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Partial skeletal muscle-specific Drp1 knockout
enhances insulin sensitivity in diet-induced
obhese mice, hut not in lean mice
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ABSTRACT

Objective: Dynamin-related protein 1 (Drp1) is the key regulator of mitochondrial fission. We and others have reported a strong correlation
between enhanced Drp1 activity and impaired skeletal muscle insulin sensitivity. This study aimed to determine whether Drp1 directly regulates
skeletal muscle insulin sensitivity and whole-body glucose homeostasis.

Methods: We employed tamoxifen-inducible skeletal muscle-specific heterozygous Drp1 knockout mice (mDrp1+’ 7). Male mDrp1+/’ and
wildtype (WT) mice were fed with either a high-fat diet (HFD) or low-fat diet (LFD) for four weeks, followed by tamoxifen injections for five
consecutive days, and remained on their respective diet for another four weeks. In addition, we used primary human skeletal muscle cells
(HSKMC) from lean, insulin-sensitive, and severely obese, insulin-resistant humans and transfected the cells with either a Drp1 shRNA (shDrp1) or
scramble shRNA construct. Skeletal muscle and whole-body insulin sensitivity, skeletal muscle insulin signaling, mitochondrial network
morphology, respiration, and H»0, production were measured.

Results: Partial deletion of the Drp1 gene in skeletal muscle led to improved whole-body glucose tolerance and insulin sensitivity (P < 0.05) in
diet-induced obese, insulin-resistant mice but not in lean mice. Analyses of mitochondrial structure and function revealed that the partial deletion
of the Drp1 gene restored mitochondrial dynamics, improved mitochondrial morphology, and reduced mitochondrial Complex I- and Il-derived
H,0, (P < 0.05) under the condition of diet-induced obesity. In addition, partial deletion of Drp1 in skeletal muscle resulted in elevated
circulating FGF21 (P < 0.05) and in a trend towards increase of FGF21 expression in skeletal muscle tissue (P = 0.095). In primary myotubes
derived from severely obese, insulin-resistant humans, ShRNA-induced-knockdown of Drp1 resulted in enhanced insulin signaling, insulin-
stimulated glucose uptake and reduced cellular reactive oxygen species (ROS) content compared to the shScramble-treated myotubes from
the same donors (P < 0.05).

Conclusion: These data demonstrate that partial loss of skeletal muscle-specific Drp1 expression is sufficient to improve whole-body glucose
homeostasis and insulin sensitivity under obese, insulin-resistant conditions, which may be, at least in part, due to reduced mitochondrial Ho0»
production. In addition, our findings revealed divergent effects of Drp1 on whole-body metabolism under lean healthy or obese insulin-resistant

conditions in mice.
© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Mitochondrial fission; Mitochondrial dynamics; Insulin sensitivity; Mitochondrial H 20,

1. INTRODUCTION Recent research has indicated that mitochondrial dysfunction, including
reduced respiration and/or increased ROS generation (e.g., H»0,), is

Skeletal muscle insulin resistance is a hallmark characteristic of linked to the pathogenesis of skeletal muscle insulin resistance [2,3].

obesity and has a central role in the development of type 2 diabetes [1].
Extensive efforts have gone into understanding the mechanisms of
skeletal muscle insulin resistance to reduce the risk of metabolic
diseases. However, the underlying mechanisms of skeletal muscle

Mitochondria are dynamic organelles that undergo cycles of fusion and
fission, known as mitochondrial dynamics [4]. Mitochondrial dynamics
allow the mitochondria to adapt to their cellular environment and
segregate dysfunctional mitochondria to be targeted for autophagic

insulin resistance remain unclear. degradation (i.e., mitophagy) to maintain mitochondrial quality and
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Abbreviations

WT Wild type
mDrp1 +/~ Skeletal muscle-specific heterozygous tamoxifen-induced
Drp1 partial knockout mice

Drp1 Dynamin-related protein 1

MFF Mitochondrial fission factor

Mid51 Mitochondrial dynamics proteins of 51 kDa
Fis1 Fission protein 1

Mfn1 Mitofusin 1

Mfn2 Mitofusin 2

Opat Optic atrophy 1

HFD High-fat diet

LFD Low-fat diet

ROS Reactive oxygen species

mtROS Mitochondrial reactive oxygen species
H,0, Hydrogen Peroxide

4-HNE Hydroxynonenal

FGF-21 Fibroblast growth factor 21

HOMA-IR  Homeostatic Model Assessment of Insulin resistance
GTT Glucose tolerance test

ITT Insulin tolerance test

AUC Area under the curve

RCR Respiratory control ratio

function [5—8]. However, obesity causes the imbalance of mitochondrial
dynamics with a shift towards a pro-fission state, leading to fragmented
mitochondrial networks in skeletal muscle [9,10]. Dynamin-related
protein 1 (Drp1) is a critical regulator of mitochondria fission [11,12].
We and others have shown that Drp1 is hyperactivated in the skeletal
muscle from insulin-resistant humans with obesity [9,13,14]. In addi-
tion, numerous studies, including ours, have demonstrated a strong
inverse correlation between Drp1-mediated mitochondrial fission and
skeletal muscle and/or whole-body insulin sensitivity, indicating that
Drp1 may serve as a critical regulator of insulin sensitivity [13—16].

In attempts to investigate the direct contribution of Drp1 in regulating
skeletal muscle and whole-body insulin sensitivity, many studies have
utilized the administration of a Drp1 pharmacological inhibitor (i.e.,
Mitochondrial Division Inhibitor 1, Mdivi-1). While improvements in
insulin action were found in studies when Drp1-mediated mitochon-
drial fission was inhibited [17—19], a recent study provided evidence
suggesting that Mdivi-1 may have off-target effects [20]. Therefore, it
remains unclear whether direct reduction of Drp1 is sufficient to
improve skeletal muscle and whole-body insulin sensitivity in vivo and
its underlying mechanism.

To specifically define the causal role of Drp1 in regulating skeletal
muscle insulin sensitivity and whole-body glucose homeostasis in vivo,
we employed a mouse model of skeletal muscle-specific Drp1 het-
erozygous partial knockout mice (mDrp1+/*). Recently, skeletal
muscle Drp1 knockout models have been utilized to understand the
role of skeletal muscle Drp1 in normal, healthy conditions [21—24].
However, no one has utilized this murine model to study the direct role
of skeletal muscle Drp1 in regulating skeletal muscle insulin sensitivity
and whole-body glucose metabolism in obese and insulin-resistant
conditions, as well as to compare its role under different health con-
ditions. To add a translational perspective, we further examined
whether loss of Drp1 in primary human skeletal muscle cells (HSKMCs)
derived from humans with severe obesity and insulin resistance could
improve skeletal muscle insulin sensitivity. We hypothesized that
reducing Drp1 would rebalance mitochondrial dynamics machinery,
improve mitochondrial integrity and function, leading to enhanced
skeletal muscle and whole-body insulin sensitivity in obesity-induced
insulin-resistant conditions, but not in a lean healthy condition.

2. METHODS

2.1. Animal study

2.1.1. Generation of skeletal muscle-specific Drp1 heterozygous
mice (mDrp1+/7)

Female C57BL/6J mice with flox sites flanking exons 3—5 of the Dnm1L
gene (referred to as Drp1"’ﬂ, provided by Dr. Hiromi Sesaki at Johns

Hopkins University [25]) were bred with male mice carrying a skeletal
muscle-specific tamoxifen-inducible Cre recombinase driven by a human
alpha-skeletal actin promoter (HSA-MerCreMer, #031934, The Jackson
Laboratory, Bar Habor, ME). This breeding scheme generated tamoxifen-
inducible skeletal muscle-specific heterozygous Drp1 knockout mice
(mDrp1+’ 7) and littermate wild-type mice (WT) that served as controls.
All animals were genotyped based on the presence of HSA-Cre and
heterozygous Drp1 flox expression using genomic DNA. All mice were
housed based on genotype in a temperature and light-controlled (12:12 h
light—dark) room with free access to food and water.

2.1.2. Experimental design

Eight-week-old male WT and mDrp1 +~ mice were randomly assigned
to either a high-fat diet (HFD, 45% kcal by fat, D12451, Research
Diets: New Brunswick, NJ) or a low-fat diet (LFD, 10% kcal by fat,
D12450J, Research Diets, New Brunswick, NJ). After four weeks of the
diet intervention, mDrp1 +/~ mice received intraperitoneal injections of
tamoxifen (75 pg/g body weight) for 5 consecutive days to induce the
skeletal muscle-specific Drp1 knockout. WT mice also received
tamoxifen injections as controls to offset the potential effects of
tamoxifen. All mice remained on their respective diet for another 4
weeks following the last tamoxifen injection. The diet and muscle-
specific Drp1 knockout created four groups: WT/LFD, mDrp1+/
~/LFD, WT/HFD, and mDrp1+/’/HFD (Supplementary Fig. 1A). In
addition, a separate set of mice was utilized for the skeletal muscle
insulin signaling experiment. Body weight and food consumption were
recorded weekly throughout the study. Food consumption (g per week)
was converted to kcal (LFD — 3.82 kcal/g, HFD — 4.7 kcal/g)
consumed per day (kcal/day). All experimental procedures were
approved by the Institutional Animal Care and Use Committee of the
University of Massachusetts Boston.

2.1.3. Glucose tolerance and insulin tolerance tests

Intraperitoneal glucose tolerance test (GTT) and insulin tolerance test (ITT)
were performed before the tamoxifen injection (to confirm insulin
resistance) and 4 weeks after the final tamoxifen injection, as previously
described [26]. Briefly, mice were fasted for 6 h and given an intraper-
itoneal injection of either glucose (1 mg/kg body weight) or insulin (0.75
U/kg body weight). Tail vein blood samples were collected to assess
glucose concentrations using a Contour next blood glucometer (Ascensia
Diabetes Care, Parsippany—Troy Hills, NJ). The area under the curve
(AUC) and inverse AUC was calculated for GTT and ITT, respectively
[27,28].

2.1.4. Tissue collection
Animals were fasted overnight (12 h) before tissue collection. Eutha-
nization was performed using CO, asphyxiation/cervical dislocation.
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Blood was collected and centrifuged for 15 min at 2,500 rpm to collect
serum. The gastrocnemius, liver, and heart were then collected,
weighed, snap-frozen in liquid nitrogen, and stored at —80 °C for
subsequent immunoblot analysis and mitochondrial enzymatic activity.
The other gastrocnemius muscle was collected and frozen in pre-
cooled isopentane for subsequent immunohistochemistry analysis.
Freshly dissected quadriceps were collected for mitochondrial respi-
ration and H,0, production. For insulin signaling data collection, the
gastrocnemius muscle tissue was collected 10 min after an intra-
peritoneal insulin injection (0.75 U/kg body weight).

2.1.5. Transmission electron microscopy

Fresh skeletal muscle tissue was immediately fixed in 2.5% glutar-
aldehyde in 0.1 M Sodium Cacodylate buffer (pH 7.2) for 24 h at 4 °C
and postfixed in 1% osmium for 1 h. Fixed tissues were dehydrated in
a series of ascending ethanol concentrations, followed by two pro-
pylene oxide baths, and infiltrated using resin SPI-Pon 812 resin
mixture per instructions and then switched to Resin/100% Propylene
Oxide mixture (1:1), to polymerize overnight at 60 °C. Thin sections
(70 nm) of polymerized Epon—Araldite blocks were cut using a Leica
Ultracut UCT ultramicrotome placed on Cu grids (200 mesh size), and
stained for 5 min in uranyl acetate, followed by 2 min in lead citrate.
Muscle fibers were examined on a FEI (ThermoFisher) Tecnai Spirit 12
transmission electron microscope and images captured using a Gatan
Rio9, 9-megapixel side-mounted digital camera. Ten representative
micrographs from subsarcolemmal and intermyofibrillar regions were
acquired at x 25,000 magnification. Quantification was achieved using
the Nikon Elements software by manually outlining mitochondria and
converting these to actual size using a calibration grid [29].

2.1.6. Immunohistochemistry analysis

To assess skeletal muscle fiber size and fiber type composition, three
transverse cryosections of the gastrocnemius muscle (8 wm) were cut
using a Leica Cryostat (Leica Biosystems, Buffalo Grove, IL) and placed
on microscope slides (Superfrost; Fischer Scientific, Hanover Park, IL).
For immunostaining, sections were fixed in 4% formaldehyde for
10 min at 4 °C, followed by permeabilization in 0.25% Triton X-100 for
10 min at 4 °C and then blocked with goat serum (10% in PBS) for 1 h
at room temperature. Muscle sections were then incubated for 2 h at
room temperature with the following primary antibodies: mouse anti-
MCH type | (BA-F8, 1:25, Developmental Studies Hybridoma Bank),
mouse anti-MCH type lla (SC-71, 1:25, Developmental Studies Hy-
bridoma Bank) and anti-MCH IIb (BF-F3, 2:25, Developmental Studies
Hybridoma Bank) and rabbit IgG polyclonal anti-laminin (NB300-144,
Novus Biological). Muscle sections were then washed 3 times with PBS
before being incubated for 1 h with the following secondary antibodies:
goat anti-mouse-IgM-FITC (Thermo Fisher Scientific, Waltham, MA),
goat anti-mouse IgG-Alexa Fluor 405 (Jackson ImmunoResearch), goat
anti-mouse 1gG H&L 647 (Jackson ImmunoResearch). These sections
were washed in PBS, and coverslips were mounted using Vectashield
antifade mounting medium (Vector Laboratories). Slides were imaged
using a Zeiss confocal microscopy (Carl Zeiss AG) at x10 magnifi-
cation. To analyze muscle fiber size and type, analyses were per-
formed using MyoVision software following the instructions [30].

2.1.7. Serum insulin and FGF21

Serum was collected during the tissue collection process. Following
the manufacturer’s protocol, fasting serum insulin and FGF21 con-
centrations were measured using an Insulin (EMINS, Thermo Fisher
Scientific, Waltham, MA) or FGF21 (RayBiotech, Peachtree Corners,
GA) ELISA Kit.
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2.1.8. Skeletal muscle mitochondria isolation

Skeletal muscle mitochondria were isolated as previously described
[18]. Briefly, the quadriceps muscle was dissected and placed in an
ice-cold isolation buffer for mitochondria 1 (IBM1, 67 mM sucrose,
50 mM Tris—HCI, 50 mM KCI, 10 mM EDTA, and 0.2% BSA, pH 7.4).
The skeletal muscle was minced on ice, placed in IBM1 with 0.1%
trypsin solution for 30 min, and then centrifuged at 200 g for 3 min.
The pellet was then resuspended in IBM1, homogenized on ice using a
glass Teflon homogenizer, and centrifuged at 800 g for 10 min. The
supernatant was collected and centrifuged at 8,000 g for 10 min to
pellet the mitochondria. The pellet was then washed and resuspended
in an ice-cold isolation buffer for mitochondria 2 (IBM2, 250 mM su-
crose, 2 mM EGTA, and 10 mM Tris—HCI, pH 7.4) and centrifuged at
8,000 g for 10 min. The pelleted mitochondria were resuspended in
cold IBM2, and protein concentration was determined using a Pierce
BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA). All
steps were performed at 4 °C.

2.1.9. Skeletal muscle mitochondrial respiration

Seahorse XFp Analyzer (Agilent Technologies, Santa Clara, CA) was
used to determine mitochondrial respiratory rates by measuring oxy-
gen consumption rates (OCR) in isolated mitochondria as previously
described [18]. Briefly, isolated mitochondria were plated on a sea-
horse XFp extracellular flux analyzer plate at a 4 pg/well concentration.
Pre-warmed pyruvate (10 mM) + malate (5 mM) or palmitoyl-L-
carnitine (40 uM) + malate (1 mM) solution was added to each well.
The following substrates were successively injected to measure OCR
for different respiration rates: pyruvate + malate or palmitoyl-L-
carnitine + malate to measure state 2 respiration rate, ADP (5 mM) to
measure state 3 respiration rate, oligomycin (2 M) to measure state 4
respiration rate, carbonyl cyanide-4 phenylhydrazone (FCCP, 4 uM) to
measure maximal respiration rate, and antimycin (4 uM) to measure
non-mitochondrial respiration rates. Respiratory exchange ratio (RCR)
was calculated by state 3 respiration rate < state 4 respiration rate
and used to assess mitochondrial integrity. All data were analyzed
using the Agilent Seahorse Wave software.

Additionally, the seahorse XFp Analyzer (Agilent Technologies, Santa
Clara, CA) determined HSKMCs cellular respiratory rates by measuring
the OCR as previously described [14,18]. On the day of the assay,
media was changed to XF Assay Medium containing modified DMEM
(no phenol red and glucose) supplemented with 5 mM glucose and
2 mM glutamine and placed in a non-C0O 37 °C incubator for 30 min
prior to the start of the assay. Oligomycin (1 uM), FCCP (0.75 puM), and
rotenone/antimycin A (0.5 M) were successively injected to measure
OCR for different respiratory states. OCR coupled to ATP production
was calculated by basal OCR (measurement before oligomycin injec-
tion) — lowest OCR measurement following oligomycin injection. All
data were normalized to protein concentrations for each well.

2.1.10. Skeletal muscle mitochondrial-derived H,0» production

Mitochondrial-derived H»0, production (JMH20,) was measured fluo-
rometrically as previously described [31]. Briefly, JHo0, was measured
in Buffer Z (105 mM K-MES, 30 mM KCI, 1 mM EGTA, 10 mM K;HPO4,
5 mM MgCl»,-6H20, 2.5 mg/mL BSA, pH 7.1), supplemented with
creatine (5 mM), creatine kinase (20 U/mL), phosphocreatine (30 mM,
to mimic resting condition), amplex ultra red (10 M), horseradish
peroxidase (20 U/mL), superoxide dismutase (20 U/mL), ATP (5 mM),
and auranofin (0.1 pM). The following substrates assessed
various sites: (1) pyruvate (5 mM) + malate (2.5 mM) to assess
Complex | via generation of NADH; (2) pyruvate (5 mM) + malate
(2.5 mM) + antimycin (2 mM) for the assessment of Complex lll; (3)
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succinate (10 mM) + rotenone (4 mM) to assess Complex Il
via generation of FADH [32], and (4) palmitoyl-L-carnitine
(40 mM) + malate (1 mM) to assess Ho0» production during fatty acid
oxidation. All reactions were done at 37 °C, 200 pL of volume, and
15 pg of mitochondria in a microplate reader (Thermo Fisher Scientific,
Waltham, MA). Fluorescence values were converted to picomoles of
H,0, via an H,0, standard curve, and H,0, emission rates were
calculated as picomoles of Ho02 per minute per milligram [33].

2.1.11. Mitochondrial enzyme activity

The activity of citrate synthase and Complex | and Il enzymes were
analyzed using the Citrate Synthase Assay kit (ab239712, Abcam,
Waltham, MA) Complex | Enzyme Activity Assay Kit (ab109721, Abcam,
Waltham, MA) and Complex Il Enzyme Activity Microplate Assay Kit
(ab109908, Abcam, Waltham, MA) according to the manufacturer’s
instructions. Briefly, gastrocnemius was homogenized in cold
phosphate-buffered saline (PBS), and the protein concentration was
measured using a Pierce BCA Protein Assay Kit (Thermo Fisher Sci-
entific, Waltham, MA). Samples were loaded into the wells at a con-
centration of 40ung/100 pL (Citrate Synthase), 250 ng/200 pL
(Complex 1), and 601.g/50 pL (Complex Ii).

2.2. Human skeletal muscle cell (HSKMC) culture model

2.2.1. Primary human skeletal muscle cell culture

Previously isolated HSKMCs from severely obese, insulin-resistant, and
lean insulin-sensitive humans were used in this study [14,18,34]. In
brief, HSKMCs were thawed (n = 6 per group), pooled together, and
grown in growth media as previously described [18]. At a confluence of
~ 80%, myoblasts were subcultured onto a 6-well type | collagen plate
(Corning, Glendale, AZ), 35 mm collagen-coated glass-bottom dish
(MatTek, Ashland, MA), Seahorse XFp cell culture miniplate (Agilent
Technologies, Santa Clara, CA), or 96 well transparent bottom black
polystyrene microplate (Corning, Glendale, AZ) depending on experi-
mental purposes. Upon reaching ~80% confluency, myoblasts were
switched to low-serum (2% horse serum) media to induce differenti-
ation. All experiments were performed on day 7 of differentiation. The
experimental protocol was approved by the Internal Review Board for
Human Research at the University of Massachusetts Boston.

2.2.2. Lentivirus-mediated Drp1 knockdown

Plasmid encoding shRNA for human Drp1 (shDrp1, Cat
#TRCN0000318426) was obtained from Sigma Aldrich (Natick, MA).
Packaging vectors psPAX2 (Cat #12260), envelop vector pMD.G (Cat
#12259), and shRNA scramble (shScramble, Cat #1864) were obtained
from Addgene (Watertown, MA). 293T cells in a 10 cm dish were
transfected using polyethyleneimine hydrochloride (Polysciences, Inc,
Warrington, PA) with 2.66 g of psPAX2, 0.75 g pMD2.G, and 3 pg of
shRNA plasmid. After 48 h, the media was collected, filtered using a
0.45 pm vacuum filter, and used to treat undifferentiated myoblast on
experimental plates. After 48 h, target cells were selected with puromycin
to confirm knockdown success. Growth media was switched to differ-
entiation media at a ~80—90% confluence (Supplementary Fig. 1B).

2.2.3. Quantification of mitochondrial network morphology

The mitochondrial morphology was quantified as previously described
[14]. Briefly, myotubes were stained with MitoTracker™ RedFM
(100 nM, Thermo Fisher Scientific, Waltham, MA) for 15 min. Zeiss
confocal microscopy was then used to image the myotubes mito-
chondrial network using a 64 x 1.4NA oil objective. Fifteen images per
repeat were taken for quantification.

Images were analyzed using the mitochondrial network analysis macro
(MiNA) tool developed on FIJI distribution of ImageJ as previously
described [35]. For image analysis, images were preprocessed via an
unsharp mask with a two-pixel radius, enhancement of local contrast
(CLAHE), filtered to remove background, binarized, and skeletonized
for further analysis. Individual non-networked mitochondria, the
number of mitochondrial networks, branch length per network, and the
number of branches per network were quantified using a previously
developed protocol [35]. Data from each image was normalized by
total mitotracker intensity per nucleus.

2.2.4. Quantification of glucose uptake

Differentiated myotubes were serum-starved in serum-free DMEM for
3 h. Myotubes were treated with or without 100 nmol/L of insulin for
1 h. Glucose uptake assay was then performed using an assay kit
provided by Cayman Chemical (Ann Arbor, MI), following the manu-
facturer’s protocol.

2.2.5. Reactive oxygen species

Myotubes grown on 96-well plates were washed in prewarmed PBS,
incubated with 1 uM CM-H2DCFDA (Thermo Fisher Scientific, Wal-
tham, MA) in non-phenol red DMEM at 37 °C for 30 min with 5% CO»,
and washed again with PBS. Fluorescence was measured by a
microplate reader (Thermo Fisher Scientific, Waltham, MA) with an
excitation wavelength of 490 nm and an emission wavelength of
520 nm. Data were normalized to the protein concentration for each
well.

2.3. Immunoblotting

Tissues and cell lysates were homogenized as previously described
[18]. Protein concentrations from the cell lysates, gastrocnemius, liver,
and heart, were determined by a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA), and equal amounts of protein were
subjected to SDS-Page using a 4—20% gradient polyacrylamide gel
(Bio-Rad, Hercules, CA) and transferred to a nitrocellulose membrane.
Membranes were probed with a primary antibody and rocked overnight
at 4 °C. Membranes were then probed with an IRDye secondary
antibody (Li-COR, Lincoln, NE) and quantified using the Odyssey CLx
software (Li-Cor, Lincoln, NE). All data were normalized to GAPDH
protein expression. A complete list of all suppliers, catalog numbers,
and dilutions for primary and secondary antibodies used in this study
are found in Supplementary Table 1. Skeletal muscle insulin action
was determined by the fold change of basal over insulin-stimulated
phosphorylation of Akt Ser*’®, calculated by dividing the insulin-
stimulated phosphorylation of Akt Ser*’® protein expression by the
average non-insulin stimulated phosphorylated Akt Ser*’s protein
expression.

2.4. Statistical analyses

For each group, data was summarized using mean =+ SEM. The
interaction over time between group and body weight, GTT, and ITT
were analyzed using repeated-measures analysis of variance
(rANOVA). In addition, comparisons between groups were performed
by two-way ANOVA effect of genotype (WT vs. mDrp1+/ ~) and diet
(LFD vs. HFD), followed by Fisher’s LSD post-hoc analysis when sig-
nificant interactions were detected. Pearson correlation analysis was
used to assess linear relationships. One-way ANOVA was used to
compare the differences between groups in the HSKMC model, fol-
lowed by Fisher’s LSD post-hoc analysis where indicated. All statistical
analyses were performed using SPSS statistical software (27.0; SPSS,
Inc, Chicago, IL). Statistical significance was set at P < 0.05.
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3. RESULTS

3.1. Partial Drp1 knockout in skeletal muscle does not affect food
consumption, body weight, or skeletal muscle weight

We first confirmed that HFD-induced obesity as HFD-fed mice had
higher body and epididymal fat pad weights (7.66% and 152.1%,
respectively) than LFD-fed mice (main effect of diet, P < 0.05,
Table 1). However, no differences were found in the heart and skeletal
muscle tissue weights. Overall, there was no genotype effect on calorie
consumption, body weight, or tissue weight (Table 1).

3.2. Partial Drp1 knockout in skeletal muscle altered mitochondrial
dynamics towards pro-fusion state and mitochondrial morphology
without any changes in mitochondrial biogenesis, fusion, or
mitophagy protein markers

The partial reduction of Drp1 protein expression was confirmed in the
gastrocnemius muscle from mDrp1 +~ mice (Figure 1A). There was a
significant reduction in Drp1 protein expression in gastrocnemius
muscle from mDrp1+/‘ mice compared to the WT group (~ 32%,
main effect of genotype, P < 0.05, Figure 1A). Additionally, there was
a main effect of diet on Drp1 protein expression in the gastrocnemius
muscle, with HFD-fed mice having a greater Drp1 expression than
LFD-fed mice (~17% P < 0.05, Figure 1A). There were no differences
in Drp1 protein expression in other tissues among groups (Figure 1A).
Taken together, these data confirmed the successful partial Drp1
knockout in skeletal muscle only.

We next assessed the impact of the partial Drp1 knockout on proteins
that regulate mitochondrial dynamics. Phosphorylation of Drp1(Ser®'®), a
marker of Drp1 activity, was significantly downregulated in skeletal
muscles from the partial Drp1 knockout mice, regardless of diet (main
effect of genotype, P < 0.05, Figure 1B). The ratio of pDrp1(Ser®'®) over
total Drp1 was also significantly decreased in skeletal muscles from the
partial Drp1 knockout mice fed with HFD (P < 0.05), but not LFD
(Figure 1B). Furthermore, the protein content of mitochondrial fission
factor (MFF), a mitochondrial fission adapter protein, was greater in
mDrp1 *+/~ mice when compared to WT mice (main effect of genotype,
P < 0.05, Figure 1B). There was no diet or genotype effect in the protein
expression of any other markers of mitochondrial fission or fusion.
(Figure 1B and C). To further assess the balance between mitochondrial
fission and fusion, we generated ratios of pDrp1(Ser®'®) over the three
fusion protein markers (i.e., Mfn1, M2 and Opal). Partial Drp1
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knockout significantly reduced the ratios of pDrp1(Ser®'®)/Mfn2 and
pDrp1(Ser®')/0pat, regardless of diet (main effect of genotype,
P < 0.05, Figure 1D). In addition, Partial Drp1 knockout significantly
reduced the ratios of pDrp1(Ser®'®/Mfn1in mice fed with HFD
(P < 0.05), but not LFD (Figure 1D). Finally, given the important role of
mitochondrial dynamics in maintaining mitochondrial morphology,
further analysis of mitochondrial structure and morphology was per-
formed using transmission electron microscopy. Skeletal muscle from
mDrp1 *+/~ mice fed with HFD exhibited larger mitochondria with a more
fused structure in both intermyofibrillar (IMF) and subsarcolemmal (SS)
regions when compared to WT mice fed with HFD (P < 0.05, Figure 1E
and F).

We next assessed markers of other mitochondrial quality control
processes and quantity. The partial Drp1 knockout did not alter PGC-
1a protein content, despite its content being greater in HFD-fed mice
than in LFD-fed mice regardless of genotype (main effect of diet,
P < 0.05, Figure 2A). There was no diet or genotype effect in the
protein expression of any markers of mitophagy/autophagy (Figure 2B).
There was no statistically significant main effect of diet or genotype in
protein expression of several mitochondrial content markers, including
citrate synthase, VDAC, and mitochondrial oxidative phosphorylation
Complex |-V (Figure 2C—D). Interestingly, a diet and mDrp1+/‘
interaction revealed that citrate synthase activity was higher in the
mDrp1*/~/LFD group than in the WT/LFD and mDrp1*/~/HFD groups
(P < 0.05, Figure 2E). There was no substantial difference in citrate
synthase activity between WT/LFD, WT/HFD, and mDrp1+/‘/HFD
groups (Figure 2E).

3.3. Partial Drp1 knockout in skeletal muscle improves whole-body
glucose homeostasis and insulin sensitivity in diet-induced insulin-
resistant mice

Metabolic tests (GTT and ITT) were first performed before the induction
of skeletal muscle Drp1 knockout to confirm an insulin-resistant
phenotype in HFD-fed mice (main effect of diet, P < 0.05,
Supplementary Figs. 2A—D). To determine if the partial loss of skeletal
muscle Drp1 is sufficient to alleviate glucose intolerance and insulin
resistance, metabolic tests were then performed four weeks after the
induction of the partial skeletal muscle Drp1 knockout. Blood glucose
levels at all time points during the GTT test and the AUC of blood
glucose were significantly elevated in HFD-fed mice compared to LFD-
fed mice (main effect of diet, P < 0.05, Figure 3A and B). Interestingly,

Table 1 — Animal characteristics.

WT-LFD mDrp1*/~LFD WT-HFD mDrp1*/~HFD
Food Consumption (kcal per day) 12.44 + 0.45 12.55 + 0.36 13.76 + 0.37* 13.70 + 0.38*
Body Weight
Starting (g) 241 +0.25 241 + 0.42 23.5 4+ 0.30 239 +0.36
Final (g) 28.1 +£0.25 28.0 + 0.44 30.3 + 0.65* 30.2 + 0.67*
Percent Bodyweight gained (%) 16.8 + 1.0 16.8 + 1.6 29.3 4 2.4% 26.6 + 2.5%
Tissue Weight (g/g of body weight) 0.154 + 0.004 0.152 + 0.004 0.153 + 0.003 0.151 + 0.003
Gastrocnemius
Tibialis Anterior 0.049 + 0.003 0.050 + 0.003 0.055 + 0.004 0.050 + 0.003
Heart 0.145 + 0.004 0.138 + 0.004 0.137 + 0.007 0.140 + 0.008
Epididymal fat pad 0.469 + 0.032 0.436 + 0.035 1.186 + 0.123* 1.10 + 0.134*
Fasting Glucose (mg/dL) 162.0 + 6.39 168.9 + 5.0 191.2 £ 7.2* 190.6 + 6.7
Fasting Insulin (pIU/ml) 22.0 + 3.17 22.4 +10.72 40.6 + 4.51 26.7 + 8.21
HOMA-IR 8.93 +1.20 9.89 + 4.77 20.45 + 2.46* 12.33 + 3.76*

Note: Data are presented as mean & SEM. n = 5—16/group.

AbbreviationHOMA-IR, Homeostatic Model Assessment of Insulin Resistance (fasting insulin concentration [ulU/mL] x fasting glucose concentration [mg/dI]/405).

*p < 0.05 diet effect.
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Figure 1: Validation of partial knockout of skeletal muscle Drp1, protein expression of mitochondrial dynamics markers and mitochondrial morphology in skeletal muscle from WT
and mDrp1 *+/~ mice fed either a LFD or HFD. (A) Protein expression and representative immunoblots of Drp1 in gastrocnemius (Gastroc), liver, and heart. (B) Expression of proteins
markers of mitochondrial fission and representative immunoblots. (C) Expression of proteins markers of mitochondrial fusion and representative immunoblots. (D) Ratios of
pDrp1(Ser616) over mitochondrial fusion protein markers. (E) Representative transmission electron micrographs obtained from intramyofibrillar and subsarcolemmal regions of
skeletal muscle. Scale bar = 0.5 pm (F) Quantification of mitochondria size. scale bar = 0.5 um. Data are presented as mean + SEM. n = 3—8/group. *p < 0.05 main effect of
diet, #p < 0.05 main effect of genotype. “p < 0.05 vs. indicated group.
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Figure 3: Whole-body insulin sensitivity and skeletal muscle insulin signaling in WT and mDrp1*/~ mice fed either a LFD or HFD. (A) Blood glucose levels during GTT. (B) Blood
glucose area under the curve (AUC) during GTT. (C) Blood glucose levels during ITT. (D) Inverse glucose area under the curve (AUC) during ITT. (E) Relative blood glucose levels
(percent change from baseline) during ITT. (F) Inverse glucose area under the curve (AUC) during ITT based on relative blood glucose levels. (G) Phosphorylation of Akt Ser*”3/Akt
under non-insulin stimulated and insulin stimulated conditions. (H) Fold change in Akt Ser*” phosphorylation/Akt under insulin stimulated over non-insulin stimulated conditions. (U}
Phosphorylation of AS160 Thr542/AS160 under non-insulin stimulated and insulin stimulated conditions. (J) Fold change in AS160 Thr342/AS160 under insulin stimulated over non-
insulin stimulated conditions. (K) Representative Blots of (G) and (). Data are presented as mean & SEM. n = 6—13/group. *p < 0.05 main effect of diet, #p < 0.05 main effect of
genotype, p < 0.05 vs indicated group, & p < 0.05 vs. respective non-insulin stimulated condition.

a significant diet and genotype interaction was found during the GTT,
revealing that at 15 and 30 min, there is a reduction in blood glucose
levels in mDrp1+/‘/HFD compared to WT/HFD mice (P < 0.05,
Figure 3A). In addition, there was a moderate but significant reduction
in AUC of blood glucose in GTT (35.2%) in mDrp1™/~/HFD mice
compared to WT/HFD mice (P < 0.05, Figure 3B). Similarly, Blood

glucose levels at all time points during the ITT test were higher in HFD-
fed mice in comparison to LFD-fed mice (Figure 3C). Importantly, blood
glucose level at 90-minute timepoint during ITT test was significantly
lower in mDrp1 */~/HFD mice compared to WT/HFD mice (P < 0.05,
Figure 3C). In addition, there was a greater inverse AUC of blood
glucose in ITT, whether expressed in absolute or relative values, in
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mDrp1+/ ~/HFD mice when compared to the WT/HFD mice (P = 0.01
and P = 0.06, respectively. Figure 3D and F). Finally, fasting blood
glucose levels and HOMA-IR were elevated in HFD-fed mice (15.1%
and 75.2%, respectively) (main effect of diet, P < 0.05, Table 1).
Although not statistically significant, blood insulin level (P = 0.11) and
HOMA-IR (P = 0.10) value were reduced by 32.3% and 39.9%,
respectively, in mDrp1+/’/HFD mice compared to the WT/HFD mice
(Table 1). There was no difference in GTT, ITT, fasting glucose, insulin,
and HOMA-IR values between WT/LFD and mDrp1+/’/LFD mice.

To assess skeletal muscle insulin signaling, the phosphorylation of Akt
Ser*”® and AS160 Thr5? was measured. Upon insulin stimulation, the
phosphorylation of Akt Ser*”® and AS160 Thr®*2 were elevated in
skeletal muscles from mice in all groups (main effect of insulin,
P < 0.05, Figure 3G and I). There were no significant differences in
insulin-stimulated phosphorylation of these two molecules between
any two groups (Figure 3G and I). To further assess their responses to
insulin stimulation, fold change (ratio of insulin-stimulated over basal
values) was calculated. A diet and genotype interaction was noted in
the fold change of both Akt Ser*’® and AS160 Thr%? phosphorylation
in response to insulin stimulation, revealing a significant reduction in
skeletal muscle from HFD-fed WT mice compared to LFD-fed coun-
terparts (P < 0.05, Figure 3H and J). However, while there were
modest increase of the fold change of insulin-stimulated Akt Ser*”®
and AS160 Thr®*2 phosphorylation over basal (29.2% and 56.0%,
P = 0.163 and 0.081, respectively) in skeletal muscles from mDrp1 +
~/HFD mice than WT/HFD mice, mDrp1+/ ~/HFD mice did not display
any significant improvement in skeletal muscle insulin signaling
(Figure 3H and J). Interestingly, partial Drp1 knockout induced sig-
nificant reductions of the fold change in Akt Ser*”® and AS160 Thr8*2
phosphorylation in skeletal muscle from LFD-fed mice (mDrp1+/
“/LFD) when compared to WT/LFD mice (—33.0% and 38.6%,
P < 0.05, Figure 3H and J). There was no difference in total GLUT 4
content among all groups (Supplementary Fig. 3A).

3.4. Partial Drp1 knockout in skeletal muscle reduces
mitochondrial H,0, production in diet-induced insulin-resistant mice
We next sought to determine if the partial Drp1 knockout in skeletal
muscle improved mitochondrial function (mitochondrial respiration and
H»0, production), which may lead to reduced insulin resistance. There
was no difference in mitochondrial respiration with either
pyruvate + malate (indicator of glucose oxidation) or palmitoyl-L-
carnitine -+ malate (indicator of fatty acid oxidation) substrates under
different respiration states (Figure 4A—D).

Regarding mitochondrial H,0, production, HFD-fed mice overall had
a significantly high Complex I- and Complex lI-supported H,0,
emission in isolated mitochondria compared to LFD-fed mice (main
effect of diet, P < 0.05, Figure 4E—G). Interestingly, a diet and ge-
notype interaction was found, revealing a reduction in Complex I-
supported H,0- emission in mDrp1+/‘/HFD mice compared to WT/
HFD mice (P < 0.05, Figure 4E). In addition, mitochondria from
mDrp1+/* mice displayed reduced Complex Il-supported H,0,
emission compared to WT mice (main effect of genotype, P < 0.05,
Figure 4F), which appears to be mainly driven by the reduction in
mDrp1+/*/HFD mice. There was no substantial difference among
groups in Hp0, emission with pyruvate + malate + antimycin
(Complex lll-driven, Figure 4H). Finally, there was a trend toward a
significant increase in Complex Il activity found in mDrp1+/’ mice
compared to the WT counterparts (main effect of genotype,
P = 0.098, Figure 4J). No differences were found in Complex | ac-
tivity among any groups (Figure 41). There was no difference in 4-HNE
level between any two groups (Figure 4K).
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3.5. Partial Drp1 knockout in skeletal muscle does not alter
skeletal muscle mass, fiber size, or fiber type distribution

Since previous studies reported that Drp1 knockout in skeletal muscle
induced muscle atrophy, we investigated the effect of partial Drp1
knockout on skeletal muscle phenotype. There were no differences in
either gastrocnemius or tibialis anterior (TA) muscle mass (Table 1)
among the groups. Skeletal muscle fiber size and fiber type distribution
were performed on the gastrocnemius (Supplementary Fig. 4A). The
gastrocnemius displayed no significant difference in overall myofiber
cross-sectional area or each individual fiber type cross-sectional area
among groups (Supplementary Figs. 4B—D). In addition, there were no
significant differences in fiber type distribution (Supplementary
Fig. 4E).

3.6. Partial Drp1 knockout in skeletal muscle increased both
skeletal muscle and serum FGF21 level

Since previous studies have reported that alterations in mitochondrial
dynamics led to increased circulating FGF21 and FGF21 in linked to
whole-body glucose homeostasis and metabolism, we measured
FGF21 content in both skeletal muscle tissue homogenates and serum.
There were significant elevations of FGF21 protein expression and
circulating concentration in muscle tissue homogenates and serum
from mDrp1+/‘ mice, respectively, in comparison to WT mice (main
effect of genotype, P < 0.05, Supplementary Figs. 5A and B).

3.7. The loss of Drp1 reduced mitochondrial fission and restored
the mitochondrial network structure in primary myotubes derived
from humans with severe obesity and insulin resistance

To assess the translational application of reducing Drp1 in skeletal
muscle to improve insulin sensitivity, we applied the knockdown of
Drp1 in HSKMC derived from skeletal muscle biopsy samples of
humans with severe obesity and insulin resistance. Participant char-
acteristics are presented in Table 2. Humans with severe obesity
exhibited an insulin-resistant phenotype with elevated fasting insulin
levels and HOMA-IR compared to lean controls (Table 2, P < 0.05).
The transfection of shDrp1 in myotubes derived from humans with
severe obesity and insulin resistance resulted in reductions in total
Drp1 protein expression and Drp1 phosphorylation (Ser8'®) (~78%
and 51%, respectively) compared to the myotubes derived from
shScramble-treated myotubes from the same subjects (Figure 5A,
P < 0.05). There were no statistically significant differences in the
expression of any other mitochondrial fission and fusion protein
markers among groups (Figure 5A—C).

We next investigated whether Drp1 knockdown altered mitochondrial
network morphology towards a more-fused state. Myotubes derived
from humans with severe obesity exhibited a more fragmented mito-
chondrial network with an increase in the number of non-networked
individual mitochondria and mitochondrial networks and a reduction
in mitochondrial network size (branch length per network) compared to
the lean counterparts (Figure 5F—H, P < 0.05). Importantly, the loss of
Drp1 restored the mitochondrial network structure with a significant
reduction in the number of non-networked individual mitochondria and
an increase in branch length per network compared to shScramble-
treated myotubes derived from the same donors (Figure 5F and H,
P < 0.05). There were no group differences in mitochondrial density
(P = 0.115) and the number of branches per network (Figure 5E and ).

3.8. The loss of Drp1 enhanced insulin action in primary myotubes
derived from humans with severe obesity and insulin resistance
The phosphorylation of Akt Ser*”® and AS160 Thr®*? and glucose
uptake were all significantly elevated in response to insulin stimulation
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Table 2 — Human subject characteristics.

Lean Severely Obese
Race 6C/0AA 4C/2AA
Age 28.8 + 41 392+ 25
Weight (kg) 62.3 + 3.3 1451 + 5.6%
BMI (kg/m?) 231+ 1.6 52.2 + 2.3*
Fasting glucose (mg/dl) 86.0 + 2.2 946 + 1.6
Fasting insulin (pU/ml) 6.7 & 0.96 17.6 £ 1.79*
HOMA-IR 1.44 £ 0.23 411 + 0.43*

Note: Data are presented as mean & SEM. n = 6 per group.

C Caucasian, AA African American, BM/ body mass index.

Abbreviations: BMI, Body mass index; HOMA-IR, Homeostatic Model Assessment of
Insulin (fasting insulin concentration [plU/ml] x fasting glucose concentration [mg/dI]/
405).

*p < 0.05 versus Lean.

in all groups (Figure 6A,C, and F, P < 0.05). However, the magnitudes
of insulin-induced increases were significantly blunted in myotubes
from humans with severe obesity and insulin resistance compared to
their lean and insulin-sensitive counterparts (both were treated with
Shscramble RNA) (Figure 6A, C and F), and these differences reached
significance in AS160 Thr®*2 and glucose uptake (P < 0.05). Notably,
these significantly reduced responses to insulin stimulation were
restored in myotubes from humans with severe obesity and insulin
resistance when treated with shDrp1 (Figure 6C and F), P < 0.05).
Similarly, the ratio of insulin-stimulated phosphorylation of Akt Ser*’®
and AS160 Thr®*2 over basal, and glucose uptake over the basal state,
surrogate markers of insulin action, were all significantly enhanced in
shDrp1-treated myotubes derived from humans with severe obesity
and insulin resistance when compared to the shScramble RNA treated
counterparts (Figure 6B, D and G, P < 0.05), with virtually no differ-
ences compared to the lean and insulin-sensitive controls. No differ-
ences were found in total GLUT 4 content between groups
(Supplementary Fig. 3B).

3.9. The loss of Drp1 did not alter mitochondrial respiration but
reduced reactive oxygen species in myotubes derived from humans
with severe obesity and insulin resistance

We next investigated whether the improvement in skeletal muscle in-
sulin sensitivity in myotubes derived from humans with severe obesity
and insulin resistance was due to enhanced mitochondrial function.
Basal, FCCP-induced maximal, and spare capacity were all significantly
lower in myotubes from humans with severe obesity and insulin
resistance (Figure 6H, P < 0.05). Further, the OCR coupled to ATP
production was significantly lower in myotubes from humans with se-
vere obesity and insulin resistance (Figure 6H, P < 0.05). While basal
and FCCP-induced maximal respiratory rates were increased in shDrp1-
treated myotubes compared to the shScramble treated controls (58.9%,
Figure 6H), they did not reach statistical significance. They were not fully
restored to the levels seen in myotubes derived from lean insulin-
sensitive humans. Interestingly, myotubes from humans with severe
obesity and insulin resistance had a higher content of cellular ROS than
the lean and insulin-sensitive controls (Figure 61, P < 0.05), which was
substantially reduced with the loss of Drp1 (Figure 6l, P < 0.05). No
substantial group differences in mitochondrial content were detected as
measured by citrate synthase protein expression (Figure 6J).

4. DISCUSSION

It has been consistently shown that reduced skeletal muscle Drp1-
mediated mitochondrial fission coincides with improved skeletal
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muscle and whole-body insulin sensitivity under insulin-resistant
conditions such as obesity [6,14,16—18]. However, the direct role of
skeletal muscle Drp1-mediated mitochondrial fission in regulating
skeletal muscle insulin sensitivity, and whole-body glucose homeo-
stasis and insulin sensitivity remains untested. Herein, we demon-
strated that the reduction in Drp1 via partial knockout of skeletal
muscle Drp1 was sufficient to enhance whole-body glucose homeo-
stasis and insulin sensitivity, but not skeletal muscle insulin signaling,
in diet-induced insulin-resistant mice. In addition, we demonstrated
that these metabolic improvements were, at least partly, due to
reduced skeletal muscle mitochondrial Ho04 production, resulting from
rebalanced mitochondrial dynamics and improved mitochondrial
structure.

It is noteworthy that the mDrp1+/‘ mice fed with HFD exhibited
moderate but significant improvements in whole-body insulin sensi-
tivity. Previous studies using genetic approaches to knockdown Drp1 in
skeletal muscle to different extents (~34% vs. ~30%) have pre-
sented different phenotypes in skeletal muscle physiology [21,24],
suggesting Drp1-mediated mitochondrial fission might be sensitive to
even subtle modulation and exert different effects on skeletal muscle
and whole-body alterations. To extend the findings from the current
study, future work should investigate the effects of various degrees of
skeletal muscle Drp1 reduction on skeletal muscle and whole-body
insulin sensitivity. It should also be noted that our study ended 4
weeks after the induction of the partial loss of Drp1. The mDrp1+/ -
mice may exhibit more profound improvements in whole-body insulin
sensitivity at a later stage following a partial loss of Drp1.

In the present study, while significant improvement of insulin sensi-
tivity was found in human primary myotubes from severely obese
humans transfected with shDrp1 in vitro, skeletal muscle from partial
Drp1 knockout (mDrp1+/‘/HFD) mice did not display significant
improvement of insulin sensitivity in HFD-fed mice. This is against our
hypothesis. The divergent results of skeletal muscle and whole-body
insulin sensitivity in partial Drp1 knockout mice fed with HFD in vivo
suggests that partial Drp1 knockout in skeletal muscle may exert ef-
fects beyond skeletal muscle tissue and on other metabolic tissues that
are responsible for insulin-stimulated glucose uptake (e.qg., liver and
adipose tissue). One possible explanation is that partial Drp1 knockout
in skeletal muscle may alter myokine secretion in skeletal muscle,
which are known to affect systemic glucose metabolism and crosstalk
with other tissues/organs [36]. One potential regulator is fibroblast
growth factor 21 (FGF21), which has been found to improve whole-
body glucose metabolism and insulin sensitivity [37,38]. It was
recently reported that the ablation of skeletal muscle Drp1 triggered
the secretion of muscle-derived FGF21, resulting in improved whole
body glucose homeostasis [22]. Indeed, our findings of elevated FGF21
in the partial Drp1 knockout mice are consistent with the literature and
support the idea that moderately increased circulating FGF21 in
mDrp1+/ ~ mice may contribute to the improved whole-body glucose
tolerance and insulin sensitivity despite no enhancement in skeletal
muscle insulin sensitivity. Furthermore, the elevated circulating FGF21
can target other metabolic tissues, which may also be responsible for
the alleviated insulin resistance at the whole-body level in mDrp1+/
~/HFD mice. Due to the lack of these tissues collection in the present
study, we cannot pinpoint a specific tissue that is responsible for the
improvement in whole-body metabolic adaptations in mDrp1+/ “/HFD
mice, which is a limitation of the study. Future studies should be
warranted to investigate metabolic adaptations in these tissues to
identify the precise mechanisms underlying the alleviation of diet-
induced insulin resistance in Drp1 knockout animals. In addition, as
a limitation, it is worth noting that we did not measure GLUT4
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markers of mitochondrial fusion. (C) Representative immunoblots for (A) and (B). (D) Representative images of myotubes stained with MitoTracker RedFM. Scale bar = 10 um. (E)
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translocation or ex vivo insulin-stimulated glucose uptake using
skeletal muscle tissue. Therefore, we cannot completely rule out the
role of Drp1 in directly regulating skeletal muscle insulin sensitivity.

Mitochondrial dynamics is a complex system, with multiple mecha-
nisms that can regulate mitochondrial quality and whole-body meta-
bolism. Previous studies have reported smaller mitochondria, an
indication of a fragmented mitochondrial network, with a reduction in
Mfn2 protein in skeletal muscle from both obese rodents and humans
[39,40]. Further, the reduction of Mfn2 gene expression was associ-
ated with suppressed glucose disposal rates [39]. Nonetheless, we and
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others have reported no changes in mitochondria fusion proteins but
an increase in mitochondrial fission in short-term feeding of a HFD
[17,18,41], suggesting that there are acute and chronic adaptations of
mitochondrial dynamics involved in the development of insulin resis-
tance. Similarly, it has been reported that the knockout of skeletal
muscle Drp1 induces an increase in Opal content [22,24], which was
not observed in the current study. However, the degree of skeletal
muscle Drp1 loss may influence mitochondrial fusion markers, as a
previous study utilizing the same partial skeletal muscle Drp1 knockout
model observed no differences in mitochondrial fusion proteins [21].
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However, unexpectedly, the present study did find a greater protein
expression of the mitochondrial fission adaptor protein MFF in
mDrp1+/’ mice (Figure 1C). MFF is vital for the initial recruitment of
Drp1 to the outer mitochondrial membrane [42,43]. Therefore, the
increase in MFF in mDrp1+/‘ mice may be an attempt by the mito-
chondria to counteract the reduction in Drp1 via a compensatory
mechanism to initiate mitochondrial fission. Current knowledge
regarding MFF’s function beyond mitochondrial fission is scarce.
Future investigations on whether MFF plays a role and/or serves as a
downstream molecule of Drp1 in regulating skeletal muscle insulin
sensitivity are warranted. Lastly, in regard to mitochondrial content,
there were no significant changes in mitochondrial content in skeletal
muscle from HFD-fed mice or primary myotubes derived from severely
obese and insulin resistant humans as indicated by several protein
markers. These results are consistent with several previous studies
with the similar duration of HFD intervention or human muscle cell
culture model [44—48], but conflict with a couple studies where either
longer period of HFD intervention was applied or myotubes from T2D
humans were studied [44,49]. Taken together, it suggests that mito-
chondrial content does not change until later in the development of
insulin resistance and T2D.

In the present study, several markers of mitochondrial health were
improved in skeletal muscle from mDrp1+/‘ mice fed with HFD,
including rebalanced mitochondrial dynamics, improved mitochondrial
integrity, and reduced mitochondrial ROS production (mtROS). Mito-
chondria are a significant source of ROS production in skeletal muscle,
as superoxide that leaks from the mitochondria is converted to H,0o
[50]. Our findings corroborated with several previous studies reporting
inhibiting Drp1 activity enhanced mitochondrial dynamics and network
architecture and mitigated the increase in overall mitochondrial-driven
ROS content [17—19,51], but further extend these findings by
demonstrating that such mitigation is likely due to a reduction in
mitochondrial H,0» production. Interestingly, we did not observe any
reduction of 4-HNE (a product of lipid peroxidation), a marker of cellular
ROS content. This would suggest that the mitigation of insulin resis-
tance in partial Drp1KO mice was not due to the mitigation of overall
ROS level, but rather due to mitochondrial H,0, production. Anderson
et al. reported that attenuating mitochondrial H,0, production was
sufficient to improve whole-body insulin sensitivity in an animal model
of diet-induced insulin resistance [52]. Taken together, our findings
align with previous studies and suggest that the partial loss of Drp1 in
skeletal muscle under insulin resistant condition leads to rebalanced
mitochondrial dynamics, improved mitochondrial integrity, and
reduced mitochondrial Ho0- production, resulting in enhanced whole-
body metabolic improvements.

Numerous sites involved in mtROS production have been identified
(e.g., Complexes I, Il, and Ill) [32,53,54]. Our results suggest two
significant sites for mtROS production (Complex | and I). Complex | and
Il are traditionally thought to be significant sites of mtROS. In the
current study, the partial knockout reduced Complex | mtROS pro-
duction in mice fed a HFD, however, there were no differences in
Complex | activity. There are several non-respiratory chain sites of
superoxide/H20, production, including the matrix dehydrogenase
enzyme pyruvate dehydrogenase, which are active when testing
Complex | mtROS [55], suggesting non-respiratory chain sights may be
influencing complex | mtROS production. Nonetheless, a recent study
reported that Complex Il generates mtROS at significantly high rates
[32]. Herein, we demonstrate that Complex II-supported mtROS pro-
duction was reduced, likely due to the enhanced Complex Il activity in
our partial Drp1 knockout mouse model fed with HFD. Interestingly,
reduced Complex Il activity in peripheral tissues induced by obesity has

been associated with impaired insulin sensitivity [56—58]. Further,
enhanced skeletal muscle Complex Il activity has been previously
shown after utilizing an insulin sensitizer [59]. Taken together, these
data suggest that improved Complex Il activity and associated sup-
pression in mtROS production may be responsible for improved
skeletal muscle insulin sensitivity in mDrp1+/’ mice. Interestingly,
reducing Drp1 content does not alter Complex Il-supported mtROS
production in our LFD-fed healthy mice. This is consistent with a
previous study conducted by Dulac and colleagues [24], which further
corroborates the notion that reducing Drp1 in skeletal muscle may
exert divergent effects on skeletal muscle physiology in healthy and
insulin-resistant conditions.

Although the Drp1 knockdown significantly affected mtROS production
in human myotubes derived from severely obese humans, there were
no significant changes in mitochondrial respiration. We speculate that
1) there may be impairments in other sites of metabolic pathways
before entering the electron transport chain system (e.g., TCA cycle,
glucose transporter) so that there was a compromised availability of
substrate for mitochondria myotubes derived from severely obese
humans to oxidize; 2) there may be an intrinsic impairment in mito-
chondrial respiratory capacity (e.g., genetic factors) in muscle cells
derived from severely obese humans in comparison to normal lean
humans. Regardless, our results from human myotubes suggest that
impaired mitochondrial respiration may not be a cause of skeletal
muscle insulin resistance. Various studies have failed to observe a
correlation between mitochondrial respiration and skeletal muscle
insulin resistance as there were no reduction in skeletal muscle
mitochondrial respiration rates until skeletal muscle insulin resistance
was established [60,61]. In addition, the overfeeding of non-obese
sedentary individuals induces insulin resistance without altering
markers of mitochondrial content or mitochondrial oxidative capacity,
suggesting insulin resistance arises independently from reduced
mitochondria respiration [62]. Therefore, Drp1 may not regulate
mitochondrial respiration, but regulates mitochondrial Ho0» emission,
which has been associated with regulating insulin sensitivity.
Mitochondria act as hubs for cellular signaling by actively mediating
the flux of secondary messengers such as calcium (Ca2+). Previous
studies have reported that mitochondrial depolarization is accompa-
nied by a rise in cytosolic Ca’" activating calcineurin, which in turn
activates Drp1. Interestingly, the loss of calcineurin in skeletal muscle,
results in hyperfused mitochondria via reduction of Drp1 activity, which
preserved glucose tolerance and insulin sensitivity in mice fed a HFD
[63], indicating Ca®* signaling regulates insulin sensitivity through
Drp1. However, the loss of skeletal muscle Drp1-mediated mito-
chondrial fission has been reported to alter Ca®* handling, as the
ablation of skeletal muscle Drp1 induces an increase in mitochondrial
Ca* uptake, reducing cytosolic Ca®*availability [22]. Although, we did
not measure Ca’* homeostasis and signaling, a limitation in the
current study, these studies in combination with the current study
provide further evidence that the balance in mitochondrial dynamics is
essential in maintaining skeletal muscle Ca®* homeostasis and insulin
sensitivity. Several studies recently reported that a Drp1 knockout in
skeletal muscle induced muscle atrophy. In the present study, we also
investigated the effect of the partial Drp1 knockout on skeletal muscle
phenotype. We observed that the skeletal muscle Drp1 knockout did
not alter muscle mass or muscle fiber size. This is consistent with a
previous study utilizing a similar heterozygous skeletal muscle Drp1
knockout [21] but contradictory to three other studies [22—24]. These
inconsistencies may be explained by the difference in the degree and
duration to which skeletal muscle Drp1 was reduced. Specifically,
Favaro and colleagues [22] utilized a homozygous skeletal muscle-
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specific Drp1 ablation mouse model (>>90% reduction of Drp1 content)
and found significant skeletal muscle atrophy, whereas Moore and
colleagues [21] and our study used heterozygous partial Drp1
knockout (i.e., ~30% Drp1 reduction) and found no detrimental effect
on muscle mass and quality. However, detrimental effects on skeletal
muscle quality may occur in our mDrp1+’ ~ mice following long-term
Drp1 inhibition. Dulac and colleagues [23,24] recently observed robust
muscle atrophy and impaired muscle function at 4-months following
the partial skeletal muscle Drp1 knockdown using an intramuscular
adenine-associated virus (AAV) transfection. Collectively, potential
therapies targeting Drp1 need further investigations to adjust its
content in a specific range to improve insulin sensitivity without
compromising muscle growth and function in long term.

Our study has some limitations. First, we focused on male mice to
avoid hormone effects on mitochondrial fission and insulin sensitivity,
as previous studies have demonstrated that Drp1 activity was heavily
influenced by estrogen [21,64]. Second, in vivo mitochondrial function
was assessed in isolated mitochondria, which may only isolate sub-
sarcolemmal mitochondria and also cause damage during the isolation
process [65]. The advantage of this approach is that it allows us to test
mitochondrial function without the influence of the cytoskeleton and
endoplasmic reticulum [66]. Regardless, future work should consider
using permeabilized muscle fibers to mimic the physiological condition
in skeletal muscle better, which may have different findings than the
current study. Lastly, several mitochondrial assessments (e.g., respi-
ration, complex activity) were performed only in one muscle type. A
previous study has shown that mitochondrial quality control and
function may be differentially affected by interventions in different
muscle types [67]. Therefore, fiber type differences should be
considered in future studies by assessing mitochondria in additional
muscles (e.g., soleus and EDL).

5. CONCLUSION

In conclusion, our findings provide definitive evidence that partial loss
of skeletal muscle Drp1 is sufficient in enhancing whole-body glucose
homeostasis and insulin sensitivity in obesity-induced insulin-resistant
conditions. In addition, our findings reveal divergent effects of Drp1 on
whole-body metabolic phenotypes under lean healthy, and obese
insulin-resistant conditions. These metabolic improvements induced
by reducing Drp1 content in obese insulin-resistant conditions are
partly due to reduced mitochondrial-derived H,0, production, resulting
from rebalanced mitochondrial dynamics and improved mitochondrial
integrity. Collectively, these findings indicate that targeting skeletal
muscle Drp1 may be a viable approach to counter obesity-induced
insulin resistance.
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