisms.

Data availability
The data that support the findings of this study are available from the corresponding author (Dr Masoud Rah-
mati; rahmati.mas@lu.ac.ir) upon reasonable request.
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