Lipids activate skeletal muscle mitochondrial
fission and quality control networks to induce

insulin resistance in humans
Christopher L. Axelrod

Thursday, June 10, 2021 12:53 PM

Introduction
This study aims to find out how fat in the blood stream affects mitochondria and insulin
resistance.

Conclusions

Lipid (fat) infusion leads to increases mitochondrial fission (splitting apart), potentially through
increased phosphorylated (activated) DRP protein.

Lipid infusion also increases certain autophagy markers.

Lipid infusion reduces fasting insulin sensitivity.

Amendments
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Study Design & Additional Information

19 healthy, normal weight individuals that
exercised two or more times per week, but for less
than 30 minutes and had no genetic history of
diabetes were recruited for the study. Women were
evaluated at the same point in their menstrual cycle
(mid follicular phase). Participants were
randomized into one of two groups: Saline (no fat
infusion) or Lipid (fat infusion to the blood stream)
over a 12 hour period. This was a cross over
design, so all participants underwent each
condition/group.

This fat infusion (primarily unsaturated fats) over a
12 hour period was used to induce insulin
resistance.
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ARTICLE INFO ABSTRACT

Articke histary: i iminution i it nd
Recewwed 16 March 2021 excess nutrient i insulin resistance and the development of type 2 diabetes. How-

Accepted 31 May 2021 ever, the functional integrity ol ‘mitochandria in Insulin-resistant skeletal muscle remains highly mﬂumsaL
Avislable onfie X Methods: 19 healthy adults (age:284 + 1.7 7 4 03 kgn') received ion
ol lipid (200 1 it hys T itivity using

oS : e .
peotein: potential, ex-vivo oxidative phos-

and ity, andd ial ultrastructure.

Results: Overnight lipid infusion increased dynamin related protein 1 {DRP1 ) phosphorylation at serine 616 and
mnm Kinase 1 lmm = 0003 and P = 008, in skeletal muscle while reduc-
[t _mxn : iated lipid

dmp\d foemation (P= 0011 )
ing mitochondrial number or respiratory capacity. Additionally, Iuad mluson suppressed penphﬂal glucose dis-
posal (P = 0,004) and hepatic Insulin sensitivity (P = 0.014).

Conclusions: These findings indicate that activation of mitochondrial fission and guality control occur early in the
anset of msulin resistance in human skeletal muscle. Targeting mitochandnal dynamics and quality cantral repre-
sents a promising new pharmacological approach for treating insulin resistance and type 2 diabetes.

Clinicaf riaf registration: NCTO2697201, ClinicalTrials gov

© 2021 Ebsevier Inc. All rights reserved.

1. Introduction aps in our undmnndmg of how the pathways and omndles linking
excess lipid i such as di. and con-

Insulin resit isakey ism in the de- tribute to or cause impairments in insulin action [2,3]. Since mitochon-
velopment and progression of type 2 dhbe(es Abnormalities in lipid dria are central in controtling nutrient oxidation and release of cellular
ism and ectopic lipid are known to directly con- energy, they may also lie at the nexus of a myriad of metabolic diseases

tribute to the onset of insulin resistance |1} However, there are major [4]. Patients with obesity or type 2 diabetes exhibit a number of mito-
chnndnal abnormalities, mdudmgreduced number. increased swﬂlug

—_— cristae [5). These support the
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1. People with diabetes have mitochondrial
abnormalities. There is conflicting data showing
human and animal fat metabolism function is higher
in those with type 2 diabetes.
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mdtnts wuh type 2 dlabﬂcs [G 7). In addition to oxidative functions,
are highly sensitive to
the bioenergetic status of lhe cell These obsewaﬂons led to altemative

dynami ;maymcdutrmsu
lin msmnccby rcgulanng excess nutrient avail (89}
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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
provided written informed consent and research proce-

is a highly conserved p y Tou-
tine cycles of fission and fusion on the outer and inner mitochondrial
membranes maintain network quality and integrity [10-12], Mitochon-
drial fission is regulated by recruitment of cytosolic dynamin related
protein 1 (DRP1) to the outer mitochondrial membrane (OMM) in coor-
dination with mitochondrial fission protein-1 (Fis1) and/or mitochon-
drial fission factor (MfT) [13,14]. DRP1 is recruited to the OMM, in
part, by phospharylation of the serine 616 residue (DRP1%™®'S), which
promotes fission activity [!5] DRP! forms mulnmen( spirals around
the outer
tion |16, Critically. DRP1-mediated mitochondrial fission results in de-
polarization of membrane potential (A¥,,) in excised mitochondrial
network fragments. Excised mitochondria may then recover membrane
potential and, where fusion activity is high, rejoin the network [17). Al
it network can be tagged for 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
inner mitochondrial membrane (IMM). First. adjacent mitochondria be-
come tethered by between

dures were approved by the Cleveland Clinic and Pennington Biomedi-

(.ll Research L'enler Institutional Review Board, The Dynamics of Muscle
0) trial was on clinicaltrials.gov

(NL‘WZGBTZDI) prior to enrollment of study participants.

22, Experimental design
Eligil ich were (1:1) in blocks
of 4by a blinded ician to receive t-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, participants were provided with a weight maintenance isocalo-
ric diet (total keal/day = resting metabolic rate x 1.25; 55% carbohy-
drate, 35% fat, and 10% protein) derived from indirect calorimetry
measures conducted at the beginning of the inpatient control period.
Famtlpams returned (o the inpatient unit for the second study arm ap-

o
mitofusin 1 and 2 {MFN1 and MFN2, mspemvely) [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
farty 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 DRP1%™'® activity in patients
with obesity and prediabetes [8,22]. However, smdymg the dynaml:s

2-4 wecks later. The primary outcome of the study was
change in skeletal muscle DRP1*™'® phosphorylation from saline to
lipid infusion. Secondary outcomes included the effects of lipid infusion
on proteins that regulate mitochondrial dynamics, mitochondrial mem-
brane potential and fragmentation, mitochondrial function and ultra-
structure, and insulin sensitivity.

2.3, Body compasition

At -06:00 following the first avcmigm stay, body composition and

structure, and function of

inhumani kel were d as described [22]. Briefly,
etal muscle is confounded by long term metabolic adaptations to both nengh( and weum were measured in : hospital gown using standard
gy X-ray y (Lunar iDXA; Madison,

obesity and type 2 diabetes. To overcome this problem, we
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 crossaver study de-
sign. We hypothesized that lipid infusion would increase DRP1-
mediated mitochondrial fission in skeletal muscle independent of ﬁlnc

WI) was then used to. detenmnc whole body fat and lean mass, Estima-
tion of fat and lean tissue content was obtained from IDXA software ac-
cording to the manufacturer’s instructions.

24, Aerobic capacity

tion and content, reducing insulin

We show that accumulation of lipid within ,md sur:ounduu skeletal AL~19:00 00 the evemngofme first nvemam stay, maximal oxygen

muscle mi ia triggers fission, and by ion was using an graded uudrml]

DRP1 activation, of AW, and of PINK1 on  exercise test as described 122]. Criteria for i of
i In contrast, drial re-  a maximal test were as follows: 1) oxygen consumption plateau

spiratory function and mil tent and were (<150 mL/ min}, 2) heart rate within 15 beats of age-predicted max,

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/m” 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
times weekly, were non-smokers for >3 years, did not have an |mmed|~
ately family history of type 2 diabetes, and were free of

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.

25, Insulin sensitivity

Insulin sensitivity was determined on the 3rd inpatient
day using a five hour, euglycemac-hyperinsulinemic clamp (90 mg/dl,
40 mU-m *-min "), as described previously |22). Briefly, a primed
(3.28 mg/kg) continuous (0.036 mg-kg ' *min ') infusion of D-
[6,6-"H;|glucose began at —120 min and continued throughout the
procedure to calculate hepatic glucose production (HGP). At 0 min, si-
multaneous mlusmn of mwlm (constant) and 20% dextrose (variable)
began. at5 min in-

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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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-

SD

2. Metabolism of the cell changes the
mitochondrial look/shape. This has also led
researchers to think mitochondrial shape may
be related to insulin resistance.

Mitochondria are constantly undergoing
fission (splitting from one to many) and fusion
(combining multiple into one) to maintain the
mitochondrial quality and integrity. Fission is
regulated by the outer mitochondrial
membrane protein DRP1. This fission can
lead to depolarization of membrane
gradient/potential in those mitochondria
removed/pinched from the network. These
pinched off mitochondria from the
mitochondrial network might regain their
polarization and rejoin the network by fusion.
Or, the pinched off mitochondrion may be
tagged by autophagy promoting protein
PINK, which accumulates on the
mitochondrion.

Fusion is regulated by MFN proteins on the
outer membrane and OPA proteins on the
inner membrane to fuse two mitochondria
together.

3. Fats increase mitochondrial fission in models of
insulin resistance. Meanwhile, exercise reduces
DRP1 (implying reduced fission) in overweight and
diabetic individuals.

SD: 19 healthy, normal weight individuals that exercised two
or more times per week, but for less than 30 minutes and had
no genetic history of diabetes were recruited for the study.
Women were evaluated at the same point in their menstrual
cycle (mid follicular phase). Participants were randomized into
one of two groups: Saline (no fat infusion) or Lipid (fat infusion
to the blood stream) over a 12 hour period. This was a cross
over design, so all participants underwent each
condition/group.

This fat infusion (primarily unsaturated fats) over a 12 hour
period was used to induce insulin resistance.
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stimulated glucose metabolism (M: mg-kg ™' min ") divided by
plasma insulin (1; pU/mL] over a 20-min steady state period. Plasma
for assessing glucose kinetics was deproteinized, extracted and
derivatized before analysis by gas chromatography-mass spectrometry
a5 prwmusly described |24]. Isotopic enrichment {mole percent excess)
wias by fitting the fractional (M + 2 m/z 330}
(MID; m/z 328) against a calibration curve, The rate of glucoss appear-
ance was then derived using the Steele Eq. |25 Whole body respiratory
exchange ratics {RER) and substrate metabolism were determined ba-
sally and under insulin-stimulated conditions via indirect calorimetry
a5 previously described (Vimax Encore; Viasys, Yorba Linda, CA) [26].
Metabalic lexibility was cabculated as the change in rate of Fat oxidation
from basal to insulin-stimulated conditions.

26 Muscle rissue procurement

Skeletal muscle specimens were obtained from the medial vastus
lateralis using a modified Bergstrim Innpsy nechmque at 08:00 ( + 30
min] [27]. Upan coll
tissue, and unrn&dn-\tely placed inta preservation meaua or frozen in lig-
uid nitrogen for protein studies. All musde samples were th d at
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biopsy. 10-15 mg of muscle tissue was immediately placed into
BIOPS (50 mM K + -MES, 20 mM taurine, 0.5 mM dithiothreitol,
B.56 mM MgClz, 5.77 mM ATP, 15 mM phosphocreating, 20 mM im-
idazole, pH 7.1, adjusted with 5 N KOH at 0 °C, 10 mM Ca-EGTA
buffer, 2.77 mM Cak:EGTA + 7.23 mM K;EGTA; 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 pg/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 + -lactobienate, 0.5 mM EGTA,
3 mh MgCly, 20 mM taurine, 10 mM KH2ZPO4, 20 mM HEPES ad-
Justed to pH 7.1 with KOH at 37 °C; and 1 g/L de-fatted BSA), Botted
on filter paper, and weighed. 2-5 mg of permeabilized fber bundles
were transferred into the Oxygraph chamber containing 2 mL of
MIRDS, the cxygen content of the chamber was raised o -450 pM,
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 (25 mM). glutamate (10 mM), succinate (10 mM),
amitine (10 pM}, quinal (05 m),
(TMFD, 0.5 pM), ascorbate (2 mM), :arbnmlr:ymld.c—

—140 *C until the time of analysis.
2.7, Tissue preparation and Western bor analysis

Muscle homegenates were prepared as described previously [22].
Briefly, muscle tissue was homaegenized using a Polytron immersion dis-
perser in ice-cold Cell Extraction Buffer (Invitrogen ) with added protease
inhibitor cocktail, 5 mh phenylmethylsulfonyd fluoride (Sigma), 1 mi
sodium arthovanadate (Sigma} and Phos-STOP {Roche Applied Sciences,

di. lis, IN). were then {fuged for 10 min ar
14000 % g the supematant decanted, and tissue lysates stored at —
“C until the time of analysis, Protein concentrations were measured
using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL). 30 pg
(0,75 pzul) of muscle lysate were solubilized in Laernmli sample buffer
containing 5% f-mercaptoethanol and boiled for 5 min, 40 4. sample
wias then loaded onto 4-20% Tris Glycine gels [Movex) and separated
wia sodium dodecyl sulfan: pnlyacryhnldc gel electrophoresis at 125 V
foe15h fluoride

{Bi-Rad), , and blocked with 5% b  albmi (ESA)
im Tris-buffered saline with 0.1% Tween-20 {TBST) for 1 h. Membranes
were then incubated avernight with anti-DRF1 ™' {Cell Signaling Tech-
nology; catalog no, 3455), anti-DRP (Cell Skgnaling Technology; catalog
ni, B570), ant-MFF (Cell Signaling Technology; catalog no, 45281 ),
anti-MFF (Cell Signaling Technology: catalog no. 84580), anti-Mid49
ProteinTech; catalog no. 20164-1-AP), anti-Mid51 (ProteinTech; catalog
0o, 16413-1-A1), anti-PINK1 [Abcam ab23707), anti-MFNT (K & D Sys-
tems; Minneapolis, MN, catalog no. AFTBED), anti-MFNZ (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: cataleg ne. 4211), and anti-
Vinculin (Cell Segnaling Technology: catalog no. 18799 ] antibodies. Mem-
branes were washccl wlth TBST and incubated with species-specific

secondary antibodies {GE

catalog ne. NAD31). Immunoreactive proteins were visualized by en-
hanced chemiluminescence reagent {ECL Prime: GE Healtheare) and
quantifier] by densitormetric analysis using Image] 4 | 28], Visible bands re-
active against an internal control were subject to quannﬁnunu Values

p-trifluoromethoxyphenylhydrazone (FCCP, 0.5 pM increment),
rotengne (75 nM), antimycin A 125 nM) and sedium azide (200
mb ), Oxvgen ux was normalized to tissue wet weight (mg), Cyto-
chrome ¢ (10 pM] was added to confirm mitochondrial outer mem-
brane integrity.

28, Mitochondrial

potential and network

porential and 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 rissse was placed into a BIOPS solution and warmed in a 37 °C
water-jacketed incubator containing 5% CO, The tissue section was
then incubated in a mixture containing 200 nM TMRM, 150 nM
MitoTracker Deep Red. and 10 pg/mL DAFM for 30 min. After staining,
the tissue secrion was rinsed three fimes with PBS, centered on a glass
petri dish, and placed on a and humidi
stage. Images were obtained at G3x and 150« magnification in 5-pm
sectluns using an inverted confocal microscope (5P8; Leica
y research technician who was blinded
o the experimental trial, 100 FCCP was added at the end of image ac-
fuisition as a negative control. 10-15 images capturing both TMEM 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 Image] 4 |28].

210 Mitochomdrial wltrastnchire and content

Ultrastructural morphology of muscle rissue was examined using

ion electron mi as previgusly described [32), Briefly,

15-20 mgs of muscle tissue were fixed by immersion in a triple

aldchydc—DMSO ml):tun: [33]. Tissue blocks were post-fixed in
d

wiere expressed as fold induction relative to saline to bading
control (Vinculin),

2.8, Oosidative phosphorylation [OXPHOS) and electron transfer (ET) capoc-
ity of permenhilized muscle fibers

OXPHOS and ET capacity were determined ex-vivo from perme-
ahilized muscle fibers as described previously [29]. At the time of
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tetroxide, snalned in acidified wranyl ace-

fethanol, passed through
propylene oxide, and embedded in Poly/Bed resin. Thin sections were
stained with acidified uranyl acctate | 34] followed by modified Sato's
triple lead stain [35]. Mitochondrial content was determined by manual
tracing of enly clearly discernible sutlines of mitochondria on transmis-
sion ebectron micrographs and quantified using threshold analysis in
Image] 4 28]

tate, d
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2.11. ATP content

ATP in tissue sam-
ples using a commercially available fluorometric assay (Abcam) per
manufacturer instruction. Briefly, snap-frozen tissue (10 mg) was ho-
mogenized in 100 pL 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 xg for 2 min at 4 "C. The supernatant was then
transferred to a fresh tube and the volume was brought ta 500 ulL
with the ATP assay buffer. Excess PCA was precipitated by adding 100
W of ice-cold 2 M KOH, vortexing briefly, and maintaining a neutral
PpH. The samples were centrifuged at 13,000 xg for 15 minat 4 Cand
the supernatant was collected for ATP

Mivabodien Clisical and Experimental 12) (2021) 154803

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

mIDNA as described 136). Total DNA was
extracted using commercially available reagents { DNeasy Blood and Tis-
sue Kit; Qiagen). RT-qPCR was then performed using Power SYBR Green
(Thermo Fisher Scientific) with primers directed against the mitochon-
drial encoded cytochrome ¢ oxidase subunit Il (Cax2) and the nudiear
encoded 185 [37]. Primer sequences can be found in Supplementary
Table 1.

samples were plated in duplicate into a 96-well black walled plate, d-e
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).
Bricfly, tissue was homogenized in 100 pl of ice cold 1x assay buffer
and incubated on ice for 10 min. Homogenates were centrifuged at
10,000 xg for 5 min at 4 °C to pellet tissue debris. The supernatant
was transferred 1o a fresh tube, and protein content was assessed by
BCA assay (Thermo Scientific). 10 pig of protein lysate suspended in 1x
assay buffer containing 30 mM acetyl CoA and 10 mM DTNB was plated

2.14. Bi 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 commerdially available
enzymatic assay (Abcam; ab65341). Insulin was determined by a com-
merclally available competitive binding radioimmunoassay (Millipore;
HI-14 K).

2.15. Power estimates

Participant sample size for the primary outcome variable (p-DRP1-
£r518) was calculated with the following input parameters: two tailed
paired r-test (difference between two dependent means, a error
probability = 0.05, Power (12 error probability) = 0.95, and a stan-
dardized effect size (dz) = 1.08 (difference between p-DRPI*™'8
after saline and lipid infusion). A dz. was estimated using previous
dxa frum our Iibnmary in three individuals with obeslty dunng llpd

in duplicate on a 96-well plate. Absorb was then ona
plate reader set to kinetic mode (412 nm, 1.5 min duration, 10 s

ulation, There was an increase in p- DRPI‘""‘ from control to hpld

Assessed for Ellgbiity (1=322) |

Excluded (1=297)
+ Not mesti (n=273)

« Declined to participate (ned)
+  Other reasons (n=20)

| Randomized (=25 } ]
=
Allocated 10 SALINE (n=11) Allocated to LIPID (n=14)
* Received allocated * Recaived allocated
Intervention (n=11) Intarvention (n=14)
*+ Dig not recaive allocated + D not recane allocated
intervention {n=0) m intervention (n=0)

Allocated to SALINE (n=14)

* Received allocated
intervention (n=11)

+ Dig not receive allocated
Intgrvention {n=3)

Allocated to LIPID (n=11)
Received allocated

+ Did not receive allocated

Fiz. 1. CONSORT

New Section 5 Page 5
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infusion (030 & 010 vs. 046 + 0.17 AUJ. Subject sample size was esti-
mated 2 N = 14 per group with a calculated actual power of 0196 (crit-
beal £ = 2.16) for within group effects. Therefore, allewing for potential
dropout with the crossover design we expected that with a total sample
size of N = 19-20 the study would be adequately powered to observe
differences in p-DRP1T*™" between conditions by a two tailed paired
sample f-test,

216 Statistical anafyses

Baseline differences between saline and lipid infusion were assessed
by a paired sample r-test, Effects of treatment x time wene assessed by
two-way analysis of variance (ANOVA). Main effects were followed by
Tukey's post-hoc test. Mormality of distribution was assessed visually
by a -0 plot and by the Kol Smi st Homo-
geneity of variance was 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 & {GraphPad, San
Diega, CAJ.

3. Results.
31 Participanis

A motal of 322 individuals expressed interest in participation and
wiere assessed for eligibility (Fig. 1), 25 were randomized. and 19 com-
pheted the saling 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 routing metabolic function are displayed in Tables 1 and 2,
respectively. The lipid infusion modestly lowered ciroulating bilirubin
(A = -0.3 mg/dL) and CO; {A = -0.8 mmeol/L) while increasing mean
platelet volume (MPV; A = 0.3 fL). The changes were within clinical
range and all other salety parameters remained unchanged,

3.2 Skeleral muscle mitochondrial dynamics and strucnire

To determine the effects of elevated lipids on skebetal 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-DRP1*!% activa-
tion (1.0 + 0.11 vs. 1.58 + 0.23 fold, P = 0.026) and PINKI
expression (1.0 + 0.19 vs. 1.77 4 0.26 fold, P = 0.008) were in-
creased by lipid infusion whereas proteins that regulate mitochon-
drial fusbon were unaltered (Fig. 3A-F). To confirm that increased
DRF1 and PINK] expression were contributing to mitochondrial

ion, mitochondrial as d ined in skele-
tal muscle fibers ex-vivo by incubation in tetramethylrhodamine

Takie 1
Participant characteristics.
Mean SEM

Sex (m} (1M EF) -
Aige (years) m 17
Height (cm) 1704 21
EMI [kgym’) n3 a3
Lean Mass (k) 413 1
Fat [1) ni 22
‘Waist to Hip Ratio o8 an
HBA, (X} 52 a1
Ve [k i) 78 24
Systulic Blood Pressure (mmHg) e 28
Drastolic Blood Pressure (mmHg) &7 1
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(TMRM) and Mitotracker Red. We observed that mitochondrial
membrane potential (A%, was reduced following lipid infusion
(100 £ 32,1 vs, 243 + 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-

and marphol i 1o skeletal muscle mire-
chondria. Subsarcolemmal [55M) and intermyofibrillar {IMF)
mitochondria from the saline-infused tissue sections appeared nor-
mal instructure, abundance, and distribution (Fig. 48). Lipid infusion
resulted in modest dilation of 556 and IMF cristae, and the presence
of autophagic vesicles in the perinuclear region. Mitochondrial content
appeared similar (100 4 120vs. 113 £ 16.8% P = 0.56) between con-
ditions (Fig, 4E). The size of mitoc i iated lipid droplets was
increased (100 + 7.9 v, 258 £+ 47.0%, P = 0.011) by lipid infusien
(Fig. 4F).

34, Skeleral muscle axddarive 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 ohserved
no differences in leak (L) or OXPHOS supported by pyruvate plus ma-
late, glutarmate, succinate in the presence of rotenone, and
palmitoylcarnitine and octanoylcarnitine plus malate as substrates be-
rween saline and lipid infusion (Fig. 5A-B). The acceptor control ratio
fior ADP in the presence of pyruvate plus malate or palmiteylcamitine
plus malate was also unchanged by lipid infusion (Fig. 5C-D). Intraceliu-
lar ATP (Fig. 5E), citrate synthase activity (Fig. 5F), and mtDMA content
(Fig. 5G) were additionally unalrered by the lipid infusion.

Table 2
oh

bleod metabali i
Infusion.

Saline Lipid Pualue

lood metabalites

Total Proces (g/dL) 64 a1 a5 a1 a3u2
Albumin (gisL) 8 al i ol 0420
Caliuen (mglL) &7 al &8 al 0360
Total Bilirubin (mg/dL) o al a4 al <0.001
Alkaline Phasphatase UL} 481 25 472 23 0499
AST (L) 178 11 128 18 0485
BN (L] 137 [:1] 128 08 0232
Creatinine {me/dL) a7 o a7 an 067
Sodium (mmal 1378 as 1377 06 a8
Fotassium (mmal L) i an an o1 o451
Chlaride [ mmel/L] 1044 0F 41 05 a2
€02 (menolL} 7 a3 ne a4 a2
Anion Gap [menal/L) 127 a6 138 o7 Q058
ALT[UL) 1k 24 151 22 LE
smmune functian

WBC (k/ul) 58 a4 57 a3 0474
RBC [ml) 45 al 45 al 0868
Hemeglobin (2/dL} 133 04 135 o5 aIn?
Hematnerit () :E 11 |7 11 o804
WOV (L) BRI 10 881 W 0%
MCH [pG) 25 as ma 06 Q050
MCHC (gL} 335 a3 9 a4 a6
ROW-CV (4] 124 02 124 oz [
Plateles Count (k/ul] ol 84 a1 =2 a4u3
BPV 1L 1an a2 03 03 anoz
Blood lipids

Trighyeeride {mg/dL} 642 &7 2wy @5 <hoon
Chalesteral {mg/dL} 1322 &8 1327 85 a6
DL {medL 537 31 482 32 anoa
VLD (L] 129 18 32 55 a00a
LDL [mgdL) Tt 728 1 0004
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Table 2

These data show a series of blood markers measured when participants were given nothing (saline)
or infused with fat (lipid) in their blood stream for 12 hours.

Primary Results:

- Bilirubin decreased with fat infusion.

- CO2 in blood decreased with fat infusion.

- Slightly larger platelets with the infusion of fat.

- Triglycerides (blood fats) increased with the infusion of fat.
- HDL declined with the infusion of fat.

- VLDL increased with the infusion of fat.

- LDL decreased with the infusion of fat.

Blood fats increase, HDL and LDL cholesterol decrease, and VLDL increases -
this is largely expected with the sudden artificial rise in blood fats.
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Fig. 2. Schematic lustration of the experimental design,

3. insulin sensivivity and metabolic flexibilin

Peripheral insulin sensitivity and action was determined by
hyperinsulinemic-euglycemic clamp. Lipid infusion increased fasting
plasma glucose (874 + 12 vs. 919 1 1.7 mg/dL, P'= 0.008) and insulin
(68 + 0.7 vs 89 & 0.8 plliml, P < 0.001) concentrations (Fig. GA-B),

The insulin stimulated rate of glucose disposal (0019 4+ 0,02 vs, 013 +
0.01 my/kgFFM/min )/l P= 0004) and suppression of hepatic glu-
cose production (71.2 & 12.2 v 206 £ 5.9% P = 0.014) were both re-
duced by lipid infusicn [Fig. 6C-E). As expected. FFA concentrations
(058 £ 0.1vs. 088 = 0.1 mM, P'= 0.001) were elevated by the lipid in-
fusion [Fig. TA). This was observed in concert with elevared circulating
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+ SEML p < 0ulth, Comparisons of treatment were asessed by paired Students ©-test
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Figure 3

The researchers took muscle biopsies from the participants after a 12 hour saline
infusion (no fat infusion) or the fat infusion in the blood (lipid infused). Then, they
measured key mitochondrial proteins implicated in mitochondrial fission (single
mitochondrion splitting apart into two) or fusion (multiple mitochondria fusing into
one). [A,D] 3D is a visual representation of 3A. These are all mitochondrial fission
proteins, with vinculin being a stable protein that should not change based on the
treatment (lipid infusion). [B,E] 3E is a visual representation of 3B, which is a
measure of a series of fusion proteins on mitochondria. [C, F] 3F is a graphical
representation of 3C, which are two protein involved in mitophagy (autophagy of
mitochondria, degradation/destruction of mitochondria).

Primary Results
- phosphorylated DRP is increased with fat infusion.
- PINK is increased with fat infusion.

Because phosphorylation of DRP1 at that particular site
(Serine 616) leads to greater activation of DRP1 (more attachment to mitochondria),
this implies greater mitochondrial fission through enhanced activation of DRP1.
PINK increased might imply greater autophagy of mitochondria.
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triglycerides (64.2 + 8.7 vs. 203.7 + 39.5 mg/dL, P < 0.001) and very
low-density lipoproteins (129 = 1.9vs, 31.2 + 5.5 mg/dl, P = 0,009),
and decreased high-density lipoproteins (53.7 £ 3.1 vs. 482 + 32
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 skeletal muscle mitochondrial 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
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fission and which was observed in concert
with transient reductions in hepatic and peripheral insulin sensitivity,
Interestingly, the lipid infusion, despite increasing mitochondrial 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
inresponse to high Gt feeding in rodents impairs glucose uptake and in-
sulin signaling [43). Though mitochondrial fusion was unaltered by lipid
infusion, MFN2 gene and protein expression has been previously ob-
served to be lower in humans and rodents with obesity [44,451 MFN2
expression is restored following progressive weight Joss [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]. 1t is therefore likely
that obesity and type 2 diabetes related reductions in mitochondrial 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 that mito-
chondrial turnover is highly responsive to nutrient excess, These

Figure 4

The researchers have taken muscle samples from the participants after
the infusion of fat into the blood stream (lipid) or nothing (saline) and

are [A] measuring the membrane potential/health of the mitochondria -
more red being more functioning mitochondria (focus on left side
panels). [B] These are images of the structure of mitochondria (dark
structures) and the white circular structures are autophagy vesicles. [C]
This is a quantifiable representation of [4A]. [D] This represents the
amount of mitochondria breaking into multiple (likely through fission).

[E] The total content of mitochondria in the tissue. [F] The amount of fat
deposits in the cell sequestered in sacks/droplets of fat inside the cell.

Primary Results:

- Mitochondrial membrane potential is reduced with lipid infusion.

- Mitochondrial structure is less distinct and more autophagy vesicles
with lipid infusion.

- There is more mitochondrial fragmentation with lipid infusion.

- There are more lipid droplets around mitochondria with lipid infusion.

Mitochondria are less functional, fragment, and are
associated with greater lipid droplet formations with blood lipid infusion.

5. Mitochondrial content was unaffected, but the shape of
the mitochondria and size did change. However, fusion
was not affected, so it is likely fission is the contributor
to changes in mitochondrial shape.

4. Fission (splitting) of mitochondria is associated with
insulin resistance and obesity in mouse models.
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findings are supported by FINK1 loss of function models where glucose
uptake is reduced by ~300, and by negative associations berween
glycated end products and PINK1 expression in human skeletal muscle
[48]. Under these circumstances, it is most likely that DRF1-mediated
fission results in ing of AW, and acc ion of PINKT on
depal itochondrial . 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 rransport 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
skebetal muscle mitochondrial content, in humans with obesity and
type 2 diabetes |G). Here, we show that both OXPHOS and ETC capacity,
farty acid oxidarion, intracellular ATF, and markers of mitochondrial
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content are entirely intact fellowing lipid infusion. It was unexpected
that the lipid infusien lowered A%m without altering bioenergetic effi-
ciency or ATF production. Based upon these findings. we posit that the
biodogical role of DRPF1-mediated mitochondrial fission in response to
a high lipid miliew is to limit mitochondrial substrate flow, and therefore
ensure funcrional integrity of the remaining network, This is supported
by observations under conditions of starvation or kow nutrient supply
where DRF1-mediated fission is largely inhibited, favoring elongated,
tubular mitochondrial networks that can serve to increase bipenergetic
efficiency and ATP supply [35], Furthermere, evidence from crye-EM
studies have revealed that DRP1 interacts directly with phospholipids,
such as cardiolipin, to coordinate DRP1 activation and oligomerization
[5E]. In contrast, intact membrane potential is required for OXPHOS
control and coupling efficency [57].

We, and others, have previously shown that short-term infusion of
lipids is sufficient to reduce skeletal muscle and hepatic insuli iti
ity by modest induction of hyperglycemia and hyperinsulinemia in

No differences in mitochondrial measures for ATP
production and mitochondrial function when participants
are infused with lipid.

6. PINK protein (related to autophagy) and autophagy
vesicles are increased with fat infusion, and other studies
show that a loss of PINK reduces glucose uptake. It is
believed that PINK accumulates on depolarized
mitochondria (presumably nonfunctional mitochondria),

and over time reduce the amount of mitochondria like that

seen in obesity and type 2 diabetes, but this short term
study can't show that, just the initial triggers/changes.

Under starvation conditions, fission is inhibited and longer

mitochondria are found to increase ATP (cell energy)
production efficiency.
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Figure 6

{A-C] The researchers infused a set amount of insulin to see how this
would affect blood sugar (glucose) levels by telling them how sensitive the
tissues are to the insulin. [D, E] They also measured how much glucose
production by the liver was suppressed by insulin.

Primary Results:

- Fasting blood sugar levels were elevated with lipid infusion, no reduced
insulin sensitivity, however.

- Fasting insulin levels were elevated with lipid infusion.

- Peripheral insulin sensitivity was reduced with lipid infusion.

- Insulin suppression of liver glucose production was suppressed by lipid
infusion.

Lipid infusion reduces fasting insulin sensitivity in
the tissues of the body.

Figure 7

These data show the fasting (0 min) and insulin infused response in a variety of
outcomes - [A,B] free fatty acids (fat molecules in the blood), [C] Metabolism, [D]
Carbohydrate use by the cells, [E] Fat use by the cells, [F] Ability for the cells to
use fat for fuel at a basal rate, then when stimulated by insulin (the difference
between the two is the measure).

Primary Results:

- Free Fatty Acids remain elevated at fasting and after insulin infusion in the lipid
infusion participants.

- Metabolism is unaffected by lipid infusion.

- Carbohydrate and fat use is unaffected by lipid infusion.

- Insulin infusion change to fat use by the cells is dampened by lipid infusion.

There are no significant effects in metabolism by lipid infusion,
but a raising of fat molecules in the bloodstream.
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such as the PKCs |70, 71 l. Howtw:r dtdﬁﬂ muscle deletion of carnitine

for acyl-CoA transport
into the mlmthondvh for nxmdon.does not impair glycemic control or
insulin sensitivity [72]. Based upon our findings, we posit that DRP1-
mediated mitochondrial fission may fadlitate the release of intermedi-
ary metabolites [ 73] into the cytosol which can directly suppress nutri-
ent uptake by the cell [74], Since depolarized mitechondria do nol
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