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Abstract

Background Physical exercise is the first-line intervention for prediabetes, and metformin is the most widely used
oral insulin-sensitizing agent. Moreover, intermuscular adipose tissue (IMAT) directly affects insulin resistance by help-
ing maintain glucose homeostasis. Here, we evaluated the effects of moderate aerobic exercise and/or metformin

on histological IMAT parameters in non-streptozotocin-induced prediabetes.

Methods Male Wistar rats with prediabetes fed a high-fat diet and high-sugar drinks were randomly assigned

to high-fat diet (PRE), metformin (MET), moderate aerobic exercise (EXE), combined therapy (EMC), or EMC + com-
pound-c (EMA) groups for 4 weeks. Multimodal magnetic resonance imaging (MRI) was then performed, and tissue-
specific inflammation and energy and lipid metabolism were evaluated in IMAT.

Results The EXE group had lower inflammatory factor levels, lipid metabolism, and mitochondrial oxidative stress,
and shorter IMAT adipocyte diameters than the MET group. The MET group exhibited lower IL-13 and Plin5 expres-
sion than the PRE group. Furthermore, the IMAT of the EMC group had lower TNF-a and phosphorylated NF-kB levels
and higher GLUT1 and GLUT4 expression than the PRE group. Multimodal MRI revealed significant changes in trans-
verse-relaxation time 2, apparent diffusion coefficient, and fractional anisotropy values in the IMAT and muscles,

as well as lower IMAT% values in the EXE and EMC groups than in the MET and PRE groups.

Conclusion Moderate aerobic exercise training can effectively improve IMAT function and structure via the AMP-
activated protein kinase pathway in prediabetes. Combining metformin with moderate aerobic exercise might elicit
modest synergy, and metformin does not counterbalance the beneficial effects of exercise.

Keywords Adipose tissue, Metformin, Aerobic exercise, Prediabetes, Multimodal imaging, Magnetic-resonance
imaging
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Introduction

Prediabetes involves abnormally high blood glucose
levels below the diagnostic threshold for type-2 diabe-
tes mellitus (T2DM) [1]. Approximately 5-10% of pre-
diabetic patients develop T2DM each year [2]. Muscles
and adipose tissue are insulin-sensitive organs that help
maintain glucose homeostasis. Intermuscular adipose
tissue (IMAT) is characterized as the adipose tissue
that is intricately interspersed among and surrounding
groups of skeletal muscles. The proportion of IMAT was
elevated in individuals with T2DM and metabolic syn-
drome compared to their healthy counterparts; this esca-
lation was integrally linked to insulin resistance and an
age-associated decline in physical functionality [3]. Addi-
tionally, IMAT could directly modulate insulin resist-
ance (IR), independently of other body fat depots [4],
by secreting inflammatory cytokines and expressing the
perilipin 5 (Plin5) gene [5, 6]. Nonetheless, the role that
IMAT plays in the prediabetic stage and the metabolic
changes that occur when it is targeted therapeutically is
unclear. Therefore, it’s vital to target IMAT to prevent the
progression of diabetes from prediabetes.

The American Diabetes Association recommends met-
formin as a preventative for diabetes [7, 8]. Metformin is
a first-line T2DM drug that can activate AMP-activated
protein kinase (AMPK) [9, 10] and enhance insulin activ-
ity in the liver and skeletal muscles [11]. Meanwhile,
aerobic exercise could increase the translocation of the
transmembrane proteins FAT/CD36 and GLUT-4 in skel-
etal muscles by activating AMPK to promote fatty acid
and glucose uptake [12, 13]. Thus, combining metformin
with aerobic exercise in prediabetes may be more effec-
tive than either intervention alone. However, recent data
challenge this notion [14], and metformin might antago-
nize insulin while sensitizing the body to the effects of
exercise [15]. Furthermore, combined intervention with
metformin and exercise significantly improved the area-
under-the-curve (AUC) glucose values and percentage of
hyperglycemic peaks in prediabetic populations [16]. Fur-
ther research indicated that the conflicting results might
stem from the different activation mechanisms of AMPK
by exercise and metformin [14]. Briefly, aerobic exercise
primarily activated AMPK by accelerating energy metab-
olism and stimulating ATP consumption [17], while
metformin activated AMPK by mimicking a low-energy
environment within tissues [18]. As such, the impact of
combined metformin and exercise therapy on IMAT in
prediabetes remains unclear. Taken together, the main
purpose of the present study was to test whether exercise
and metformin, either alone or in combination, could
positively influence IMAT in the prediabetic status, the
early stage of the development of diabetes.
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Multimodal magnetic-resonance imaging (MRI)
can facilitate non-invasive measurements of biologi-
cal changes. Specifically, Dixon and magnetic resonance
spectroscopy (MRS) sequences can measure IMAT and
intramyocellular lipids (IMCLs) in skeletal muscles,
respectively. Such differentiation is crucial considering
the distinct role of IMAT in prediabetic metabolic pro-
files. At the histological level, transverse-relaxation time
2 (T2)-mapping sequences are utilized to derive T2 val-
ues, which are applied to analyze biochemical and meta-
bolic information in target tissues. This approach might
emerge as a screening test for the early detection of met-
abolic diseases, such as diabetes [19]. Furthermore, dif-
fusion-tensor imaging (DTI) is employed to track muscle
fibers and to calculate both apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) values. ADC values
reflect the diffusion ability of water molecules within bio-
logical tissues, indicating tissue cell density and structure.
FA values, however, represent the directional dependence
of this diffusion, providing insights into the microstruc-
ture of tissues, including the integrity and direction of
muscle fibers [20]. Together, these multimodal MRI tech-
niques composed of various MRI sequences hold prom-
ise for elucidating the critical effects of aerobic exercise
and metformin on IMAT in prediabetics.

Herein, in this study, we integrated metabolic assess-
ments with multimodal MRI parameters to comprehen-
sively explore the impact of moderate aerobic exercise
and/or metformin on IMAT in a non-STZ-induced pre-
diabetic rat model.

Methods

Animal model and grouping protocol

Male Wistar rats (200+10 g; Beijing Huafukang Bio-
technology, Beijing, China) were housed under a 12:12 h
light/dark cycle, at a constant temperature of 24+1 °C,
with ad libitum access to food and water, the total of
36 rats were divided: 6 were allocated to the Control
Group (CON) and the remaining 30 to the prediabetic
group. Rats were assigned to the groups using a simple
randomization method. The PRE group was fed a diet
supplemented with 60% lard (Beijing Huafukang Bio-
technology, Beijing, China). From weeks 6-10, rats in the
PRE group were provided 30% sucrose solution instead
of water. By the 11th week, the prediabetes induction
in the PRE group was confirmed. The body weights and
fasting blood glucose (FBG) levels of all rats were meas-
ured weekly. Our model is also consistent with a previous
model in which rats in the PRE group developed predia-
betes [21]. Specifically, pre-diabetic rats exhibited mod-
erately increased adiposity, impaired glucose tolerance,
and insulin resistance.
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These rats were then further subdivided into five
distinct groups of 6 rats each: diabetic control (PRE),
moderate-aerobic exercise (EXE), metformin-treat-
ment (MET), aerobic-exercise+ metformin-treat-
ment+ AMPK pathway-inhibitor (EMA), and-aerobic
exercise + metformin-treatment (EMC) groups (n=6
rats/group). The rats were assigned to these subgroups
randomly, ensuring an even distribution of character-
istics like body weight and FBG levels.

Exercise protocol and drug administration
In week 11, the EXE, EMA, and EMC groups, compris-
ing a total of 18 rats, initiated a 4-week aerobic-exer-
cise training. The rats were placed on a treadmill for
4 weeks (5 d/week, 60 min/d); the speed was gradu-
ally increased to 16 m/min (including a 5 min warm-
up period at 10 m/min), equating to moderate aerobic
exercise [22]. To eliminate potential influences of han-
dling and confinement, rats that did not engage in
physical exercise were placed on a stationary treadmill
for an equivalent duration. Before aerobic-exercise
training began, the rats were trained for 10 min at
10 m/min with a 5° inclination angle for 3 d.
Metformin (300 mg kg~' day!) was administered
intragastrically to the MET, EMA, and EMC groups
(n=18) from weeks 11-14 [23]. Rats in the control,
PRE, and EXE groups (n=12) were administered the
same amount of ultra-pure water. Exercise interven-
tion was performed 2 h after administering daily drug
treatments. To the EMA group, compound-c (20 mg/
[kg d]) [24] was injected daily into the muscles of
both lower limbs after exercise from weeks 11-14.
The remaining groups were administered an equiva-
lent volume of 0.9% NaCl solution. Metformin was
dissolved in ultra-pure water, and compound-c was
dissolved in dimethyl sulfoxide (Merck, Darmstadt,
Germany).

Table 1 Magnetic-resonance sequence-acquisition parameters
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Blood testing and tissue sampling

Fasting blood glucose levels of all rats (n=36) were
measured weekly using a blood glucose-monitoring
system (Accu-Check; Roche, Basel, Switzerland). After
overnight fasting (weeks 10 and 14), all rats were gav-
aged with 1.5 g/kg anhydrous glucose, and oral glucose
tolerance tests (OGTTs) were performed; blood glucose
levels were measured after 0, 30, 60, and 120 min post-
gavage. During week 10, 300 uL of blood was collected
from the medial canthus vein of the right eye of each rat,
and plasma was isolated by centrifugation (10,000xg for
5 min).

After the last session of exercise and metformin inter-
ventions, all rats (n=36) were anesthetized using a mix-
ture of ketamine (100 mg/kg i.p.) and dexmedetomidine
(0.5 mg/kg i.p.) until loss of reflexes [25]. Blood (1.5 mL)
was obtained from the heart, plasma was isolated via
centrifugation (10,000Xg for 5 min), and plasma-insulin
levels were measured via enzyme-linked immunosorb-
ent assays. Fresh rat quadriceps femoris were placed
under an anatomical microscope and dissected on ice for
1-1.5 min. IMAT and skeletal muscles were separated,
confirmed not to contain other tissues [5]. A portion was
stored at —80 °C, while another portion was fixed with
4% formaldehyde.

Multimodal MRI

All Rats (m=36) were placed in an 30.T MRI (Philips
Health Tech., Amsterdam, Netherlands). Each rat was
positioned prone inside the MRI scanner and an elbow
joint coil was used for scanning. The scanning sequence
included T2 mapping, DTI, magnetic-resonance spec-
troscopy (MRS), and MR-Dixon analysis (Table 1). Fur-
thermore, we acquired axial TIWI, T2WI, and sagittal
T2WTI scans to obtain the localization required for DTI
and MRS. DTI images were obtained in six diffusion
directions, and 600 mm/s®> was used as the b value. To
draw regions of interest (ROIs), Philips Research Imaging

Scanning parameter T1WI T2WI DTI T2 mapping Dixon MRS

TR 120 2500 2500 1500 A 2000

TE 10 80 9.0 133 50

FOV (mm) 100%x 120%x60 100% 121 x66 120x90x 60 90x121x39 100 100%x 25 30%x30%30
SNR 1.02 0.96 1.0 1.0 -

NSA 3 3 2 2 128

Scan time (min) 1.46 315 5.15 545 0.09 4.52

Slices 20 20 12 10 -

DTl diffusion-tensor imaging, FOV field of view, MRS magnetic-resonance spectroscopy, NSA number of signals averaged, SNR signal: noise ratio, TE time of echo, TR

time of repetition
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Development Environment (PRIDE) software (v.4.1.V3)
and Mimics Research software (v.21.0) were employed
for image post-processing.

We also measured (1) the percentage of IMAT in skele-
tal muscles, (2) T2 values in skeletal muscles and IMATs,
(3) ADC and FA values in skeletal muscles and IMATSs,
and (4) intramyocellular lipid/creatinine (IMCL/Cr)
ratios in skeletal muscles (Fig. 1).

Quantitative image analysis

To ensure the reliability and consistency of the multi-
modal MRI parameters, imaging-data postprocessing
and analysis were conducted on a computer worksta-
tion (Philips Healthcare, Best, The Netherlands) by three
experienced radiologists (Y.E, EY, and P.S.) blinded to the
study design and the subjects’ clinical information. To
assess inter-examiner reproducibility and the reliability
of the MRI quantitative parameters, all radiologists inde-
pendently performed the measurements twice, with at
least a 2-week interval between each measurement. ROIs
were delineated within muscles and IMATs (avoiding
vertebrae, fasciae, subcutaneous fat, and blood vessels).
Interclass-correlation coefficients were determined to
assess the precision of the multimodal MRI parameters.
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Immunohistochemical analysis

All rats’ (n=36) IMAT samples were fixed with 4%
paraformaldehyde and embedded in paraffin. The sec-
tions (5 pm) were stained with antibodies against tumor
necrosis factor-a (TNF-a), interleukin (IL)-6, and IL-1f.
After the tissue sections were dewaxed with xylene and
rehydrated with a graded-ethanol series, antigens were
repaired in 0.01 mol/L ethylenediaminetetraacetic acid
(pH 8.0) for 1.5 min in a high-pressure sterilizer. The
sections were then incubated with hydrogen peroxide
for 10 min and non-specific staining was reduced using
normal goat serum. Subsequently, the sections were
incubated with anti-TNF-a (1:200, Affinity Biosciences,
AF7014, Jiangsu, China), IL-6 (1:50, Protein-tech, 21865-
1-AP, Wuhan, China), or IL-1f (1:500, Affinity Bio-
sciences, AF5103, Jiangsu, China) antibodies overnight at
4 °C, followed by complementary secondary antibodies.
We used 3-diaminobenzidine for visualization. The sec-
tions were counterstained with hematoxylin, dehydrated
using a gradual alcohol gradient, and sealed with neu-
tral gum. Staining was visualized using an inverted light
microscope (Nikon, TS100, Tokyo, Japan) and quantified
with Image] software (v1.48; NIH, Bethesda, MD). For
each rat, each antibody staining was repeated on three

Fig. 1 Characterization of multimodal magnetic-resonance imaging in the middle thigh femur of rats with prediabetes. A Chemical-shift-encoded
water-fat sequence image (Dixon method) in the middle thigh femur. B Transverse relaxation time 2 (T2)-mapping image of the middle thigh femur.
C Artificial-color map of T2-mapping image of the middle thigh femur. D, E Artificial-color map of a diffusion-tensor imaging image of the middle
thigh femur. F Magnetic-resonance spectroscopy image of a quadriceps femur
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distinct sections, and the staining intensity of these sec-
tions was averaged for further analysis.

Histological analysis

Three Paraffin-embedded IMAT sections (5 uM) from
each rat were stained with hematoxylin and eosin for
histopathological examination; the average adipocyte
diameter of each rat was quantified by Image] software.
From each rat, three sections of fresh muscle samples
were embedded in optimal cutting temperature com-
pound (OCT) and dissected into 10 uM slices. These sec-
tions were stained with oil red O solution (3 mg/mL) and
rinsed as described [26]. The average IMAT content from
the three sections of each rat’s skeletal muscles was then
quantified using Image] software [27].

Immunoblotting
Total protein was extracted from IMATs using the Min-
ute Total Protein Extraction Kit for Adipose Tissues
(Invent, AT-022, Minnesota, USA) and quantified using
a BCA Detection Assay Kit (Beyotime, P0010S, Shanghai,
China). To ensure uniformity in protein loading across all
samples, the protein concentration of each sample was
carefully adjusted so that the same amount of protein
(20 pg) in each sample (200 pg IMAT from quadriceps)
was denatured in a loading buffer comprising 2% SDS,
10% glycerol, 1% P-mercaptoethanol, 0.004% Bromo-
phenol blue, and 62.5 mM Tris—HCL (pH 6.8) at 100 °C
for 5 min and separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. Proteins were trans-
ferred to polyvinylidene fluoride membranes, blocked
with 5% skim milk for 2 h, and incubated overnight at
4 °C with an antibody against rabbit phospho-AMPKa
(1:1000, Cell Signaling Technology, 2535T, Massachu-
setts, USA), PGC1-a (1:1000, Protein-tech, 66369-1-Ig,
Wuhan, China), NRF-1 (1:1000, Affinity Biosciences,
AF5298, Jiangsu, China), NFkB-p65 (1:1000, Affinity Bio-
sciences, AF5006, Jiangsu, China), phospho-NFkB-p65
(1:1000, Affinity Biosciences, AF2006, Jiangsu, China),
TNF-a (1:1000, Affinity Biosciences, AF7014, Jiangsu,
China), IL-6 (1:2000, Protein-tech, 21865-1-AP, Wuhan,
China), IL-1B (1:500, Affinity Biosciences, AF5103,
Jiangsu, China), PPAR-y (1:1000, Affinity Biosciences,
AF6284, Jiangsu, China), or phospho-PPAR-y (1:1000,
Affinity Biosciences, AF3284, Jiangsu, China), GLUT-1
(1:5000, Abcam, ab115730, Cambridge, USA) or an anti-
body against mouse AMPK (1:1000, Affinity Biosciences,
AF6423 Jiangsu, China) or GAPDH (1:5000, Affinity Bio-
sciences, AF7021 Jiangsu, China). Additionally, GAPDH
was used as a loading control to ensure equal protein
loading and transfer.

After washing the membranes thrice with Tris-buff-
ered saline with Tween-20 (TBS/T) for 10 min, they
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were incubated for 1 h at 25 °C with a secondary anti-
body (anti-mouse IgG [1:10,000, Affinity Biosciences,
BF80002, Jiangsu, China], or anti-rabbit IgG [1:10,000,
Affinity Biosciences, S0001, Jiangsu, China]) diluted in
1% BSA-TBS/T. The membranes were washed thrice for
10 min, soaked with Luminol/Enhancer Solution from
the Enhanced Chemiluminescence Kit (Thermo Fisher,
Shanghai, China), and analyzed using the Chemilumines-
cence Imaging System (Amersham Imager 680, Cellular
Technology Ltd, Monroe, USA). After blotting with the
phospho forms of the AMPK, NF-kB, and PPAR-y anti-
bodies, the membranes were thoroughly stripped. Rela-
tive bands, including those of GAPDH, were measured
using Image] software.

Quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis
We used the Trizol reagent (Vazyme, Nanjing, China)
to extract total RNA from IMATs (200 pug) isolated from
quadriceps of all rats (n=36) in each group. Briefly,
IMATs were homogenized with 1 mL Trizol using a
mechanical tissue grinder for 3 min and then incubated
at 25 °C for 5 min. We then added 200 pL chloroform,
thereafter, the samples were shaken vigorously, incu-
bated at 25 °C for 3 min, and centrifuged at 15,000 x g for
15 min. The supernatants were transferred to clean tubes,
and 500 pL of cold isopropanol was added for RNA pre-
cipitation. RNA precipitates were washed with 75% eth-
anol, dried for 10 min, and re-suspended in RNase-free
water. Subsequently, the concentration and purity of each
RNA sample was quantified using a Nano50 instrument.
Complementary DNA (cDNA) was synthesized using
the PrimeScript’ RT Reagent Kit with gDNA Eraser
(Takara, RR0O47A, Gunma-ken, Japan), and cDNA sam-
ples (1.5 pL) were detected by real-time PCR using TB
Green ®Premix Ex Taq II (Takara, RR820A, Gunma-
ken, Japan). Primers for rat Ampk, Pgcla, Plin5, 116, and
Gapdh mRNA (Table 2) were designed by Sangon Bio-
tech (Shanghai, China). The samples were analyzed using
a Light Cycler 480 thermal cycling (Roche, Basel, Swit-
zerland) with the following PCR conditions: denaturation
at 95 °C for 15 s, annealing at 60 °C for 30 s, and exten-
sion at 72 °C for 30 s, over 40 cycles, following the 27AA¢T
method. All gene-expression data were normalized using
Gapdh mRNA-expression data as an internal control.

Statistical analysis

GraphPad Prism Software (v.8.0; GraphPad Software,
CA, USA) and SPSS (v.23.0 for Windows; SPSS, Chicago,
IL, USA) were used for data analysis, and the results are
expressed as the mean + the standard error of the mean.
One-way analysis-of-variance (ANOVA) was used to
compare differences between multiple groups for data
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Table 2 Primer sets used for real-time PCR analysis

Gene Primers (5'-3")

Plin5-F GGCTACTTTGTGCGTCTGGGATC
Plin5-R CATCTCCTGGGTGCGGTGTTTG
Ampk-F ATGATGAGGTGGTGGAGCAGAGG
Ampk-R CAGTGAGAGAGCCAGACAGTGAATG
Pgcla-F CCACTACAGACACCGCACACATC
Pgcla-R GTATTCGTCCCTCTTCAGCCTTTCG
ll6-F ACTTCCAGCCAGTTGCCTTCTTG
ll6-R TGGTCTGTTGTGGGTGGTATCCTC
Gapdh-F GACATGCCGCCTGGAGAAAC
Gapdh-R AGCCCAGATGCCCTTTAGT

Plin perilipin, Ampk AMP-activated protein kinase, F forward, Gapdh
glyceraldehyde-3-phosphate dehydrogenase, Il interleukin, Pgc1 peroxisome
proliferator-activated receptor-gamma coactivator, R reverse

with homogeneity of variance. For data that did not meet
the assumption of homogeneity of variance, nonpara-
metric tests were employed. Two-way repeated measures
ANOVA was used to examined the differences between
pre-treatment and post-treatment. All ANOVAs were
followed by least significant difference (LSD) post hoc
tests. Student’s ¢-test was used to analyze two groups.
Multiple linear regression was conducted to test asso-
ciations between two groups and adjust for independent
animal effects. Intraclass correlation coefficients (ICCs)
with 95% confidence intervals (ClIs) for multimodal MRI
parameters were calculated for two-way mixed-effects
models to assess intra- and inter-reader consistencies.
Differences were considered statistically significant at
p<0.05.

Results

Insulin resistance, impaired glucose tolerance,

and moderately increased adiposity in prediabetes

The PRE animals showed significantly higher body
weights than the control group starting in week 8, reach-
ing a 7.4% increase in week 10 (p <0.05). FBG levels were
elevated in the PRE group by week 4, with a 48% increase
by week 10 (p<0.05). By week 10, the 2 h-OGTT and
OGTT-AUC levels exhibited impaired glucose tolerance
in the PRE group (p<0.01). FINS, and HOMA-IR levels
indicated insulin resistance in the PRE group (p <0.001).
Additionally, the PRE group displayed significant increase
in Chow intake (p <0.001) (Fig. 2).

Effects of metformin and/or moderate exercise training

on body weight, glucose homeostasis, and insulin
resistance

Rat body weights were significantly lower in all groups
compared with the PRE group (p <0.05). The EMC group
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lost the most weight (48.07%), followed by the EXE
(34.07%) and MET (22.87%) groups, with the EMA group
losing the least (18.70%). Moreover, the weight reduction
of the MET group was less robust than that of the EMC
group (p<0.05), but not the EXE or EMA group. The
chow-intake, FBG, FINS, HOMA-IR, and OGTT-AUC
values were significantly lower in all groups compared
with the PRE group. FBG and FINS levels decreased the
most in the EMC group (27.9% and 18.3%, respectively);
the HOMA-IR and OGTT-AUC scores in the EMC
group decreased by 36.05% and 20.40%, respectively
(Additional file 1: Table S1).

Effects of treatments on adipocyte content and diameter

in prediabetic IMAT

Metformin treatment alone did not affect adipocyte
diameters in IMATs from the MET group (versus the
PRE group), whereas IMATs from the EXE, EMA, and
EMC groups had smaller-diameter adipocytes than the
PRE and MET groups (p<0.05). Moreover, the EMC,
EXE, EMA, and control groups had similar IMAT adipo-
cyte diameters (Fig. 3A, B).

Rat skeletal muscle-IMAT levels were lower in the
MET, EMA, and EXE (p<0.05) than in the PRE group.
However, only the combination treatment decreased
the IMAT content to similar levels found in the control
group (Fig. 3C, D).

Effects of exercise and/or metformin on AMPK signaling

in IMATs

Metformin did not alter the protein expression levels
of AMPK or downstream signaling factors in the MET
group (Fig. 4A-M). However, the abundances of phos-
pho-AMPK (Thr172), SIRT-1, and NRF-2 were signifi-
cantly higher in the EXE and EMC groups than in the
PRE group (p<0.05). Moreover, phospho-AMPK and
Ampk expressions were markedly lower in the EMA
than in the control group, confirming that compound-c
blocked AMPK signaling in the EMA group (Fig. 4C, D).
Additionally, the EXE and EMC groups had significantly
higher PGCl-a levels than the MET group (p<0.05;
Fig. 4E, F). Furthermore, RT-PCR analysis revealed that
the expressions of Ampk and Pgcla genes were signifi-
cantly elevated in the EXE and EMC groups compared
to the PRE group, while the EXE and EMC groups had
higher Pgcla gene expressions compared to the MET
group, which aligned with the protein results.

Effects of treatment on IMAT inflammatory markers

in prediabetes

No significant decrease in NF-kB and phospho-NF-«xB
(p65) levels was found in the rat IMATs of the EXE, MET,
or EMA groups after exercise or metformin treatment
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Fig. 2 Alterations in body weight and glucose homeostasis indicate the development of prediabetes with high-fat-diet and high-sugar-drink

at week 10. A Changes in body weights during the experiment. B Body-weight data after 10 weeks. C Homeostatic model assessment of insulin
resistance (HOMA-IR) at week 10. D, E Fasting-blood glucose levels (D) throughout the experiment and at week 10 (E). F-H 2 h oral glucose
tolerance test (OGTT) area under the curve (AUC) values (G, H), fasting-blood insulin levels (F), and chow intake results (I) at week 10 of the diet. The
data shown represent the mean + standard error of the mean. Control (CON) group, n=6; prediabetic (PRE) group, n=30; Analyses were performed
using two-way repeated ANOVA tests for FBG and body weight during week 0-10, and 2 h-OGTT. Student t-tests for body weight, HOMA-IR, FBG,
FINS, OGTT AUC and Chow intake in week 10 (*p <0.05, **p < 0.01, ***p <0.001)

(Fig. 5A-D). However, following combination therapy,
the IMAT protein content of phospho-NF-«B (p65) was
moderately lower in the EMC than in the PRE group
(»=0.07, Fig. 5C, D). Furthermore, only the EMC group
had significantly lower TNF-a protein levels than the
PRE group (p<0.05, Fig. 5E, F). Additionally, excluding
the EMA group, all treatment groups effectively reduced
IL-1f protein levels compared with the PRE group
(p<0.05; Fig. 5G, H).

IL-6 protein abundance was markedly higher in the
EXE, EMA, and EMC groups than in the control and PRE
groups but not between the MET and control groups

(Fig. 51, J). Additionally, only the EMC group exhibited
higher 16 expression than the control, PRE, and MET
groups (Fig. 5K).

Moreover, immunohistochemical staining revealed
that a higher concentration of TNF-a and IL-1p was pre-
sent in the IMAT cells of prediabetes rats compared to
the control group. Meanwhile, the area of IL-1f positiv-
ity was significantly reduced in the MET, EXE, and EMC
groups relative to the PRE group (Fig. 5L, M). Notably,
only the EMC group exhibited significantly lower TNF-a
protein content compared to the PRE group (Fig. 5N,
0). In addition, all treatment groups exhibited a greater
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Fig. 3 Histological characterization and content of IMAT in muscles. Representative hematoxylin and eosin (H&E) staining and quantification

of the diameters of adipocytes in the intermuscular adipose tissue (IMAT) group (A, B), as well as the representative Oil red O staining

and quantification in thigh muscles (C, D). Magnification: x200; scale bar=50 um. CON control, PRE prediabetes, MET metformin, EXE moderate
exercise, EMA combined therapies+compound-c, EMC combined therapies. The data shown are expressed as the mean + standard error

of the mean (n=6/group). 2p < 0.05, significantly different from the CON group; ®p < 0.05, significantly different from the PRE group. °p <0.05,
significantly different from the MET group. 9p < 0.05, significantly different from the EXE group. ®p < 0.05, significantly different from the EMA group.

fp<0.05, significantly different from the EMC group

IL-6 positive area than the PRE group. However, only the
EMC group had a significantly larger IL-6 positive area
than the control, MET, and EMA groups (Fig. 5P, Q).

Effects of treatment on lipid metabolism-related protein,
glucose transporters, and Plin5 expression in IMATs
from prediabetic rats
Only the EMC group had significantly higher GLUT-1
and GLUT-4 levels than the PRE group (p <0.05, Fig. 6C,
D, G, H). Moreover, significantly higher IMAT phospho-
PPAR-y (Ser112) (p<0.05, Fig. 6E, F) and NRF-1 (p <0.05,
Fig. 61, ]) protein levels were found in the EMC and EXE
groups than in the PRE group; this was not the case for
the MET and EMA groups.

Plin5 gene expression was significantly lower in all
treatment groups (except the EMA group) than in the
PRE group (p <0.05; Fig. 6K).

ICCs for testing the consistency of agreement

for multimodal MRI parameters

Intra-reader agreement was high for all measurements
(all ICCs>0.89) and excellent inter-reader reproducibil-
ity was observed when assessing IMAT-T2 parameters

(ICC, 0.82), IMAT-ADC parameters (ICC, 0.95), IMAT-
FA parameters (ICC, 0.96), muscle-T2 parameters, (ICC,
0.93), muscle-ADC parameters (ICC, 0.83), muscle-
FA parameters (ICC, 0.86) and the IMAT% (ICC, 0.94)
(Table 3).

Multimodal MRI analysis in skeletal muscles and IMATs

The PRE group exhibited higher T2 and ADC values
in IMATs and muscles compared to the EXE, EMC,
and control groups (p<0.05). T2 and ADC levels in the
IMATs were significantly lower in the EMC and EXE
groups than in the MET and EMA groups (p <0.05); no
significant differences were observed between the MET
and EMA groups and the PRE group. Additionally, the
EMC and EXE groups showed significantly increased FA
values in IMATs compared to the PRE, MET, and EMA
groups. However, there was no significant difference in
the T2, ADC, or FA levels in the IMATs between the EXE
and EMC groups.

In the thigh muscles, the EMC and EXE groups exhib-
ited lower T2, ADC and higher FA levels than the MET
and PRE groups (p<0.05). Finally, the IMCL/Cr levels
in the EXE, EMA, and EMC treatment groups remained
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Fig. 4 Characterization of AMPK signaling dynamics in intermuscular adipose tissues (IMATs). Representative western blots (A, C, E, G, K)

and quantification of AMP-activated protein kinase (AMPK) and AMPK gene expression (B, ), phosphorylated AMPK (p-AMPK; Thr172) (D),

PGC1-a (F, J), SIRT-1 (H) and NRF-2 (L). CON control, EMA combined therapies+compound-c, EMC combined therapies, EXE moderate-exercise,
GAPDH glyceraldehyde-3-phosphate dehydrogenase, MET metformin, NRF-2 nuclear factor erythroid-2 related factor 2, PGC-Ta peroxisome
proliferator-activated receptor-y coactlvator-1a, PRE prediabetes, SIRT-1 silent mating type information regulation 2 homolog-1. The data shown
represent mean + the standard error of the mean (n=5-6/group). % < 0.05 vs. CON group; ®p < 0.05 vs. PRE group; “p < 0.05 vs. MET group; %p <0.05

vs. EXE group; €p < 0.05 vs. EMA group; fp< 0.05 vs. EMC group

unchanged compared to the PRE and MET groups (see
Table 4 at the end of the manuscript and Fig. 7).

Effects of treatment on muscle and IMAT cross-sectional
areas in prediabetic rats

The PRE group exhibited higher IMAT% values (p <0.05)
than the other treatment and control groups, and had
smaller MSCAs than the other groups (p <0.05), with the
exception of the MET and EMA groups. The EXE and
EMC groups had higher MSCA and lower IMAT% val-
ues than (p<0.05) those in the EMA and MET groups;
however, the differences were not statistically significant
between the EMC or EXE group and the control (Fig. 8).

Correlations between IMAT magnetic-resonance
parameters and laboratory indicators

The T2 and ADC levels in IMATs and muscles, as well
as the IMAT (%), were positively associated with FBG,
FINS, OGTT-AUC, and HOMA-IR levels (p <0.05). Fur-
thermore, the FA values in IMATSs and muscles showed a
negative association with FBG, FINS, OGTT-AUC, and

HOMA-IR levels. In addition, IMCL/Cr values demon-
strated a positive association with FINS (p<0.05) and
OGTT-AUC (p<0.05) levels (Table 5).

Discussion

Moderate aerobic exercise and/or metformin effectively
treated prediabetic rats, as indicated by lower body
weights, FBG, FINS, and OGTT-AUC levels. However,
moderate aerobic exercise resulted in higher muscle
cross-sectional areas, lower IMAT accumulation in skel-
etal muscles, smaller adipocyte diameters, increased lipid
metabolism and mitochondrial activity, and decreased
inflammation in IMATs. Modestly lower TNF-a and
phospho-NF-kB levels and higher GLUT-1,4 levels were
found in IMATSs from prediabetic rats administered com-
bined treatment. Multimodal MRI data confirmed that
combined treatment offered minimal additional benefit
against prediabetes, and metformin alone was less effec-
tive against prediabetes than aerobic exercise. However,
metformin did not counterbalance the beneficial effects
of exercise.
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Fig. 5 Characterization of inflammation and immune responses in intermuscular adipose tissues (IMATs). Representative western blots (A, C, E, G, 1)
and quantification of nuclear factor kappa-B (NF-kB) (B), phosphorylated NF-kB (p-NF-kB; p65) (D), interleukin-6 (IL-6) (J, K), tumor necrosis factor-a
(TNF-a) (F) and interleukin-13 (IL-1B) (H). Representative immunostaining and quantification of IL.-18 (L, M), TNF-a (N, 0), and IL-6 (P, Q) in IMATs.
Magnification: x200; scale bar=50 pm. CON control, EMA combined therapies +compound-c, EMC combined therapies, EXE moderate exercise, MET
metformin; PRE prediabetes. The data shown represent the mean + standard error of the mean (n=5-6/group). °p < 0.05 vs. CON group; °p < 0.05
vs.PRE group; “p < 0.05 vs. MET group; 9p<0.05 vs. EXE group; °p < 0.05 vs. EMA group; fp <0.05 vs. EMC group; p=0.07 difference between PRE and
EMC groups in terms of the phospho-NF-kB: NF-kB ratio

IMAT is associated with T2DM [19, 28, 29] and may
help predict T2DM ([28]. The prediabetic rats had more
IMAT than the control group, and the IMAT contents

of thigh muscles correlated positively with FBG, FINS,
and OGTT-AUC levels. IMAT has also been associated
with IR in prediabetes [28]. Therefore, a combination of
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Fig. 6 Characterization of lipid and glucose metabolism in intermuscular adipose tissues (IMATs). Representative western blots (A, C, E, G, I)

and quantification of the gene-expression levels of peroxisome proliferators-activated receptor-y (PPAR-y) (B), phosphorylated PPAR-y (p-PPAR-y;
Ser112) (F), nuclear respiratory factor-1 (NRF-1) (J), glucose transporter-4 (GLUT-4) (D), glucose transporter-1 (GLUT-1) (H), and perilipin-5 (Plin-5)
(K). The data represent the mean =+ the standard error of the mean (n=>5-6/group). CON control, EMA combined therapies + compound-c, EMC
combined therapies, EXE moderate exercise, GAPDH glyceraldehyde-3-phosphate dehydrogenase, MET metformin, PRE prediabetes. °p <0.05 vs.
CON group; ®p < 0.05 vs. PRE group. “p < 0.05 vs. MET group; %p < 0.05 vs. EXE group; p < 0.05 vs. EMA group; p < 0.05 vs. EMC group

effective medications and lifestyle modifications (e.g.,
drug and exercise) is needed to lower IMAT contents.

As previously mentioned, both moderate aerobic
exercise and metformin have been demonstrated to be
beneficial for improving metabolism in skeletal mus-
cles. However, their individual or combined application
in IMAT remains unknown. Aerobic exercise primar-
ily modulated AMPK, SIRT-1, and PGCl-a pathways
to increase energy substrate availability and prevent IR
[30]. Similarly, our results suggested that exercise alone

Table 3 Intra- and inter-reader ICC and 95% Cl values

Parameter Intra-reader Inter-reader
ICC 95% Cl ICC 95% Cl

IMAT-T2 091 0.83-0.95 0.82 0.67-091
IMAT-ADC 0.91 0.85-0.96 0.95 0.91-0.97
IMAT-FA 0.96 0.93-0.98 0.96 0.92-0.97
Muscle-T2 0.89 0.80-0.94 093 0.88-0.96
Muscle-ADC 0.91 0.84-0.95 0.83 0.70-0.91
Muscle-FA 0.94 0.88-0.97 0.86 0.77-0.93
IMAT% 0.93 0.88-0.96 0.94 0.91-0.97

ADC apparent-diffusion coefficient, C/ confidence interval, FA fractional
anisotropy, IMAT intermuscular adipose tissue, T2 transverse relaxation time 2

activated the phospho-AMPK in IMATs, leading to an
increase in the abundance of PGC-1a, SIRT-1 and NRF-
2, which in turn promoted cellular antioxidant responses
in IMAT. Also, we found decreased IL-1p, smaller diam-
eters of IMAT adipocytes and lower IMAT contents in
exercise only group, suggesting moderate aerobic exer-
cise can reduce the inflammation and improve adipose
metabolism in IMAT effectively. PPAR-y and down-
stream proteins could effectively protect non-adipose
tissues and organs against excessive lipid overload [31].
For instance, Plin5 expression could promote lipolysis in
IMAT in patients with insulin resistance [5]. We found
that phospho-PPAR-y levels were significantly higher in
the EXE and EMC groups than in the PRE group, sug-
gesting that combined therapy and exercise alone can
improve insulin sensitivity and diabetes by targeting the
PPAR-y-signaling pathway. Furthermore, Plin5 down-
regulation and NRF-1 upregulation suggested that exer-
cise alone can promote lipolysis and boost fat oxidation
in IMATs. Thus, during prediabetes, high free-fatty acid
levels produced by lipolysis in adipose tissues promoted
lipotoxicity and insulin resistance [32], whereas exercise
promoted lipolysis and directly oxidized IMAT resulting
in fat reduction in thigh muscles. Of interest, only EMC
group showed increased IL-6 gene expression compared
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Table 4 Comparison of muscle and IMAT magnetic-resonance parameters and muscle fat components

Parameter CON PRE MET EXE EMA EMC

IMAT
T2 (ms) 98.71+2.055® 127.9+1.90° 126.1+1.37% 107.5+3.48° 1221 +2.17% 106.3+1.82°¢
ADC (107> mm?/s) 0.67 +£0.03%® 0.95+0.09%f 0.86+0.02%f 0.56+0.02°<¢ 0.88+0.05% 0.56+0.03°®
FA 0.35+0.02 0.26+0.02 0.28+0.01 0.44+0,030<® 0.32+0.04% 0.50+0.05°°¢

Muscle
T2 (ms) 34.26+0.13° 37.85+ 0,372 36.19+0.19°4 35.21+0.25% 3548+0.125 35.18+0.24%
ADC (107> mm?/s) 147+0.02° 1.62+0.03% 1.52+0.02° 141400105 1.56+0.03° 14340025
FA 0.26+0.03 0.20+0.019 0.22+0.029 0.30+0.04> 0.23+0.01 0.32+0.03%
IMCL/Cr 8.79+1.57° 32.60+9.98? 26.58+1353 16.62+11.68 1477 +4.14 14924526

Data are expressed as the means + standard error of the mean (n=6/group)

ADC apparent-diffusion coefficient, CON control group, Cr creatine, EMA combined therapies + compound-c group, EMC combined therapies group, EXE moderate
exercise group, FA fractional anisotropy, IMAT intermuscular adipose tissue, IMCL intra-myocellular lipid, MET metformin group, PRE prediabetes group, T2 transverse-

relaxation time 2

2 p<0.05, significantly different from the CON. Group
b p <0.05, significantly different from the PRE group

€ p<0.05, significantly different from the MET group
4 p <0.05, significantly different from the EXE group
€ p<0.05, significantly different from the EMA group
fp<0.05, significantly different from the EMC group

with PRE and MET groups. Previous studies have shown
that IL-6 has varied roles in different human organs and
can have both pro-inflammatory and anti-inflammatory
effects [33]. During exercise, IL-6 stimulates fat break-
down and enhances insulin sensitivity by promoting
an anti-inflammatory environment and facilitating the
translocation of GLUT-1 and GLUT-4 to the plasma
membrane [33]. Of note, our findings showed that, the
combined therapy group had markedly elevated lev-
els of GLUT-1 and GLUT-4 compared to the PRE and
MET groups, whereas the EXE group had no significant
elevation. Also, only combined therapy reduced the lev-
els of phosphor-NF-kB and TNF-a compared to the PRE
group. Furthermore, Compound-c also blocked AMPK
activation in the EMA group, further suggesting that
combination therapy might affect IMAT metabolism in
prediabetes through the AMPK-signaling pathway. Our
results suggest that combined therapy may offer some
additional benefits in terms of inflammation and glucose
metabolism within IMATs.

Unlike moderate-intensity exercise, metformin
might reduce the positive effects of exercise on insu-
lin sensitivity and AMPK activity in skeletal muscles
[15]. Further, metformin impeded mitochondrial res-
piratory-chain complex 1 [34], and might, thus, block
energy needed for aerobic exercise. whereas metformin
treatment alone was less effective. In humans, met-
formin is primarily transported to skeletal muscle cells
via organic cation transport protein-3 [35]. Previous
data showed that the actual metformin concentration

in skeletal muscles was significantly lower than the
pharmacological concentration in patients’ plasma
[36]. In contrast, in vitro and animal data using clini-
cally achievable metformin concentrations (<100 uM)
do not show negative effects on mitochondria [37, 38].
Therefore, whether clinically pharmacological doses of
metformin can reach the concentration thresholds in
skeletal muscles or IMATSs necessary to influence the
effects of aerobic exercise is unclear [39]. Our results
showed that metformin did not significantly increase
energy metabolism in IMAT mitochondria or inhibit
the therapeutic effect of moderate aerobic exercise in
the combination treatments. Moreover, larger MSCAs
represent a critical factor that affects muscle strength
[40]. MSCAs can also mediate the link between a higher
percentage of IMAT and impaired physical function
[41]. Here, we found that metformin treatment alone
did not effectively recover the cross-sectional muscle
area caused by prediabetes or decrease the IMAT% in
muscles. In contrast, combination therapy and aero-
bic exercise alone effectively recovered MSCAs and
reduced the IMAT%. The average MSCA value associ-
ated with aerobic exercise therapy was approximately
4.9% higher than that of the combined therapy group,
indicating that adding metformin to aerobic exercise
may not increase muscle strength. Overall, our find-
ings suggest that metformin does not seem to offset the
positive impact of exercise on IMAT in subjects with
prediabetes through AMPK pathways. Thus, further
studies are needed to investigate whether metformin
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Fig. 7 Characterization of representative DTI and MRS images of prediabetic rats. Representative MRS images of the quadriceps femoris
in prediabetic rats (A); representative schematic diagrams of muscle fiber tracking using DTl in the quadriceps femoris of prediabetic rats (B); CON
control, EMA combined therapies 4+ compound-c, EMC combined therapies, EXE moderate exercise, MET metformin, PRE prediabetes

and aerobic exercise interact in other tissues where
metformin is primarily absorbed and metabolized (e.g.,
the intestines).

Although a close association exists between skeletal-
muscle MR parameters, IR, and T2DM [42, 43], few stud-
ies have investigated the correlation between IMAT and
MR parameters in prediabetes. Research confirmed that,
T2 and ADC levels were significantly higher in patients
with inflammatory edema, while FA levels were signifi-
cantly lower, compared to healthy subjects [44, 45]. In
our study, we found that T2, ADC, FA, and IMAT (%)
values correlated positively with key clinical indicators
(fasting blood glucose, fasting insulin, OGTT-AUC, and
HOMA-IR) in IMAT and muscles, indicating that multi-
modal MRI can help detect metabolic changes in IMATSs
in prediabetes subjects.

Moreover, T2 values tended to increase with the sever-
ity of muscle fat or inflammatory cell infiltration, mus-
cle edema, and fat infiltration [46]. ADC and FA values,
on the other hand, enable quantitative analysis of water

diffusion in tissues, which is closely related to the struc-
ture and function of the tissue microenvironment. There-
fore, when evaluating metabolic changes in skeletal
muscles, T2 mapping can reflect the stage of prediabetes,
whereas DTI sequences reveal metabolic alterations in
skeletal muscles during treatment. In the present study,
we found decreased T2, ADC, as well as improved FA
values in EMC and EXE groups compared to MET and
EMA groups, with both groups exhibiting significantly
inIMATs and muscles. Consequently, both exercise and
combined therapy improved IMAT and muscle func-
tions, which aligned with the histological results.

The IMCL contents in skeletal muscles did not differ
between rats in the EMC, EXE, and EMA groups com-
pared with those in the PRE and MET groups. Our find-
ings align with those of Sabine et al., who found that
exercise training improved insulin sensitivity in patients
with T2DM, without affecting the total IMCL content
[47]. This discrepancy may be explained by the ‘athlete’s
paradox; where both athletes and T2D patients show high
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Fig. 8 Characterization of the cross-sectional areas of muscle and intermuscular adipose tissues (IMATs) in the middle thigh femur of prediabetic
rats. Green regions, skeletal muscles of Wistar rats; yellow regions, IMATs. CON control, EMA combined therapies +compound-c, EMC combined
therapies, EXE moderate exercise, MET metformin, PRE prediabetes. The data shown represent the mean +the standard error of the mean (n=6/
group). ?p < 0.05 vs. CON group; °p < 0.05 vs. PRE group; °p < 0.05 vs. MET group; %p < 0.05 vs. EXE group; °p < 0.05 vs. EMA group; fp < 0.05, vs. EMC
group

Table 5 Correlations between IMAT magnetic-resonance parameters and laboratory indicators

FBG FINS OGTT-AUC HOMA-IR
p B p B p B p B

IMAT (%) <0.01 0.59 <0.01 0.64 0.02 0.63 <0.01 0.68
IMAT-T2 (ms) 0.03 050 0.03 047 0.02 045 0.01 056
IMAT-ADC (107> mm?/s) 0.05* 0.51 <0.01 0.51 0.04 040 <0.01 049
IMAT-FA 0.04 —-045 0.04 —-047 0.04 —-0.50 0.02 —0.51
Muscle-T2 (ms) <001 0.65 <001 0.70 0.02 050 <001 078
Muscle-ADC (107> mm?/s) 0.04 0.35 0.01 0.53 0.05* 0.38 <0.01 0.60
Muscle-FA 0.03 -047 0.05* -045 0.04 -050 0.01 -053
IMCL/Cr 049 0.13 0.01 0.50 0.05* 0.38 0.08 0.32

ADC apparent-diffusion coefficient, Cr creatine, FA fractional anisotropy, FINS fasting insulin, HOMA-IR homeostatic model assessment of insulin resistance, IMAT
intermuscular adipose tissue, IMCL intra-myocellular lipid, T2 transverse relaxation time 2

*0.045 <p<0.050
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IMCL levels [48]. Previous findings suggest that IMCLs
did not influence IR but might increase with improved
coordination between the fuel supply (e.g., triglycerides)
and energetic capacity during exercise [49].

Overall, our results indicate that moderate aerobic
exercise was an effective lifestyle intervention for subjects
with prediabetes. Moderate aerobic exercise restored
muscle strength, reduced IMAT levels, decreased inflam-
mation, and restored oxidative metabolism via AMPK
activation. In contrast, metformin had less significant
effects on IMAT levels and muscle metabolism. Adding
metformin to aerobic exercise did not appear to offer
significant synergistic effects. Thus, whether metformin
should be used with exercise in managing prediabetes
needs to be further evaluated. A better understanding of
interactions between metformin and exercise could help
maximize their combined benefits (Fig. 9).

This study has several limitations. First, we did not
directly observe the morphology of mitochondria
in IMATs or analyze respiratory chain complex-1 in
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mitochondria. Second, we did not directly measure
specific metformin concentrations in skeletal muscles
or IMATSs in prediabetic rats. Third, we did not subject
the extracted IMATs to primary cell culture to con-
tinue validating our findings at the cellular level. Thus,
future studies should examine the influence of AMPK-
and mitochondria-related signaling pathways on other
specific genes and affected cellular populations within
treated muscles.

Conclusion

Moderate aerobic exercise training alone effectively
inhibits IMAT function and structure via the AMPK
pathway in prediabetic rats. Regarding IMAT-metabo-
lism and multimodal MRI parameters, metformin is not
as effective alone or in combination. Hence, while com-
bining metformin with moderate aerobic exercise might
elicit some modest synergy, it does not appear to coun-
terbalance the beneficial effects of exercise.
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Fig. 9 Potential mechanisms whereby moderate aerobic exercise, metformin alone, or combined intervention affects IMATs in prediabetic

rats (created by BioRender). AMPK AMP-activated protein kinase, DT diffusion-tensor imaging, GLUT-1 glucose transporter-1, GLUT-4 glucose
transporter-4, /-6 interleukin-6, IMAT intermuscular adipose tissue, MRl magnetic-resonance imaging, MRS magnetic-resonance spectroscopy, NF-kB
nuclear factor kappa-B, NRF-2 nuclear respiratory factor-2, PGCI-a peroxisome proliferator-activated receptor-y coactlvator-1a, PPAR-y peroxisome
proliferators-activated receptor-y, SIRT-1 silent mating type information regulation 2 homolog-1, TNF-a tumor necrosis factor-a
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Abbreviations

IMAT Intermuscular adipose tissue

T2DM Type 2 diabetes

AMPK Adenosine 5”-monophosphate-activated protein kinase
PGC1-a  Peroxisome proliferator-activated receptor-y coactlvator-1a
NRF-2 Nuclear factor erythroid 2-related factor

NF-kB Nuclear factor-kappa B

TNF-a Tumor necrosis factor alpha

IL-1B Interleukin-1 beta

IL-6 Interleukin-6

AUC Area under the curve

PPAR-y  Peroxisome proliferators-activated receptor-gamma
GLUT Glucose transporter

NRF-1 Nuclear respiratory factor-1

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

FBG Fasting blood glucose

OGTT Oral glucose tolerance test
HOMA Homeostasis model assessment
R Insulin resistance

STZ Streptozotocin

MRI Magnetic resonance imaging
ADC Apparent diffusion coefficient
FA Fractional anisotropy

MRS Magnetic resonance spectroscopy
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DTl Diffusion tensor imaging
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MSCA Muscle cross-sectional area
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