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Background and aims:Adiminution in skeletalmusclemitochondrial function due to ectopic lipid accumulation and
excess nutrient intake is thought to contribute to insulin resistance and the development of type 2 diabetes. How-
ever, the functional integrity of mitochondria in insulin-resistant skeletal muscle remains highly controversial.
Methods:19healthy adults (age:28.4±1.7 years; BMI:22.7±0.3 kg/m2) received anovernight intravenous infusion
of lipid (20% Intralipid) or saline followedby ahyperinsulinemic-euglycemic clamp to assess insulin sensitivity using
a randomized crossover design. Skeletalmuscle biopsieswere obtained after the overnight lipid infusion to evaluate
activation ofmitochondrial dynamics proteins, ex-vivomitochondrial membrane potential, ex-vivo oxidative phos-
phorylation and electron transfer capacity, and mitochondrial ultrastructure.
Results: Overnight lipid infusion increased dynamin related protein 1 (DRP1) phosphorylation at serine 616 and
PTEN-induced kinase 1 (PINK1) expression (P=0.003 and P=0.008, respectively) in skeletal muscle while reduc-
ingmitochondrialmembrane potential (P=0.042). The lipid infusion also increasedmitochondrial-associated lipid
droplet formation (P=0.011), the number of dilated cristae, and the presence of autophagic vesicles without alter-
ing mitochondrial number or respiratory capacity. Additionally, lipid infusion suppressed peripheral glucose dis-
posal (P= 0.004) and hepatic insulin sensitivity (P= 0.014).
Conclusions: These findings indicate that activation of mitochondrial fission and quality control occur early in the
onset of insulin resistance in human skeletal muscle. Targeting mitochondrial dynamics and quality control repre-
sents a promising new pharmacological approach for treating insulin resistance and type 2 diabetes.
Clinical trial registration: NCT02697201, ClinicalTrials.gov

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Insulin resistance is a key pathophysiological mechanism in the de-
velopment and progression of type 2 diabetes. Abnormalities in lipid
metabolism and ectopic lipid accumulation are known to directly con-
tribute to the onset of insulin resistance [1]. However, there are major
olecular Medicine Laboratory,
Road, Baton Rouge, LA 70808,
gaps in our understanding of how the pathways and organelles linking
excess lipid intermediates, such as diacylglycerol and ceramides, con-
tribute to or cause impairments in insulin action [2,3]. Since mitochon-
dria are central in controlling nutrient oxidation and release of cellular
energy, they may also lie at the nexus of a myriad of metabolic diseases
[4]. Patients with obesity or type 2 diabetes exhibit a number of mito-
chondrial abnormalities, including reduced number, increased swelling,
and augmented cristae [5]. These observations support the hypothesis
that mitochondrial dysfunction may regulate lipid-induced insulin re-
sistance. However, there are contrary observations describing intact or
even elevated skeletal muscle oxidative function in both humans and
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rodents with type 2 diabetes [6,7]. In addition to oxidative functions,
mitochondrial morphology and ultrastructure are highly sensitive to
the bioenergetic status of the cell. These observations led to alternative
hypotheses thatmitochondrial membrane dynamicsmaymediate insu-
lin resistance by regulating excess nutrient availability [8,9].

Mitochondrial dynamics is a highly conserved processwhereby rou-
tine cycles of fission and fusion on the outer and inner mitochondrial
membranesmaintain network quality and integrity [10–12]. Mitochon-
drial fission is regulated by recruitment of cytosolic dynamin related
protein 1 (DRP1) to the outermitochondrialmembrane (OMM) in coor-
dination with mitochondrial fission protein-1 (Fis1) and/or mitochon-
drial fission factor (Mff) [13,14]. DRP1 is recruited to the OMM, in
part, by phosphorylation of the serine 616 residue (DRP1Ser616), which
promotes fission activity [15]. DRP1 forms multimeric spirals around
theoutermembrane and initiates afission event bymembrane constric-
tion [16]. Critically, DRP1-mediated mitochondrial fission results in de-
polarization of membrane potential (ΔΨm) in excised mitochondrial
network fragments. Excisedmitochondria may then recovermembrane
potential and, where fusion activity is high, rejoin the network [17]. Al-
ternatively, network fragments can be tagged for autophagy by PTEN-
induced putative kinase-1 (PINK1) which rapidly accumulates on
depolarized mitochondrial membranes [18]. Mitochondrial fusion oc-
curs in two discrete yet highly coordinated steps on the OMM and
innermitochondrialmembrane (IMM). First, adjacentmitochondria be-
come tethered by homotypic or heterotypic interactions between
mitofusin 1 and 2 (MFN1 and MFN2, respectively) [19]. Optic
Atrophy-1 (OPA1) then initiates tethering of the IMM to complete inte-
gration of adjacent mitochondrion [20].

Induction of DRP1-mediated mitochondrial fission by long chain
fatty acids has been previously observed in murine and in vitro models
of insulin resistance [21]. Additionally, we and others have demon-
strated that exercise training and weight loss can improve mitochon-
drial dynamics primarily by reducing DRP1Ser616 activity in patients
with obesity and prediabetes [8,22]. However, studying the dynamics,
structure, and function ofmitochondria in human insulin-resistant skel-
etal muscle is confounded by long term metabolic adaptations to both
obesity and type 2 diabetes. To overcome this problem, we performed
intravenous lipid infusions in sedentary but otherwise healthy humans
to induce insulin resistance and assess changes in mitochondrial dy-
namics, structure, and function using a randomized crossover study de-
sign. We hypothesized that lipid infusion would increase DRP1-
mediatedmitochondrial fission in skeletal muscle independent of func-
tion and content, consequently reducing peripheral insulin sensitivity.
We show that accumulation of lipid within and surrounding skeletal
muscle mitochondria triggers fission, fragmentation and mitophagy by
DRP1 activation, dampening of ΔΨm and accumulation of PINK1 on
depolarized mitochondrial membranes. In contrast, mitochondrial re-
spiratory function and mitochondrial content and ultrastructure were
unperturbed despite the onset of insulin resistance. These data suggest
that mitochondrial quality control may be a key initiator of skeletal
muscle insulin resistance in humans.

2. Research design and methods

2.1. Participants

19 sedentary but otherwise healthy individuals with a BMI
<25 kg/m2 completed the study. Participants were weight stable
(>5 kg weight change) in the 6 months before enrollment, exercised
for less than 30 min of moderate/high intensity exercise two or more
timesweekly, were non-smokers for >5 years, did not have an immedi-
ately family history of type 2 diabetes, and were free of prescription
medications and significant metabolic, cardiac, cerebrovascular, hema-
tological, pulmonary, gastrointestinal, liver, renal, or endocrine disease
or cancer that would affect the outcome measures or subject safety. Fe-
male participants were not pregnant or nursing, experienced normal
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menstrual function, were not using hormonal contraceptives, and
were evaluated during the mid-follicular phase of the menstrual cycle.
All participants received a history and physical examination at the
time of screening to rule out contraindications to study procedures. All
participants provided written informed consent and research proce-
dures were approved by the Cleveland Clinic and Pennington Biomedi-
cal Research Center Institutional ReviewBoard. The Dynamics ofMuscle
Mitochondria (DYNAMMO) trial was registered on clinicaltrials.gov
(NCT02697201) prior to enrollment of study participants.

2.2. Experimental design

Eligible participants were prospectively randomized (1:1) in blocks
of 4 by a blinded statistician to receive a constant-rate low dose infusion
(0.55 mL/kg/h) of normal saline or a 20% lipid emulsion (Intralipid®
20%; Baxter International Inc.; Deerfield, IL) for 12 h overnight (12 ±
0.2 h) in a crossover design. Before the infusion, participants completed
a 2-day metabolic control period consisting of 2 overnight stays on the
inpatient unit as described previously [22]. During the inpatient control
periods, participantswere providedwith aweightmaintenance isocalo-
ric diet (total kcal/day = resting metabolic rate × 1.25; 55% carbohy-
drate, 35% fat, and 10% protein) derived from indirect calorimetry
measures conducted at the beginning of the inpatient control period.
Participants returned to the inpatient unit for the second study arm ap-
proximately 2–4 weeks later. The primary outcome of the study was
change in skeletal muscle DRP1Ser616 phosphorylation from saline to
lipid infusion. Secondary outcomes included the effects of lipid infusion
on proteins that regulatemitochondrial dynamics, mitochondrialmem-
brane potential and fragmentation, mitochondrial function and ultra-
structure, and insulin sensitivity.

2.3. Body composition

At ~06:00 following the first overnight stay, body composition and
anthropometrics were measured as described previously [22]. Briefly,
height and weight were measured in a hospital gown using standard
techniques. Dual-energy X-ray absorptiometry (Lunar iDXA; Madison,
WI) was then used to determine whole body fat and leanmass. Estima-
tion of fat and lean tissue content was obtained from iDXA software ac-
cording to the manufacturer's instructions.

2.4. Aerobic capacity

At ~19:00 on the evening of the first overnight stay, maximal oxygen
consumption was determined using an incremental, graded treadmill
exercise test as described previously [22]. Criteria for determination of
a maximal test were as follows: 1) oxygen consumption plateau
(<150 mL/ min), 2) heart rate within 15 beats of age-predicted max,
3) respiratory exchange ratio > 1.15, and/or 4) volitional fatigue. Partic-
ipants were required to achieve 3 of 4 criteria in order for the test to be
considered maximal.

2.5. Insulin sensitivity

Insulin sensitivity was determined on the 3rd inpatient
day using a five hour, euglycemic-hyperinsulinemic clamp (90 mg/dL,
40 mU·m−2·min−1), as described previously [22]. Briefly, a primed
(3.28 mg/kg) continuous (0.036 mg·kg−1 ·min−1) infusion of D-
[6,6-2H2]glucose began at −120 min and continued throughout the
procedure to calculate hepatic glucose production (HGP). At 0 min, si-
multaneous infusion of insulin (constant) and 20% dextrose (variable)
began. Arterialized heated-hand venous bloodwas sampled at 5min in-
tervals (YSI 2900 Biochemistry Analyzer; YSI, Inc., Yellow Springs, OH),
and the glucose infusion rate (GIR) was adjusted in order to maintain
plasma glucose at 90 mg/dL according to the correction algorithm of
DeFronzo et al. [23]. Insulin sensitivity was then calculated as insulin-
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stimulated glucose metabolism (M; mg·kg−1·min−1) divided by
plasma insulin (I; μU/mL) over a 30-min steady state period. Plasma
for assessing glucose kinetics was deproteinized, extracted and
derivatized before analysis by gas chromatography–mass spectrometry
as previously described [24]. Isotopic enrichment (mole percent excess)
was determined by fitting the fractional abundances (M+ 2;m/z 330)/
(M0; m/z 328) against a calibration curve. The rate of glucose appear-
ance was then derived using the Steele Eq. [25].Whole body respiratory
exchange ratios (RER) and substrate metabolism were determined ba-
sally and under insulin-stimulated conditions via indirect calorimetry
as previously described (Vmax Encore; Viasys, Yorba Linda, CA) [26].
Metabolic flexibility was calculated as the change in rate of fat oxidation
from basal to insulin-stimulated conditions.

2.6. Muscle tissue procurement

Skeletal muscle specimens were obtained from the medial vastus
lateralis using a modified Bergström biopsy technique at 08:00 (± 30
min) [27]. Upon collection, sampleswere dissected of fat and connective
tissue, and immediately placed into preservationmedia or frozen in liq-
uid nitrogen for protein studies. All muscle samples were then stored at
−140 °C until the time of analysis.

2.7. Tissue preparation and Western blot analysis

Muscle homogenates were prepared as described previously [22].
Briefly, muscle tissue was homogenized using a Polytron immersion dis-
perser in ice-cold Cell Extraction Buffer (Invitrogen) with added protease
inhibitor cocktail, 5 mM phenylmethylsulfonyl fluoride (Sigma), 1 mM
sodium orthovanadate (Sigma) and Phos-STOP (Roche Applied Sciences,
Indianapolis, IN). Homogenates were then centrifuged for 10 min at
14,000 x g, the supernatant decanted, and tissue lysates stored at −80
°C until the time of analysis. Protein concentrations were measured
using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL). 30 μg
(0.75 μg/μL) of muscle lysate were solubilized in Laemmli sample buffer
containing 5% β-mercaptoethanol and boiled for 5 min. 40 μL sample
was then loaded onto 4–20% Tris Glycine gels (Novex) and separated
via sodium dodecyl sulfate polyacrylamide gel electrophoresis at 125 V
for 1.5 h (Invitrogen). The gelswere transferred topolyvinylidenefluoride
membranes (Bio-Rad), and blockedwith 5% bovine serum albumin (BSA)
in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h. Membranes
were then incubated overnight with anti-DRP1Ser616 (Cell Signaling Tech-
nology; catalog no. 3455), anti-DRP1 (Cell Signaling Technology; catalog
no. 8570), anti-MFFSer146 (Cell Signaling Technology; catalog no. 49281),
anti-MFF (Cell Signaling Technology; catalog no. 84580), anti-Mid49
ProteinTech; catalog no. 20164–1-AP), anti-Mid51 (ProteinTech; catalog
no. 16413–1-AP), anti-PINK1 (Abcam ab23707), anti-MFN1 (R & D Sys-
tems; Minneapolis, MN, catalog no. AF7880), anti-MFN2 (Cell Signaling
Technology; catalog no. 9482), and anti-OPA1 (Abnova; catalog no.
12083), anti-FIS1 (Thermo Fisher Scientific; catalog no. PA1–41082),
anti-Parkin (Cell Signaling Technology; catalog no. 4211), and anti-
Vinculin (Cell Signaling Technology; catalog no. 18799) antibodies. Mem-
branes were washed with TBST and incubated with species-specific
horseradish peroxidase-conjugated secondary antibodies (GEHealthcare;
catalog no. NA931). Immunoreactive proteins were visualized by en-
hanced chemiluminescence reagent (ECL Prime; GE Healthcare) and
quantified by densitometric analysis using ImageJ 4 [28]. Visible bands re-
active against an internal control were subject to quantification. Values
were expressed as fold induction relative to saline normalized to loading
control (Vinculin).

2.8. Oxidative phosphorylation (OXPHOS) and electron transfer (ET) capac-
ity of permeabilized muscle fibers

OXPHOS and ET capacity were determined ex-vivo from perme-
abilized muscle fibers as described previously [29]. At the time of
3

biopsy, 10–15 mg of muscle tissue was immediately placed into
BIOPS (50 mM K + -MES, 20 mM taurine, 0.5 mM dithiothreitol,
6.56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine, 20 mM im-
idazole, pH 7.1, adjusted with 5 N KOH at 0 °C, 10 mM Ca–EGTA
buffer, 2.77 mM CaK2EGTA + 7.23 mM K2EGTA; 0.1 mM free cal-
cium) solution. The muscle bundles were then mechanically sepa-
rated under a dissection microscope, placed into fresh BIOPS
containing saponin (50 μg/mL), and gently agitated at 4 °C for 20
min. The fibers were then transferred to a mitochondrial respiration
medium (110 mM sucrose, 60 mM K + -lactobionate, 0.5 mM EGTA,
3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES ad-
justed to pH 7.1 with KOH at 37 °C; and 1 g/L de-fatted BSA), blotted
on filter paper, and weighed. 2–5 mg of permeabilized fiber bundles
were transferred into the Oxygraph chamber containing 2 mL of
MiR05, the oxygen content of the chamber was raised to ~450 μM,
and the background respiration was allowed to stabilize. OXPHOS
and ET capacity was determined using the following concentrations
of substrates, uncouplers, and inhibitors: malate (2 mM), pyruvate (2.5
mM), ADP (2.5 mM), glutamate (10 mM), succinate (10 mM),
palmitoylcarnitine (10 μM), duroquinol (0.5 mM), tetramethyl-p-
phenylenediamine (TMPD, 0.5 μM), ascorbate (2 mM), carbonylcyanide-
p-trifluoromethoxyphenylhydrazone (FCCP, 0.5 μM increment),
rotenone (75 nM), antimycin A (125 nM) and sodium azide (200
mM). Oxygen flux was normalized to tissue wet weight (mg). Cyto-
chrome c (10 μM) was added to confirmmitochondrial outer mem-
brane integrity.
2.9. Mitochondrial membrane potential and network fragmentation

Mitochondrial membrane potential and morphology was assessed
from thin tissue sections using the fluorophores TMRM (Invitrogen)
and MitoTracker Deep Red (Invitrogen) as previously described [30]
with the following modifications. Immediately upon collection, 5 mg
of tissue was placed into a BIOPS solution and warmed in a 37 °C
water-jacketed incubator containing 5% CO2. The tissue section was
then incubated in a mixture containing 200 nM TMRM, 150 nM
MitoTracker Deep Red, and 10 μg/mL DAPI for 30 min. After staining,
the tissue section was rinsed three times with PBS, centered on a glass
petri dish, and placed on a temperature and humidity-controlled
stage. Images were obtained at 63× and 150× magnification in 5-μm
sections using an inverted confocal microscope (SP8; Leica
Microsystems) by an independent research technicianwhowas blinded
to the experimental trial. 10 nM FCCPwas added at the end of image ac-
quisition as a negative control. 10–15 images capturing both TMRM and
MitoTracker Deep Red florescent intensity were obtained per partici-
pant, averaged, and then quantified as the percent change from the sa-
line to lipid condition. An index of mitochondrial fragmentation was
also calculated from merged z-stacks [31] using segmented particle
analysis in ImageJ 4 [28].
2.10. Mitochondrial ultrastructure and content

Ultrastructural morphology of muscle tissue was examined using
transmission electron microscopy as previously described [32]. Briefly,
15–20 mgs of muscle tissue were fixed by immersion in a triple
aldehyde-DMSO mixture [33]. Tissue blocks were post-fixed in
ferrocyanide-reduced osmium tetroxide, soaked in acidified uranyl ace-
tate, dehydrated in ascending concentrations of ethanol, passed through
propylene oxide, and embedded in Poly/Bed resin. Thin sections were
stained with acidified uranyl acetate [34] followed by modified Sato's
triple lead stain [35]. Mitochondrial content was determined bymanual
tracing of only clearly discernible outlines of mitochondria on transmis-
sion electron micrographs and quantified using threshold analysis in
ImageJ 4 [28].
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2.11. ATP content

ATP concentrations were determined in deproteinated tissue sam-
ples using a commercially available fluorometric assay (Abcam) per
manufacturer instruction. Briefly, snap-frozen tissue (10 mg) was ho-
mogenized in 100 μL ice cold 2 N perchloric acid (PCA) using a bead-
beating grinder and lysis system (FastPrep-24; MP Biomedicals) and
then incubated on ice for 45 min. The resulting homogenate was then
centrifuged at 13,000 ×g for 2 min at 4 °C. The supernatant was then
transferred to a fresh tube and the volume was brought to 500 uL
with the ATP assay buffer. Excess PCA was precipitated by adding 100
μL of ice-cold 2 M KOH, vortexing briefly, and maintaining a neutral
pH. The samples were centrifuged at 13,000 ×g for 15 min at 4 °C and
the supernatant was collected for ATP measurement. Standards and
samples were plated in duplicate into a 96-well black walled plate, the
ATP reaction mix was added, and the plate was incubated at room tem-
perature for 30 min protected from light. The reactions were analyzed
with a microplate reader (Ex/Em = 535/587 nm). Data are expressed
as nmols of ATP per mg tissue wet weight.
2.12. Citrate synthase activity

Enzymatic activity of citrate synthase was determined in snap-
frozen tissue (~10 mg) using a commercially available colorimetric
assay (Sigma-Aldrich, St. Louis, MO, USA) as described previously [36].
Briefly, tissue was homogenized in 100 μL of ice cold 1× assay buffer
and incubated on ice for 10 min. Homogenates were centrifuged at
10,000 ×g for 5 min at 4 °C to pellet tissue debris. The supernatant
was transferred to a fresh tube, and protein content was assessed by
BCA assay (Thermo Scientific). 10 μg of protein lysate suspended in 1×
assay buffer containing 30mMacetyl CoA and 10mMDTNBwas plated
in duplicate on a 96-well plate. Absorbance was then measured on a
plate reader set to kinetic mode (412 nm, 1.5 min duration, 10 s
Fig. 1. CONSORT diagram depicting study enro
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intervals) before and after the addition of 10 mM oxaloacetate. Data
are expressed as nmols of activity per minute per mg protein.

2.13. mtDNA

mtDNAwas determined as described previously [36]. Total DNAwas
extracted using commercially available reagents (DNeasy Blood and Tis-
sue Kit; Qiagen). RT-qPCRwas then performed using Power SYBR Green
(Thermo Fisher Scientific) with primers directed against the mitochon-
drial encoded cytochrome c oxidase subunit II (Cox2) and the nuclear
encoded 18S [37]. Primer sequences can be found in Supplementary
Table 1.

2.14. Biochemical analyses

Metabolic profiles, including cell counts and lipid concentrations,
were analyzed on an automated platform as described previously [38].
Plasma free fatty acids were determined using a commercially available
enzymatic assay (Abcam; ab65341). Insulin was determined by a com-
mercially available competitive binding radioimmunoassay (Millipore;
HI-14 K).

2.15. Power estimates

Participant sample size for the primary outcome variable (p-DRP1-
Ser616) was calculated with the following input parameters: two tailed
paired t-test (difference between two dependent means, α error
probability = 0.05, Power (1-β error probability) = 0.95, and a stan-
dardized effect size (dz) = 1.08 (difference between p-DRP1Ser616

after saline and lipid infusion). A dz. was estimated using previous
data from our laboratory in three individuals with obesity during lipid
infusion since an estimate of variabilitywas also available from this pop-
ulation. There was an increase in p-DRP1Ser616 from control to lipid
llment, treatment allocation, and analysis.



Table 2
Changes in circulating blood metabolites and immune function following saline and lipid
infusion.

Saline Lipid P value

Mean SEM Mean SEM

Blood metabolites
Total Protein (g/dL) 6.4 0.1 6.5 0.1 0.392
Albumin (g/dL) 3.8 0.1 3.9 0.1 0.429
Calcium (mg/dL) 8.7 0.1 8.8 0.1 0.360
Total Bilirubin (mg/dL) 0.7 0.1 0.4 0.1 <0.001
Alkaline Phosphatase (U/L) 48.1 2.6 47.2 2.3 0.499
AST (U/L) 17.8 1.1 18.8 1.8 0.495
BUN (mg/dL) 13.7 0.9 12.9 0.9 0.232
Creatinine (mg/dL) 0.7 0.0 0.7 0.0 0.607
Sodium (mmol/L) 137.8 0.5 137.7 0.6 0.821
Potassium (mmol/L) 3.9 0.0 3.9 0.1 0.451
Chloride (mmol/L) 104.4 0.6 104.1 0.5 0.692
CO2 (mmol/L) 22.7 0.3 21.9 0.4 0.021
Anion Gap (mmol/L) 12.7 0.6 13.9 0.7 0.058
ALT (U/L) 16.6 2.4 15.1 2.2 0.321
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infusion (0.30 ± 0.10 vs. 0.46 ± 0.17 AU). Subject sample size was esti-
mated as N=14 per groupwith a calculated actual power of 0.96 (crit-
ical t = 2.16) for within group effects. Therefore, allowing for potential
dropout with the crossover designwe expected thatwith a total sample
size of N = 19–20 the study would be adequately powered to observe
differences in p-DRP1Ser616 between conditions by a two tailed paired
sample t-test.

2.16. Statistical analyses

Baseline differences between saline and lipid infusionwere assessed
by a paired sample t-test. Effects of treatment x time were assessed by
two-way analysis of variance (ANOVA). Main effects were followed by
Tukey's post-hoc test. Normality of distribution was assessed visually
by a Q-Q plot and statistically by the Kolmogorov-Smirnov test. Homo-
geneity of variancewas assessed by the Brown-Forsythe test. If spheric-
ity was not met, the Greenhouse-Geisser correction was applied. All
statistical analyses were performed using Prism 8 (GraphPad, San
Diego, CA).

3. Results

3.1. Participants

A total of 322 individuals expressed interest in participation and
were assessed for eligibility (Fig. 1), 25 were randomized, and 19 com-
pleted the saline and lipid-infusion arms of the protocol and were in-
cluded in the final data analysis. The study population included 12
Caucasians, 4 Asians, 2 African Americans, and 1 Hispanic. There were
no serious adverse events related to the study protocol. Baseline partic-
ipant characteristics and effects of the lipid infusion on safety parame-
ters and routine metabolic function are displayed in Tables 1 and 2,
respectively. The lipid infusion modestly lowered circulating bilirubin
(Δ = -0.3 mg/dL) and CO2 (Δ = -0.8 mmol/L) while increasing mean
platelet volume (MPV; Δ = 0.3 fL). The changes were within clinical
range and all other safety parameters remained unchanged.

3.2. Skeletal muscle mitochondrial dynamics and structure

To determine the effects of elevated lipids on skeletal muscle mi-
tochondrial dynamics, vastus lateralis biopsies were obtained after
an overnight saline or lipid infusion and assessed for protein expres-
sion and activation (Fig. 2). We observed that p-DRP1Ser616 activa-
tion (1.0 ± 0.11 vs. 1.58 ± 0.28 fold, P = 0.026) and PINK1
expression (1.0 ± 0.19 vs. 1.77 ± 0.26 fold, P = 0.008) were in-
creased by lipid infusion whereas proteins that regulate mitochon-
drial fusion were unaltered (Fig. 3A-F). To confirm that increased
DRP1 and PINK1 expression were contributing to mitochondrial
fragmentation, mitochondrial morphology was determined in skele-
tal muscle fibers ex-vivo by incubation in tetramethylrhodamine
Table 1
Participant characteristics.

Mean SEM

Sex (n) (11 M; 8 F) –
Age (years) 28 1.7
Height (cm) 170.4 2.1
BMI (kg/m2) 22.7 0.3
Lean Mass (kg) 47.3 2.1
Fat (%) 31.3 2.2
Waist to Hip Ratio 0.8 0.0
HbA1c (%) 5.2 0.1
VO2PEAK (mL/kg/min) 37.8 2.4
Systolic Blood Pressure (mmHg) 110 2.8
Diastolic Blood Pressure (mmHg) 67 2.1
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(TMRM) and Mitotracker Red. We observed that mitochondrial
membrane potential (ΔΨm) was reduced following lipid infusion
(100 ± 32.1 vs. 24.3 ± 13.1%, P = 0.042) (Fig. 4A-C). Further, mor-
phometric analysis revealed increased mitochondrial fragmentation
by lipids (100 ± 17.7 vs. 206.8 ± 19.1%, P = 0.005) (Fig. 4D). We
then performed transmission electron microscopy to evaluate ultra-
structural and morphological modifications to skeletal muscle mito-
chondria. Subsarcolemmal (SSM) and intermyofibrillar (IMF)
mitochondria from the saline-infused tissue sections appeared nor-
mal in structure, abundance, and distribution (Fig. 4B). Lipid infusion
resulted in modest dilation of SSM and IMF cristae, and the presence
of autophagic vesicles in the perinuclear region. Mitochondrial content
appeared similar (100± 12.0 vs. 113 ± 16.8%, P=0.56) between con-
ditions (Fig. 4E). The size ofmitochondrial-associated lipid droplets was
increased (100 ± 7.9 vs. 258 ± 47.0%, P = 0.011) by lipid infusion
(Fig. 4F).
3.3. Skeletal muscle oxidative capacity

In order to distinguish changes in mitochondrial fission and frag-
mentation from respiratory function, OXPHOS and ET capacity were de-
termined in permeabilized muscle fiber bundles (Fig. 5). We observed
no differences in leak (L) or OXPHOS supported by pyruvate plus ma-
late, glutamate, succinate in the presence of rotenone, and
palmitoylcarnitine and octanoylcarnitine plus malate as substrates be-
tween saline and lipid infusion (Fig. 5A-B). The acceptor control ratio
for ADP in the presence of pyruvate plus malate or palmitoylcarnitine
plusmalatewas also unchanged by lipid infusion (Fig. 5C-D). Intracellu-
lar ATP (Fig. 5E), citrate synthase activity (Fig. 5F), and mtDNA content
(Fig. 5G) were additionally unaltered by the lipid infusion.
Immune function
WBC (k/uL) 5.9 0.4 5.7 0.3 0.474
RBC (m/uL) 4.5 0.1 4.5 0.1 0.868
Hemoglobin (g/dL) 13.3 0.4 13.5 0.5 0.307
Hematocrit (%) 39.6 1.1 39.7 1.1 0.804
MCV (fL) 88.0 1.0 88.1 1.0 0.760
MCH (pG) 29.5 0.5 29.9 0.6 0.050
MCHC (g/dL) 33.5 0.3 33.9 0.4 0.116
RDW-CV (%) 12.4 0.2 12.4 0.2 0.648
Platelet Count (k/uL) 220.1 9.4 224.1 8.2 0.493
MPV (fL) 10.0 0.2 10.3 0.3 0.002

Blood lipids
Triglyceride (mg/dL) 64.2 8.7 203.7 39.5 <0.001
Cholesterol (mg/dL) 153.2 6.9 158.7 8.5 0.162
HDL (mg/dL) 53.7 3.1 48.2 3.2 0.009
VLDL (mg/dL) 12.9 1.9 31.2 5.5 0.009
LDL (mg/dL) 86.6 6.3 72.9 6.1 0.004



Fig. 2. Schematic illustration of the experimental design.
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3.4. Insulin sensitivity and metabolic flexibility

Peripheral insulin sensitivity and action was determined by
hyperinsulinemic-euglycemic clamp. Lipid infusion increased fasting
plasma glucose (87.4± 1.2 vs. 91.9± 1.7mg/dL, P=0.008) and insulin
(6.8 ± 0.7 vs. 8.9 ± 0.8 μU/mL, P < 0.001) concentrations (Fig. 6A-B).
Fig. 3. Expression of proteins regulating mitochondrial fission, fusion, and quality control. (A-C
FIS1,MFN1,MFN2, OPA1, PINK1, Parkin, and Vinculin (loading control). (D-E)Densitometric qu
± SEM. *p < 0.05. Comparisons of treatment were assessed by paired Students t-test.

6

The insulin stimulated rate of glucose disposal (0.19 ± 0.02 vs. 0.13 ±
0.01mg/kgFFM/min/μU/mL, P=0.004) and suppression of hepatic glu-
cose production (71.2 ± 12.2 vs. 29.6 ± 5.9%, P=0.014) were both re-
duced by lipid infusion (Fig. 6C-E). As expected, FFA concentrations
(0.58± 0.1 vs. 0.88± 0.1mM, P=0.001)were elevated by the lipid in-
fusion (Fig. 7A). This was observed in concert with elevated circulating
) Representative immunoblots of phosphorylated and total DRP1 and MFF, Mid49, Mid51,
antification of protein expression relative to saline treatment. Data are shown as themean



Fig. 4. Mitochondrial membrane potential and ultrastructure. (A) Representative confocal micrographs of resting mitochondrial membrane potential (Δψm; 150× magnification).
Micrographs are shown as TMRM alone (left) or the merge of TMRM, mitotracker deep red, and DAPI. (B) Transmission electron micrographs of mitochondrial ultrastructure and
content (Scale bars (black) = 2 μm). Quantitation of (C) Δψm, (D) mitochondrial fragmentation, (E)mitochondrial content, and (F)mitochondrial associated lipid droplets. Differences
are represented relative to saline (%). Data are shown as the mean ± SEM. *p < 0.05. Comparisons of treatment were assessed by paired Students t-test. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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triglycerides (64.2 ± 8.7 vs. 203.7 ± 39.5 mg/dL, P < 0.001) and very
low-density lipoproteins (12.9 ± 1.9 vs. 31.2 ± 5.5 mg/dL, P = 0.009),
and decreased high-density lipoproteins (53.7 ± 3.1 vs. 48.2 ± 3.2
mg/dL, P= 0.009) (Table 2). Furthermore, suppression of FFAs by in-
sulin stimulation was significantly lower (79.8 ± 6.7 vs. 60.6 ± 3.7%,
P = 0.019) following the lipid infusion (Fig. 7B). Resting energy ex-
penditure and oxidation of carbohydrates and fat were unaltered
by lipid infusion (Fig. 7C-E). However, metabolic flexibility, defined
as the change in fat oxidation from basal to insulin stimulation, was
lower (0.08 ± 0.01 vs. -0.03 ± 0.01 g/min, P = 0.029) following
the overnight lipid infusion (Fig. 7F).

4. Discussion

DRP1-mediated skeletalmusclemitochondrial fission has previously
been shown to contribute to insulin resistance in vitro and in murine
models of obesity [21]. However, such models cannot account for
1) the biological concentrations of lipids that reach skeletal muscle as
compared to other metabolic organs, and 2) how the metabolic milieu
in humans can contribute to mitochondrial fission/fusion dynamics.
Here, sedentary but otherwise healthy adults were prospectively ran-
domized to receive either lipid or saline infusion to isolate the direct
contribution of fatty acids to skeletal muscle mitochondrial dynamics.
We observed that the lipid infusion increased DRP1-mediated
7

mitochondrialfission and fragmentationwhichwas observed in concert
with transient reductions in hepatic and peripheral insulin sensitivity.
Interestingly, the lipid infusion, despite increasingmitochondrial associ-
ated lipid droplet formation and contact sites, had no effect on the num-
ber or size of mitochondria themselves, indicating a more direct effect
on membrane dynamics and morphology. Increased mitochondrial
fragmentation has been observed in skeletal muscle and cultured
myotubes from patients with obesity and type 2 diabetes compared to
healthy participants and is partially restored by intensive weight loss
[39–42]. Similarly, hyperactivation of DRP1 in the dorsal vagal complex
in response to high fat feeding in rodents impairs glucose uptake and in-
sulin signaling [43]. Thoughmitochondrial fusionwas unaltered by lipid
infusion, MFN2 gene and protein expression has been previously ob-
served to be lower in humans and rodents with obesity [44,45]. MFN2
expression is restored following progressive weight loss [46] which is
dependent on activation of the peroxisome proliferator-activated re-
ceptor gamma coactivator-1, a master regulator of mitochondrial bio-
genesis [46]. Furthermore, MFN2 deficiency in rodents results in
hepatic and skeletal muscle insulin resistance [47]. It is therefore likely
that obesity and type 2 diabetes related reductions inmitochondrial vol-
ume and biogenesis account for changes in mitochondrial fusion [6,22].
Additionally, we observed increased PINK1 expression and the presence
of autophagic vesicles in response to lipid infusion, indicating thatmito-
chondrial turnover is highly responsive to nutrient excess. These
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findings are supported by PINK1 loss of function models where glucose
uptake is reduced by ~30%, and by negative associations between
glycated end products and PINK1 expression in human skeletal muscle
[48]. Under these circumstances, it is most likely that DRP1-mediated
fission results in dampening of ΔΨm and accumulation of PINK1 on
depolarized mitochondrial membranes. Over time, increased fission
events and accumulation of depolarized mitochondria would reduce
the network volume, which has been widely reported in patients with
obesity and type 2 diabetes [6,49,50].

Previous reports indicate that defects in electron transport chain ac-
tivities, ATP production, and phosphocreatine recovery are present in
humans with obesity and type 2 diabetes [5,51–54]. However, reduc-
tions in oxidative function can be accounted for by reductions in respi-
ratory enzymes and mitochondrial DNA content, and markers of
skeletal muscle mitochondrial content, in humans with obesity and
type 2 diabetes [6]. Here, we show that both OXPHOS and ETC capacity,
fatty acid oxidation, intracellular ATP, and markers of mitochondrial
8

content are entirely intact following lipid infusion. It was unexpected
that the lipid infusion lowered ΔΨmwithout altering bioenergetic effi-
ciency or ATP production. Based upon these findings, we posit that the
biological role of DRP1-mediated mitochondrial fission in response to
a high lipidmilieu is to limitmitochondrial substrate flow, and therefore
ensure functional integrity of the remaining network. This is supported
by observations under conditions of starvation or low nutrient supply
where DRP1-mediated fission is largely inhibited, favoring elongated,
tubular mitochondrial networks that can serve to increase bioenergetic
efficiency and ATP supply [55]. Furthermore, evidence from cryo-EM
studies have revealed that DRP1 interacts directly with phospholipids,
such as cardiolipin, to coordinate DRP1 activation and oligomerization
[56]. In contrast, intact membrane potential is required for OXPHOS
control and coupling efficiency [57].

We, and others, have previously shown that short-term infusion of
lipids is sufficient to reduce skeletalmuscle and hepatic insulin sensitiv-
ity by modest induction of hyperglycemia and hyperinsulinemia in
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healthy subjects [58–62]. The role of lipids in insulin resistance and type
2 diabetes is further evidenced by the marked elevation in circulating
FFAs and insulin in persons with obesity and type 2 diabetes [63]. How-
ever, the mechanisms by which excess FFAs are linked to impaired glu-
cose utilization remain unclear. One view posits that nutrient overload
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can cause a build-up of intermediary metabolites, products of incom-
plete oxidation such as acyl-CoAs and acylcarnitines, in the mitochon-
dria [64] and that these moieties inhibit insulin signaling directly [65],
or indirectly by forming lipid species [66] that activate inflammatory
cascades [67,68], oxidative stress signaling [69] and stress kinases
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such as the PKCs [70,71]. However, skeletal muscle deletion of carnitine
palmitoyltransferase-1, the rate-limiting enzyme for acyl-CoA transport
into themitochondria for oxidation, does not impair glycemic control or
insulin sensitivity [72]. Based upon our findings, we posit that DRP1-
mediated mitochondrial fission may facilitate the release of intermedi-
ary metabolites [73] into the cytosol which can directly suppress nutri-
ent uptake by the cell [74]. Since depolarized mitochondria do not
completely oxidize substrate [57], even transiently depolarized mito-
chondria would promote substrate catabolism without affecting ATP
content, and the production of additional intermediary metabolites
would further inhibit nutrient uptake. However, further investigation
is required to demonstrate this mechanism in humans.

5. Conclusion

Our data suggest that mitochondrial fission and quality control net-
works are activated in response to lipid infusion which occurs indepen-
dent of changes in mitochondrial content or capacity and contributes to
the onset of insulin resistance in healthy humans. Treatments that limit
lipid-induced activation of mitochondrial fission and/or quality control
processes may have therapeutic value in the treatment insulin resis-
tance as an underlying pathophysiology of numerous metabolic dis-
eases such as obesity and type 2 diabetes.

5.1. Limitations of study

Our study employed an intravenous infusion model to provide a con-
stant, low dose administration of lipids to participants over a 12-hr period
of time. This approach controlled for the confounding post-prandial effects
of the enteroinsular axis on skeletal muscle lipid supply and insulin sensi-
tivity. However, in a free-living environment, changes in lipid supply occur
intermittently throughout the feeding window concordant with post-
prandial fluctuation in FFA availability. As such, we cannot conclude that
activation of DRP1 would occur after a single or repeated high fat meals.
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