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Genetic deletion of skeletal muscle iPLA,y results

in mitochondrial dysfunction, muscle atrophy

and alterations in whole-body energy metabolism

Sung Ho Moon," Beverly Gibson Dilthey,! Shaoping Guan," Harold F. Sims," Sara K. Pittman,” Amy L. Keith,?

SUMMARY

Skeletal muscle is the major site of glucose utilization in mammals integrating
serum glucose clearance with mitochondrial respiration. To mechanistically
elucidate the roles of iPLA,y in skeletal muscle mitochondria, we generated a
skeletal muscle-specific calcium-independent phospholipase A,y knockout
(SKMiIPLA,YKO) mouse. Genetic ablation of skeletal muscle iPLA,Y resulted in
pronounced muscle weakness, muscle atrophy, and increased blood lactate re-
sulting from defects in mitochondrial function impairing metabolic processing
of pyruvate and resultant bioenergetic inefficiency. Mitochondria from
SKMiPLA,YKO mice were dysmorphic displaying marked changes in size, shape,
and interfibrillar juxtaposition. Mitochondrial respirometry demonstrated a
marked impairment in respiratory efficiency with decreases in the mass and func-
tion of oxidative phosphorylation complexes and cytochrome c. Further, a pro-
nounced decrease in mitochondrial membrane potential and remodeling of
cardiolipin molecular species were prominent. Collectively, these alterations
prevented body weight gain during high-fat feeding through enhanced glucose
disposal without efficient capture of chemical energy thereby altering whole-
body bioenergetics.

INTRODUCTION

Skeletal muscle is the predominant tissue responsible for glucose uptake and utilization in mammals.
Under physiologic conditions of metabolic demand, skeletal muscle metabolizes the majority of glucose
resulting both from the predominance of glucose uptake into skeletal muscle, and the subsequent
utilization of glycolytically derived pyruvate for mitochondrial oxidative phosphorylation. Accordingly,
serum glucose clearance is largely regulated by insulin-stimulated skeletal muscle glucose uptake and
its downstream glycolytic and mitochondrial metabolic end products, which modulate multiple inter-organ
signaling networks and suites of downstream response elements.'™ This inter-organ communication plays
a critical role in metabolic flexibility facilitating cellular adaptation to alterations in nutritional, metabolic,
and muscle contractile performance.*

In industrialized societies over 90% of diabetes is due to insulin resistance which attenuates insulin-medi-
ated glucose uptake and its downstream metabolism. Since insulin-resistance attenuates skeletal muscle
glucose uptake from serum, this necessitates a metabolic switch from glucose metabolism to fatty acid
utilization to compensate for decreased glucose-fueled energy production. Furthermore, recent studies
have demonstrated that skeletal muscle can also secrete myokines that serve as paracrine, autocrine,
and endocrine signaling molecules that communicate its metabolic and bioenergetic status enabling
the efficient metabolic flexibility required for integrated organismal survival during stress.” Thus, skeletal
muscle assumes a critical role in the production, regulation, and efficiency of energy production in
response to external perturbations.

Phospholipases A, (PLA,s) catalyze the hydrolysis of phospholipids resulting in the release of non-esterified
fatty acids with the concomitant production of lysolipids. The subsequent oxidation of the cleaved lipids
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Figure 1. Skeletal muscle-specific deletion of iPLA,Y results in altered mitochondrial structure and impaired protein synthesis leading to skeletal
muscle atrophy

(A) iPLA,y protein levels in multiple tissues including white adipose tissue, liver, and skeletal muscle from WT and SKMiPLA,yKO mice were analyzed by
western blot analysis indicating skeletal muscle-specific ablation of iPLA,y. The predominant isoforms of iPLA,y (i.e., 85, 74, 63, and 52 kDa bands) in WT
skeletal muscle are indicated by arrows.

(B) Tibialis anterior (TA) and quadriceps (Quad) muscles were excised from both legs of WT and SKMiPLA,yKO mice and weighed. The numbers of mice used
for each sample set in the bar graphs are indicated in parentheses.

(C) Representative transmission electron microscopy (TEM) images of longitudinal sections of skeletal muscle TA fibers from WT and SKMiPLA,yKO mice
(7 months old) demonstrating mitochondria with irregular cristae and electron dense inclusions present in the KO mouse resulting in disruption of normal
striated muscle structure. See also Figure S1.

(D) Mitochondria were isolated from WT and SKMiPLA,yKO mice (7 months old) by differential centrifugation and the total yield of mitochondrial protein was
determined by a BCA protein assay (left panel). The mitochondrial weight to tissue mass ratio was calculated for each indicated condition (right panel).
Values from multiple independent preparations (indicated in parentheses in the bar graphs) are the average + SEM. N.S., not significant.

(E) Copy number of mitochondrial DNA (ND1 gene) relative to nuclear DNA (HK2 gene) in TA from WT and SKMiPLA,YKO mice were determined using
gPCR.

(F) Immunoblot analyses of mitochondrial proteins including MFN1, MFN2, OPA1-| (long form), OPA1-s (short form), DRP1, ANT, citrate synthase (CS), and
VDAC from WT and SKMiPLA,yKO mouse TA muscle homogenates. See also Figure S2.

(G) Immunoblot analyses of proteins involved in protein synthesis and autophagy. *p < 0.05 and ***p < 0.001.

signal transduction that regulate a vast array of cellular functions.®” A wide range of factors that alter insulin
signaling in the diabetic state have been reported to be mediated by abnormal PLA,-catalyzed lipid meta-
bolism that can result in ROS generation and oxidative stress.® % In previous work, we identified a mito-
chondrial membrane-associated phospholipase, iPLA,y (also known as PNPLAS8), whose germline ablation
in mouse resulted in pathologic changes in mitochondrial ultrastructural morphology, respiratory function,
metabolism, and membrane composition in all examined tissues. % '° Curiously, the global iPLAyy
knockout (KO) mouse displayed increased glucose clearance after glucose challenge and was resistant
to body weight gain after high-fat feeding.'" These findings were of particular interest as they suggested
potential avenues to enhance glucose clearance, decrease the sequelae of diabetes, and attenuate diet-
induced obesity. However, due to the deleterious effects of iPLAyy loss of function on multiple organs
in the germline iPLA,y mouse, it was impossible to identify the tissue specific roles of iPLA,y in skeletal
muscle, the major tissue responsible for glucose clearance, in the observed salutary effects for glucose
tolerance tests, and the prevention of obesity. Furthermore, the relevance of iPLA,y-mediated pathologies
in humans was underscored by the discovery of a severely ill patient null for both iPLA,y alleles that was
identified through exome sequencing identifying a premature stop codon for iPLAyy in both alleles.'
This patient demonstrated marked mitochondrial morphologic alterations, muscle weakness, and lactic
acidosis. A subsequent study reported two more unrelated patients with loss-of-function variants in
PNPLAS8 encoding iPLA,y and similar pathologic alterations.'> Accordingly, we hypothesized that skeletal
muscle mitochondrial dysfunction precipitated by iPLA,y loss of function resulted in deleterious changes in
inter-organ communication in metabolic disease states, such as diet-induced obesity.

To specifically determine the mechanistic role of skeletal muscle iPLA,Yy in glucose clearance, mitochon-
drial function, and organismal bioenergetics, we generated a skeletal muscle-specific iPLA,y knockout
(SKMiPLA,YKO) mouse by breeding floxed mice that possesses loxP sites flanking exon 5 of the iPLA,y
gene (which encodes the active site of iPLA,Y) with a skeletal muscle-specific Cre recombinase transgenic
mouse. Deletion of skeletal muscle iPLA,y resulted in the disruption of muscle mitochondrial structural
integrity, impaired mitochondrial respiration, decreased membrane potential, altered cardiolipin (CL)
content/molecular species composition leading to inhibition of electron transport chain complexes that
collectively resulted in severe lactic acidosis during physiologic stress. Moreover, the SKMiPLA,yKO
mouse exhibited substantially altered whole-body energy storage and utilization in both liver and adipose
tissue demonstrating its critical role in the integration of organismal bioenergetics.

RESULTS

Skeletal muscle-specific deletion of iPLA,y results in altered mitochondrial structure and
impaired protein synthesis leading to skeletal muscle atrophy

To discriminate between the functional consequences of iPLA,y germline ablation and the specific effects
of iPLA,y KO in skeletal muscle, we generated a skeletal muscle-specific iPLA,y knockout (SKMiPLA,yKO)
mouse. Western blot analysis confirmed the tissue specific ablation of iPLAyy (Figure 1). Previously, we
demonstrated that the gene for iPLAyy encodes for multiple different molecular weight isoforms
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Figure 2. Skeletal muscle weakness with concomitant muscle fiber degeneration is present in SKMiPLA,yKO mice
(A-C) A forearm grip test (A), four-limb hanging test (B), and treadmill exercise test (C) were performed with WT and SKMiPLA,yKO male mice at 7-8 months
of age. Grip force was measured as pond units (p = 0.00980665 N). See also Figure S3.
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Figure 2. Continued

(D and E) Blood glucose (D) and lactate levels (E) in mice fed either a normal-chow (NC) or high-fat (HF) diet at rest (R) before and after treadmill exercise
(T) were measured from blood samples taken from the tail vein. Values are expressed as the mean of multiple measurements from the indicated mice (mouse
numbers indicated in the parenthesis in the bar graphs) + SEM. *p < 0.05, **p < 0.01 and ***p < 0.001. N.S., not significant. See also Figure S3.

(F) Isometric maximal tetanic force measurements were performed on EDL muscles isolated from 4 WT and 4 SKMiPLA,yKO mice. The specific force after
normalization to muscle cross-sectional area (PCSA) was determined. Individual values for PCSA, EDL muscle mass, and body weights of the mice that were
utilized for force measurements are shown. *p < 0.05.

(G) Relative fiber type distribution present in the tibialis anterior (TA) muscle of WT and SKMiPLA,yKO mice are compared by immunoblot analysis for fast-
skeletal and slow-skeletal myosin.

(H) Representative histological images of H & E staining of the TA muscles from WT and SKMiPLA,yKO are shown for comparison. TA from SKMiPLA,yKO
mice displayed decreased muscle fiber size and an increased number of central nuclei. Scale bar: 50 um. See also Figure S4.

(1) Immunoblot analyses of MyoD, Myogenin, ATP citrate lyase (ACL), and phospho-ACL (Ser455) from WT and SKMiPLA,yKO mouse TA muscle (n = 4).
*p < 0.05 and **p < 0.01. N.S., not significant.

corresponding to 85, 74, 63, and 52 kDa that are present in distinct ratios in different tissues.' "/ Impor-
tantly, the expression levels of the iPLA,y isoforms in liver and white adipose tissue from the
SKMiPLA,YKO mouse were unchanged in comparison to those present in WT mice (Figure 1A). In contrast,
mitochondrial iPLAyy protein expression levels in skeletal muscle tissues were nearly completely ablated
in SKMiPLA,YKO mice. The data also demonstrate that the lower molecular weight isoforms of iPLAyy
(< 63 kDa) were absent or markedly reduced in wild-type skeletal muscle.

A prominent physical difference of the SKMiPLA,YKO mouse in comparison to WT controls was the
decrease in the size/weight of the tibialis anterior (TA) and quadriceps (Quad) muscle groups that were
decreased by 30% in male mice (Figure 1B). Examination of gender differences demonstrated a greater
loss of TA mass in females in comparison to males by deletion of iPLAyy. Next, we examined the
microscopic ultrastructure of the TA muscle of the SKMiPLA,yKO mouse by transmission electron micro-
scopy (TEM). TEM image analysis of the TA muscle from WT and KO mice demonstrated a prevalence of
mitochondria with severe ultrastructural damage, including irregular cristae and electron dense inclusions
present in the KO mouse accompanied by the disruption of normal striated muscle structure (Figures 1C
and S1). However, the mass ratio of total recoverable mitochondria isolated by differential centrifugation
to total TA mass was not significantly different between WT and SKMiPLA,YKO, regardless of gender (Fig-
ure 1D). This result was supported by western blot analyses showing no significant differences in normal-
ized expression levels of abundant mitochondrial marker proteins including VDAC, ANT, and citrate syn-
thase (CS) from WT and iPLA,y KO TA muscle tissue (Figure 1F). In contrast, mtDNA copy number in
SKMiPLA,YKO TA muscle was significantly decreased indicating alterations in mitochondrial content
due to disrupted -mtDNA maintenance processes (Figure 1E). Furthermore, despite only modest de-
creases in mRNA levels of DRP1, OPA1, and MFN1 relative to WT controls, the expression levels of these
proteins were dramatically diminished in SKMiPLA,YyKO TA muscle, which likely contributed to the
observed decrease in mtDNA copy number and the altered morphology of the mitochondria (Figures 1F
and S2).

To investigate possible mechanisms for the observed muscle atrophy in SKMiPLA,yYKO mice, we examined
alterations in protein markers of altered protein synthesis and autophagy. The results indicated that protein
synthesis via the Akt/mTOR muscle growth pathway involving Sé ribosomal protein activation was signifi-
cantly impaired due to dramatic decreases in phosphorylation (indicating activation) of these proteins
despite compensatory upregulation of Akt and S6 protein mass (Figure 1G). Interestingly, cleavage of
mTOR was prominent in SKMiPLA,yKO mouse muscle as shown in western blots as a lower molecular
weight isoform indicative of an inhibition of mTOR activity. Autophagocytic flux monitored by LC3B-I/II
and p62 (p62/SQSTM1) protein expression levels was not significantly changed in SKMiPLA,yKO mouse
TA muscle when compared with WT controls (Figure 1G). Thus, reduction of the net rate of protein synthe-
sis in the presence of bioenergetic inefficiency likely underlies the skeletal muscle atrophy present in the
SKMiPLA,YKO mouse.

Skeletal muscle weakness with concomitant muscle fiber degeneration is present in
SKMiPLA,y KO mice

Since mitochondrial and microscopic muscular structures were significantly altered in the SKMiPLA,yKO
mouse, we next evaluated muscular motor function in these mice in comparison to WT littermates fed
either a normal-chow (NC) or high-fat (HF) diet (Figure 2). Both grip tests and treadmill exercise tests
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Figure 3. Mitochondrial respiration in SKMiPLA,yYKO skeletal muscle is significantly attenuated with dramatic decreases in the activities and
expression levels of electron transfer chain complexes

(A) High-resolution mitochondrial respirometry was performed by utilizing permeabilized tibialis anterior (TA) muscle tissue. 5 WT and 5 KO mice fed an NC
diet, and 5 WT and 6 KO mice fed an HF diet were utilized for independent measurements. *p < 0.05 and **p < 0.01. See also Figure S5.

(B) Protein expression levels of respiratory electron chain complexes including Complex | ~ IV and cytochrome ¢ in WT vs. SKMiPLA,yKO TA were
determined by western blot analyses. **p < 0.01 and ***p < 0.001.

(C and D) Complex | and Il catalytic activities were assayed by using membrane-disrupted mitochondria isolated from TA muscle of 5 WT and 5
SKMiPLA,YKO mice fed an NC diet, in the presence of substrates (i.e., NADH and succinate, respectively) with decylubiquinone and DCIP as a terminal
electron acceptor. Complex | and Il activities were confirmed by using their specific inhibitors, rotenone (Rot) and TTFA, respectively. Values are expressed
as means £ SEM.

(E) Membrane potential of mitochondria isolated from TA muscle was measured by using a TPP-Cl electrode. Independent measurements with 5WT and 5

KO mice were utilized. Glutamate/pyruvate/malate (G P M) or succinate (Succ) were used as substrates for mitochondrial membrane potentiometry.
*
p < 0.05.
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Figure 3. Continued

(F) Mitochondria isolated from TA muscle of 6 WT and 6 KO mice were placed in respiration buffer. Mitochondria were incubated with either glutamate/
pyruvate/malate (G P M) or succinate (Succ) substrate in the presence or absence of 1 uM rotenone (Rot). The amount of H,O; in the buffer (indicative of
superoxide production) was determined by Amplex Red.

(G and H) Glucose (G) and lactate levels (H) in blood from 6 WT to 6 SKMiPLA,yKO female mice before (R) and after (T) intense treadmill exercise at a speed of
18 m/min for 4 min were measured. Note that 3 out of 6 KO mice were completely exhausted within 1-2.5 min and their glucose and lactate levels were
measured immediately upon reaching exhaustion. *p < 0.05, **p < 0.01 and §p < 1.0 x 1077,

revealed that the iPLA,y KO mouse had a weaker grip force and was more rapidly fatigued during treadmill
exercise. These results indicate that deletion of skeletal muscle iPLA,y resulted in compromised skeletal
muscle mechanical function. These differences were not significantly altered with either diet type or gender
(Figures 2A-2C and S3). Next, blood glucose and lactate levels before and after treadmill exercise were
monitored. Although blood glucose levels of WT mice fed an NC-diet mildly decreased while exercising
to exhaustion, similarly measured blood glucose levels of SKMiPLA,YKO mice exercised to exhaustion
were unchanged due to the shorter duration of treadmill exercise (Figure 2D). Conversely, serum lactate
levels present in the SKMiPLA,yKO mouse after exercise on the treadmill increased more than WT despite
a shorter average exercise duration time (Figure 2E). Blood glucose and lactate levels after exercise were
increased in both WT and KO mice fed an HF diet relative to their corresponding NC diet controls, regard-
less of exercise duration. To further investigate the physiologic impact of iPLA,y loss of function on
contractile muscle function, ex vivo isometric maximum muscle force measurements using EDL muscle
were performed. EDL muscle weight as well as the total body weight of the SKMiPLA,YKO mouse were
lower than WT controls resulting in a smaller physiological cross-sectional area (PCSA). Muscle force
measurements indicated that specific tetanic peak tensions after normalization to PCSA were not different
between WT and SKMiPLA,YKO mice (Figure 2F). Interestingly, fast-twitch TA muscle from the
SKMiPLA,yKO mouse was further shifted toward a fast-twitch type Il muscle fiber phenotype as determined
by western blot analysis for fast- and slow-skeletal muscle myosin (Figure 2G).

Next, we examined the histology of muscle fibers from WT and SKMiPLA,yKO mice using hematoxylin &
eosin (H & E) staining. TA muscle cross sections from the SKMiPLA,yKO mouse displayed internalization of
nuclei and a smaller apparent myocyte diameter while those from WT had a relatively larger diameter and
multiple peripheral nuclei (Figure 2H). Similarly, the Quad muscle in the SKMiPLA,yKO mouse displayed
irregularly sized myocytes with an increase in the number of markedly smaller myofibers (myofibrils) with
normal peripheral nuclei (Figure S4). Although expression levels of the myogenic regulatory factor
MyoD were essentially unchanged in the SKMiPLA,yKO in comparison to WT controls, markedly increased
expression of Myogenin due to iPLA,Y loss of function in skeletal muscle is indicative of more active regen-
erative myogenesis in SKMiPLA,YKO vs. WT mice (Figure 2I). Furthermore, the expression level of ATP cit-
rate lyase (ACL), a key enzyme regulating muscle cell growth/differentiation, muscle type transition, and
1819 and its active (phosphorylated at Ser455) form were moderately upregulated
in SKMiPLA,YKO mouse TA muscle likely facilitating skeletal muscle regeneration and the observed in-
crease in fast skeletal myosin expression (Figure 21).

mitochondrial function,

Taken together, these results suggest that skeletal muscle glycolytic activity in the SKMiPLA,yKO mouse is
not likely compromised due to the accumulation of lactate after exercise and an unaltered maximum
muscle force normalized to PCSA. However, these results also suggest that chronic mitochondrial dysfunc-
tion is present in the SKMiPLA,YKO, which is accompanied by higher lactate levels and chronic cycles of
muscle degeneration/regeneration, which are largely ineffective in restoring skeletal muscle mechanical
function especially during metabolic or mechanical stress.

Mitochondrial respiration in SKMiPLA,yKO skeletal muscle is significantly attenuated with
dramatic decreases in the activities and expression levels of electron transfer chain
complexes

Based on the aforementioned results, we hypothesized that skeletal muscle mitochondria from the
SKMiPLA,YKO are functionally compromised. To examine mitochondrial bioenergetics, we used high-res-
olution respirometry of permeabilized TA muscle from either WT or SKMiPLA,YKO mice fed either an NC or
HF diet. Saponin-permeabilized TA muscle was placed in buffer with high levels of dissolved oxygen
(~400 uM) followed by addition of glutamate/pyruvate/malate to investigate the ability of mitochondria
to utilize these anaplerotic/glycolytic/TCA cycle metabolites. Consistent with the above results, TA
mitochondria isolated from SKMiPLA,YKO male mice on an NC-diet consumed 50% less oxygen than

iScience 26, 106895, June 16, 2023 7



iScience

020

- ¢? CellPress
OPEN ACCESS

(enssn Buyjowu) *10-""10
VOTNONT ©
QQooQoQoQQQ
N
H B 9:22-9'22-1'81- '8} '9:g2-92e-0:81 281
— - B 9:22-9:22-1:81-2:8 1
—_~ L o~
m nNV - B _.Hr W 9:22-922-2:8l-28}
ES - B Eo wemesTsl
=y - R S ¢ 9T-H0Z T8 HBL 9TTTOI-H8LHBL
- B Bl 9®T0zTT8I-18L'9TTE0e-L8-L8l
. - «
" B 9:22-2:02-2'81-281 ‘9:g2-€02-1:81 281
- B 9:22-802-2:81-2:81 °
- B V027102 7:02-Z8} ‘92T 022:8+ 28 + 5
| B 9:22-5:02-8 1281 ‘9TT #0281 T8} =
B 2 1:81-1:81-2:02-E02 ‘28 1-Z81-1:08-2:02 <
T ] 2:812'81-2:02-202 ‘5:g2- 1:8L-1:8L-1:81 ®
- B G:Z2-1'81- 181281 '9:Z2-1'81-1'81- 181 ‘4 :02-€02-1:8L-28l '
S —— 9:Z2-1:81- 181281 ‘§:22- 8T8 T8l 8 o
o — [ . 9:22T81-T8 1181 ‘GTTT8LTBLTB) ~ *
1 o — . 9:zz-z8l-2:8l-28l 3
48 B 9:22-€81-2:81-28 1 3 °
- -9 £:02-0:81-1:81-1:8) ‘L:02-Z8L-1:8L-L:8L =
L] - 2:0c-2:81-1'81- 181 ‘1:02-Z8L-2:8L-L:8L = r _ : : |
" B 2:02-Z8L-2:8L-1:81 i o 0 o 0 o
[— —— 2:0c¢:81-2:81-281 ‘€02 8128181 %) ~N - - © S
" - £:02-281-2:81-2:81 4=
) . o anssi} bwy/jowu e]o,
p— s 9:22-091-Z 81281 ‘9:22-H9}-L'81-T8) V0282818 ( 1 buin ) ©va [eroL
‘ — 9:z2-1:91-2:81-2'8 ) K]
- B 1:8L-1:81-1'81- 181 ‘08 1-L8L-1:8L28 L 8
— — L8L-K8L-Li8LZ8L nw.
| =) 1:81-1:81-2:81-2:81 -
= — 181-281-3:81-281 £
- [ = 2:81-2812:81-281 3
* - | M Z'81-z8L-2:81-6:81 o
] » 0:94-1:8L-1:8L-181 m
| - 0:91-1:8L-1:8L-281
— — 0:91-1:81-2:81-281 ' L9I-K8l-LBLg8 )
= . 0:91-2:81-2:81-281 ‘L9 1:8L2:8L-Z8}
] -~ 1:91-2:8L-2:81-2:81L °
- B z:9l-g8l-z8l-z 8l
- r 0:91-0:9L-1:8L-1'8 L
- » 0:91-0:91-1:81-2:81 °
o = 0:91-1:9L-1:8L-2:81
= R L9L-19L-Li8Lg8 L
I 1 1 1 1
pezeeszezys g3388gyzieey 3 3 8 2 ©°
S 6 8 8 8 © o o o o S 0O 6 00 3 3 3 3 3 o < © N -
(enssi Buwyjowu) 10 (enssiy Buwyjowu) 10 (onssn Buy/jowu) HYL (€101

WT(HF) KO(HF)

WT(HF) KO(HF)

iScience 26, 106895, June 16, 2023

8



iScience ¢? CellPress
OPEN ACCESS

Figure 4. Genetic ablation of iPLA,y alters mitochondrial membrane cardiolipin content

Male mice (WT and SKMiPLA,yKO) were fed either a normal-chow (NC) or high-fat (HF) diet for 3 months starting at 3 months of age.

(A) Lipids from TA muscle were extracted and cardiolipin (CL) molecular species were identified. CL molecular species were quantified using tetra 14:0-CL as
aninternal standard (1.S.) through comparing peak intensities in the negative ion mode using the [M-2H+1]% isotopologue peak of CL. 6 WT fed an NC diet, 5
WT fed an HF diet, 6 SKMiPLA,YKO fed an NC diet, and 5 SKMiPLA,YKO fed an HF diet were utilized. A mirror plot of CL molecular species with indicated
acyl chain compositions from WT and KO mice fed an NC diet (top panel) or HF diet (lower panel) are presented with calculated differences (CLyc-CLug)
displayed between the two panels. Values are the means + SEM. *p < 0.05 and §p < 0.005.

(B and C) Total contents of TAG (B) and DAG (C) in TA tissues from 5 WT to 5 SKMiPLA,YKO mice fed HF diet were determined. *p < 0.05.

WT controls under same conditions (Figure 3A). This difference was larger in WT vs. SKMiPLA,yKO female
TA mitochondria, which is consistent with data showing greater decreases in muscle mass and mitochon-
dria mass for female SKMiPLA,yKO mice relative to WT controls (Figure S5). For comparison, an HF diet
mildly reduced oxygen consumption in both WT and KO mice without significantly changing the magni-
tude of the observed differences (Figure 3A).

To further investigate the mechanisms underlying the decrease in mitochondrial respiration present in TA
skeletal muscle tissue from the SKMiPLA,YKO, we examined the effect of iPLA,y ablation on protein
expression levels of mitochondrial respiratory complexes by immunoblot analysis. Interestingly, the
protein expression levels of complex IV and cytochrome cin SKMiPLA,YKO skeletal muscle were dramat-
ically reduced in comparison to WT littermates (Figure 3B). Moreover, although the expression levels of
complexes | and Il were not detectably altered in KO TA muscle, the individually measured activities of
complexes | and Il were decreased by ~ 50% and ~ 25%, respectively, when compared with WT controls
(Figures 3C and 3D). Next, the membrane potential of the inner mitochondrial membrane in isolated mito-
chondria from TA muscle of WT and SKMiPLA,yKO mice was determined by measuring extramitochondrial
tetraphenylphosphonium chloride (TPP-Cl) levels in the presence of glutamate/pyruvate/malate or
succinate as substrates. The mitochondrial membrane potential in SKMiPLA,YKO mouse TA muscle with
complex | or complex Il substrates (i.e., glutamate/pyruvate/malate or succinate, respectively) was signif-
icantly lower than that of WT littermates (Figure 3E). Consistent with the lower membrane potential of
SKMiPLA,yKO mitochondria, hydrogen peroxide production indicative of ROS generated from forward
(i.e., observed with glutamate/pyruvate/malate with rotenone) and reverse (i.e., observed with succinate)
electron transfer was greatly attenuated in SKMiPLA,YKO mice in comparison with WT controls (Figure 3F).

Next, we compared glucose consumption and lactate accumulation in WT vs. SKMiPLA,yKO mice after
high-intensity short-duration treadmill training due to the diminished ability of skeletal muscle tissue
from the KO mouse to utilize pyruvate for mitochondrial respiration resulting in premature exercise fatigue.
For this purpose, mice were forced to run on treadmill at 18 m/min for 4 min after which blood glucose and
lactate levels were measured. Consistent with the respiration results with isolated mitochondria, lactate
accumulation in the blood of the SKMiPLA,YKO mouse markedly increased with a corresponding decline
in blood glucose following intense exercise in comparisons with their WT counterparts (Figures 3G and 3H).

Collectively, these results indicate that deletion of skeletal muscle iPLA,y affects the collective macro-
scopic properties of skeletal muscle including size, weight, and exercise performance, which results
from defects in mitochondrial bioenergetics.

Ablation of iPLA,v alters the cardiolipin content and bioenergetics of SKMiPLA,yKO skeletal
muscle mitochondria

Cardiolipin (CL) is predominantly located in the inner mitochondrial membrane where it facilitates the for-
mation and function of mitochondrial electron transfer chain supercomplexes.”>*? Accordingly, we
measured the levels of different CL molecular species using multidimensional mass spectrometry-based
shotgun lipidomics. (Figure 4A). The results indicated that SKMiPLA,yKO TA muscle possessed
significantly lower levels of tetra 18:2 CL, the most abundant mature form of CL molecular species in skel-
etal muscle, as well as decreased 22:6-containing CL molecular species during NC feeding. Interestingly,
WT mice fed an HF diet exhibited decreased tetra-18:2 CL and increased 22-carbon long-chain polyunsat-
urated fatty acyl-containing CL in TA muscle which likely contributed to the HF diet-induced attenuation of
mitochondrial respiration. In SKMiPLA,YKO mice fed an HF diet, CL showed a further decrease in 18:2 fatty
acyl-containing CL in comparison to WT mice, although without a dramatic increase in 22-carbon-polyun-
saturated fatty acyl-containing CL species. The level of DAG, but not TAG, in KO muscle tissue was
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Figure 5. Deletion of skeletal muscle iPLA,Y results in improved glucose tolerance and the inability to gain weight during high-fat feeding
Genetic ablation of skeletal muscle iPLA,y improves glucose tolerance and reduces weight gain during HF feeding.

(A) Body weights of 6 WT and 6 SKMiPLA,yKO male mice fed an HF diet were monitored over 11 weeks following initiation of HF feeding at 3 months of age.
(B) Comparison of body weights of WT and SKMiPLA,yKO mice at the end of 11 weeks (3 months) of NC or HF feeding.

(C-F) Tissue weights of liver (C), epididymal white adipose tissue (WAT) (D), quadriceps (Quad) (E), and heart (F) normalized to body weight were compared
between WT and SKMiPLA,yKO mice. Mouse numbers are indicated in the parenthesis in the bar graphs.

(G-J) glucose tolerance test (G and H) and insulin tolerance tests (I and J) for WT and SKMiPLA,YKO mice either on a normal-chow (NC) diet or a high-fat (HF)
diet were performed. AUC, area under the curve in arbitrary units (A.U.).

(K) Blood insulin levels from 5 WT to 6 SKMiPLA,yKO mice after HF feeding were determined by ELISA analysis. *p < 0.05, **p < 0.01, ***p < 0.001 and
§p < 0.0001.

significantly lower than WT (Figures 4B and 4C). These data suggest that loss of tetra-18:2 CL contributes to
inefficient respiration through disruption of the stability and/or the association of ETC proteins likely result-
ing from alterations in mitochondrial membrane surface charge and molecular dynamics.

Deletion of skeletal muscle iPLA,v results in improved glucose clearance and the inability to
gain weight during high-fat feeding

Since skeletal muscle consumes the majority of circulating blood glucose, it is tightly coupled with inte-
grated organismal bioenergetics, including fatty acid utilization and the accumulation of triglycerides.
Accordingly, we next examined the effects of skeletal muscle iPLAyy knockout and its resultant impact
on whole-body energy metabolism after NC or HF feeding. First, we found that HF diet-induced weight
gain present in WT mice was dramatically reduced in SKMiPLA,YKO mice. Specifically, the net body
mass increase of the SKMiPLA,yKO mouse following consumption of an HF diet was on average ~ 8g while
WT mice gained ~ 16g after 3-month of HF feeding (Figures 5A and 5B). Secondly, the weight ratio of wild-
type mouse liver to body mass following HF feeding was increased by 80% when compared with NC-fed WT
mouse liver. In stark contrast, the weight ratio of liver from SKMiPLA,yKO mice fed an HF diet to body
weight did not significantly differ from those of either NC-fed WT or NC-fed KO mice (Figure 5C). Interest-
ingly, HF diet-induced increases in white adipose tissue mass were significantly more prominent in
SKMiPLA,YKO mice than WT controls (Figure 5D). Since the dysfunctional mitochondria in
SKMiPLA,YKO skeletal muscle cannot readily utilize serum fatty acids that are abundant during high-fat
feeding, adipose tissue would be predicted to be a primary site of storage for the excess fatty acids in
the KO mouse. Notably, no significant differences were observed in the ratios of either Quad/total body
weight or heart/total body weight between WT and SKMiPLA,yKO mice after HF feeding (Figures 5E
and 5F).

Next, we examined serum glucose clearance in SKMiPLA,YKO mice in comparisons to WT controls.
Glucose tolerance (GTT) and insulin tolerance tests (ITT) for WT vs. SKMiPLA,yKO mice fed a normal-
chow diet did not reveal significant differences between the two strains (Figures 5G and 5l). However,
genetic ablation of iPLA,y significantly improved the poor glucose clearance and insulin insensitivity in
WT mice fed an HF-diet. For example, HF feeding of WT mice for 3 months resulted in markedly elevated
blood glucose levels (~ 320 mg/dL) at 30 min after glucose challenge (bolus i.p. injection) followed by
gradual clearance of circulating glucose (Figure 5H). In contrast, SKMiPLA,yKO mice displayed an
improved response to glucose challenge resulting in a peak concentration of ~ 240 mg glucose/dl and
the decreased area under the curve during glucose challenge (Figure 5H). Although the SKMiPLA,yKO
mice exhibited a lower basal blood glucose level after HF feeding than wild-type controls, no significant
differences in insulin tolerance and serum insulin levels in WT vs. KO were observed (Figures 5J and 5K).
Collectively, the increased glucose clearance rate of the SKMiPLA,YKO mouse fed an HF diet is likely
indicative of increased glucose uptake and utilization by skeletal muscle myocytes for glycolysis, which
leads to the accumulation of lactate due to the inability of the compromised SKMiPLA,yKO mitochondria
to process glycolytically derived pyruvate.

Attenuation of the pathologic accumulation of neutral lipids in the liver of the SKMiPLA,yKO
mouse following high-fat feeding

Since a high-fat diet did not induce increase the SKMiPLA,yKO liver to body weight ratio, we examined
hepatic tissue from both strains of mice for fat content. First, utilizing H & E staining and imaging, we found
that the content of lipid droplets present in the HF-fed SKMiPLA,yKO liver was dramatically less than HF-
fed WT controls (Figure 6A). Secondly, the majority of TAG molecular species that accumulated in HF-fed
WT liver were significantly lower in SKMiPLA,yKO liver (Figures 6B, 6C, and S6A). Similarly, most DAG
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Figure 6. Pathologic accumulation of neutral lipids is attenuated in the liver of the SKMiPLA,YKO mouse
following high-fat feeding

Skeletal muscle specific knockout of iPLA,Y alters energy metabolism preventing accumulation of neutral lipids in liver
during HF feeding.

(A) Hepatic steatosis was evaluated by histological microscopic imaging. H & E staining was performed with liver sections
obtained from WT and SKMiPLA,yKO mice after HF feeding. Fat droplets appear as vacuoles in the images. Scale bar:
100 pm.

(B-E) Triglyceride (B-C) and diglyceride (D-E) molecular species and amounts in WT (upper spectrum) and SKMiPLA,yKO
(lower spectrum) hepatic tissue following HF feeding were determined by shotgun lipidomics utilizing mass
spectrometry. Triacylglycerol (TAG) and diacylglycerol (DAG) levels were markedly increased in the livers of WT (n = 5)
mice after HF feeding relative to SKMiPLA,yKO (n = 5) mice. Peak heights are normalized to tri-17:1-TAG and di-20:0-
DAG internal standards (I.S.). *p < 0.05 and **p < 0.01. See also Figure Sé.

molecular species that accumulated in HF-fed WT liver were also significantly lower in SKMiPLA,yKO liver
(Figures 6D, 6E, and S6B). These results indicate that these differences in neutral lipid content likely
contribute to the decreased mass of the liver in the SKMiPLA,yKO mice after HF feeding.

Next, we examined the glycogen content of WT and SKMiPLA,yKO liver by periodic acid-Shiff (PAS) stain-
ing and imaging. Hepatic tissue sections from WT and SKMiPLA,yKO mice fed an NC diet were treated
with PAS stain and imaged for microscopic glycogen distribution within the tissue samples. Higher
amounts of glycogen were present in iPLA,y KO liver in comparison to WT liver controls (Figure 7A).
The pronounced accumulation of glycogen in KO liver implies that glucose and pyruvate are inadequately
utilized by iPLA,y KO skeletal muscle and, at least in part, ultimately stored as glycogen in the liver. During
HF feeding, ingestion of large amounts of lipids causes overexpression of IRS-1, GAPDH and GSK 3a/38,
and increased insulin secretion resulting in extensive steady state phosphorylation of GSKin WT liver (Fig-
ure 7B). However, these effects were absent or attenuated in SKMiPLA,yKO liver following HF feeding
when compared with KO mice fed an NC diet. This result implies that KO mice challenged with an HF
diet can adapt by increasing glucose uptake from the circulation. However, mitochondrial bioenergetic
inefficiency limits the amount of chemical energy that can be extracted from glucose leading to the accu-
mulation of lactate in skeletal muscle. Further, we propose that the liver attempts to compensate for the
bioenergetic inefficiency resulting from skeletal muscle mitochondrial dysfunction by utilization of endog-
enous lipid substrates. Subsequent depletion of hepatic lipid stores in the SKMiPLA,yKO result in low
serum lipid concentrations, which prevent the induction of insulin resistance that typically results from
HF feeding. Furthermore, decreased hepatic steatosis in SKMiPLA,yKO mice fed an HF diet in compari-
sons with WT controls resulted in a diminished incidence of HF diet-induced fibrosis (Figure 7C). Taken
together, these results indicate that SKMiPLA,yKO mice effectively catabolize hepatic neutral lipids during
HF feeding in order to compensate for the altered utilization/storage of glucose in liver arising from the
impairment of skeletal muscle mitochondrial respiration due to iPLA,y loss of function.

DISCUSSION

Skeletal muscle plays a predominant role in regulating whole-body glucose uptake and metabolism in verte-
brate animals. Numerous previous studies in mice and other mammals have demonstrated that
abnormalities in skeletal muscle glucose utilization affect whole-body energy metabolism and insulin sensi-
tivity.”>** Thus, the ability of skeletal muscle to extract circulating glucose and efficiently metabolize it to
generate chemical energy (i.e., ATP) is a principal determinant of mammalian bioenergetics. Failure of either
the cellular uptake of glucose or its efficient conversion to chemical energy is an underlying theme in multiple
disease states with a wide variety of downstream pathologic sequelae.”” The generation and characterization of
the SKMiPLA,yKO mouse demonstrate the prominentrole of iPLAyy in the physiologic function of skeletal mus-
cle mitochondria in the context of the whole animal. Salient features of mitochondrial alterations in the
SKMIPLA,YKO mouse include specific changes in the skeletal muscle mitochondrial lipid composition,
morphology and respiratory efficiency. Further, these dysfunctional changes result in increased turnover of in-
dividual skeletal muscle myocytes demonstrated by the abundance of centralized nuclei indicative of newly
formed myocytes that replace/replenish dysfunctional myocytes in skeletal muscle.

Knock-out of iPLA,y displays tissue-specific phenotypic changes in glucose/lipid metabolism
and bioenergetics during metabolic stress

Previous studies have demonstrated that activation of phospholipases can result in protean alterations in
intracellular lipid composition and metabolism in a wide range of disease states including diet-induced
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Figure 7. Increased glycogen content and decreased fibrosis in liver from the SKMiPLA,yKO mouse

(A) Glycogen present in hepatic tissue from WT and SKMiPLA,yKO mice fed a normal-chow diet was visualized by periodic acid-Shiff (PAS) staining with
diastase digestion. The intensity of purple-magenta staining reflects the glycogen content of the hepatocytes in the representative histological images.
Scale bar: 100 um.

(B) Expression and phosphorylation levels of proteins involved in insulin signaling in livers from 3 WT to 3 SKMiPLA,yKO male mice fed either an NC or HF
diet as determined by western blot analyses. Values are the means + SEM. *p < 0.05 and **p < 0.01.

(C) Fibrosis in hepatic tissues from WT and SKMiPLA,yKO mice subjected to HF feeding was visualized by Masson’s trichrome histopathological staining.
Collagen fibers appear as filamentous blue structures in the representative histologic images. Scale bar: 100 pm.
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obesity and heart failure.”*?” Interestingly, the global absence of iPLA,y in mice caused dramatic patho-
logic abnormalities, which included diverse organ-dependent changes in mitochondrial ultrastructure,
mitochondrial respiration, lipid content, and glucose tolerance/insulin sensitivity during high-fat feeding.""
Recent work from our laboratory utilizing a hepatocyte-specific iPLA,y KO mouse demonstrated resistance
to an HF diet-facilitated Ca?*-induced permeability transition in hepatic mitochondria and improved
glucose clearance rates after HF feeding in comparison with WT controls."” In addition, genetic ablation
of iPLAyy demonstrated marked attenuation of non-oxidized and oxidized fatty acids in multiple disease
states.'?*" However, unlike the whole-body iPLA;y KO mouse, the hepatocyte-specific iPLAyy KO
mouse did not display an inability to gain weight nor a reduction in neutral lipid accumulation, such as
TAG in liver during HF feeding which were notable phenotypic characteristics of the germline iPLAyy
KO mouse. Intriguingly, in the current study, ablation of iPLAyy in skeletal muscle prevented overall
body-weight gain and detrimental TAG and/or DAG accumulation in liver and skeletal muscle with
improved glucose tolerance with similar levels of blood insulin as WT controls following consumption of
a HF diet. These results underscore the importance of skeletal muscle iPLA,y loss of function in mediating
inefficient skeletal muscle mitochondrial -bioenergetics, which is reflected in multiple metabolic networks
mediating changes in the integration of organismal glucose and lipid metabolism.

Genetic ablation of skeletal muscle iPLA,y affects whole-body energy homeostasis through
skeletal muscle mitochondrial dysfunction which alters glucose and lipid metabolism during
metabolic stress

Conventional screening for defects in glucose metabolism has traditionally employed GTT or ITT measure-
ments after glucose or insulin challenge. These metrics have typically been utilized to assess the presence
of diabetes and associated elements in the metabolic syndrome. Phenotypic characterization of the
SKMiPLA,YKO mouse has highlighted the significance of mitochondrial iPLAyy in skeletal muscle physi-
ology and metabolism where increased glucose disposal rates are not reflected by an apparent increase
in insulin signaling. Specifically, in the presence of mitochondrial dysfunction, as is present in the
SKMiPLA,yKO mouse, the animal can employ multiple mechanisms to attempt to overcome its compro-
mised bioenergetic status resulting from iPLA,y loss of function. These include increased glucose
extraction, which during mitochondrial dysfunction from metabolic stress (e.g., exercise) results in the
processing of glucose to pyruvate/lactate but does not lead to the efficient production of cellular energy
due to defects in skeletal mitochondrial respiration. Thus, conventional measures of glucose homeostasis
may be misleading if the increase in glucose disposal rates exceeds the ability of mitochondria to process
glycolytic end products into ATP or other high energy equivalents. Therefore, the seemingly salutary ef-
fects of iPLA,y on GTT results exhibited by the SKMiPLA,yKO are not indicative of bioenergetic benefit
due to the underlying dysfunctional changes in mitochondria since iPLA,y loss of function in mitochondria
precludes the effective processing of the increased glucose extracted from serum. Further, the results
demonstrate that additional metabolic pathways processing excessive glucose are employed in other or-
gans, such as the generation of glycogen in the liver and the channeling of glucose-phosphate through the
pentose phosphate shunt due to the defects in ETC respiratory chain function.

The profound alterations in mitochondrial respiration, morphology, membrane potential, and H,O,
generation demonstrate the severe dysfunctional status of mitochondria in the SKMiPLA,YKO mouse.
Accordingly, the SKMiPLA,YKO mouse has limited metabolic flexibility and its adaptive biochemical
changes are unable to metabolize glycolytic products during metabolic stress resulting in decreased me-
chanical strength, exercise tolerance, muscle growth, and metabolic efficiency. Moreover, these alterations
have profound effects on organismal bioenergetics since both liver and adipose tissue alterations are man-
ifested despite the presence of functional iPLA,Y in these tissues. Thus, although the increased uptake of
glucose from serum and increased insulin sensitivity by conventional criteria are present in the
SKMiPLA,YKO mouse, they are in reality a result of the underlying metabolic dysfunction arising from
the shunting of glucose away from glycolysis toward alternative metabolic fates.

Skeletal muscle iPLA,y participates in the maintenance of mitochondrial cardiolipin
homeostasis which regulates mitochondrial electron chain complex activities

Cardiolipin (CL) is a class of phospholipids, which is specifically present in mitochondria with a unique
chemical structure comprising ~20% of total mitochondrial lipids. Association of CL with the inner mito-
chondrial membrane has been implicated in its prominent role sustaining mitochondrial bioenergetics
through affecting membrane-binding of cytochrome ¢, enzyme complexes of the TCA cycle, and those
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catalyzing oxidative phosphorylation.?'*” Previous studies have emphasized that the acyl-chain composi-
tion of negatively charged CL is correlated with the stability and coordinated functions of ETC complexes
and mitochondrial GTPases.”’?%3*** Accumulating evidence has suggested that CL molecular species are
critical in the interaction and assembly of respiratory supercomplex subunits present in the mitochondrial
inner membrane and in the matrix.*>~? It has been previously reported that complex | and Il activities were
highly affected by the molecular species composition of CL present in mitochondrial membranes.* '
Moreover, our laboratory reported that dramatic redistribution of C18:2 fatty acyl-containing CL to
C22:6 fatty acyl-containing CL was present in both STZ-induced diabetic and ob/ob mouse myocardium.*?
Since polyunsaturated fatty acyl-CLs are highly susceptible to ROS-mediated oxidation, the increase in
C22:6-containing CL during HF feeding may represent one of the causes of inefficient mitochondrial respi-
ration in the obese state. Our previous studies reported that iPLA,Y is a regulator of CL remodeling in
multiple tissues since germline ablation of iPLAyy demonstrated alterations in CL content/molecular
species composition, and the purified recombinant iPLA,y enzyme efficiently hydrolyzed both CL and
oxidized CL releasing (oxidized) monolyso-CL and (oxidized) fatty acids.'®'#*® Interestingly, this study
demonstrates that CL remodeling in the absence of skeletal muscle iPLA,y resulted in significant alter-
ations in the profile of CL molecular species including a reduction in C18:2 fatty acyl-containing CL regard-
less of diet type. The amounts of C22:6-containing CL present in the skeletal muscle of the SKMiPLA,yKO
during HF feeding was significantly lower in comparison to equivalent WT controls. Thus, alterations in CL
content mediated by the absence of skeletal muscle iPLA,y likely destabilize the interactions of multi-pro-
tein respiratory complexes and GTPases resulting in their attenuated catalytic activities and resultant
mitochondrial morphologic changes. Supporting this notion, the activities of electron transfer complexes
| and Il were dramatically attenuated in SKMiPLA,yKO skeletal muscle mitochondria. These results suggest
that iPLA,y-mediated changes in lipid composition alter mitochondrial membrane dynamics and preclude
subsequent efficient ETC complex formation.

Impaired mitochondrial fusion/fission in SKMiPLA,yKO skeletal muscle induces the
formation of dysmorphic mitochondria, mitochondrial dysfunction, and muscle atrophy

Mitochondria present in TA muscle from SKMiPLA,yKO mice display abnormal ultrastructural morphol-
ogies that are likely due to changes in not only the composition of membrane lipids but also certain
mitochondrial protein complexes of the ETC, which collectively lead to mitochondrial dysfunction and
resultant muscle atrophy. Previous studies have indicated that iPLA,y remodels the mitochondrial
membrane bilayer through changes in membrane lipid composition through targeting peroxidized
phospholipids to release oxidized lipid second messengers.''** Interestingly, this study identifies signifi-
cant deficiencies in multiple critical mitochondrial fusion/fission proteins (i.e., OPA1-long form, MFN1, and
DRP1) in the SKMiPLA,yKO mouse. Although previous studies have emphasized the roles of mitochondrial
fusion/fission proteins in the regulation of muscle development/hypertrophy, mitochondrial dynamics, and
mitochondrial metabolic homeostasis, the exact mechanism(s) of GTPase action for these processes are
largely unknown.*>=
DRP1 in mice displayed severe muscle wasting and weakness inducing muscle atrophy. Notably, the
SKMiPLA,YKO mice described in this study share many similar characteristics with these muscle-specific
DRP1 KO mice.*** These include low body-weight gain with either an NC or HF diet, modified mitochon-
drial structure, an increased population of depolarized mitochondria with decreased respiratory capacity,
myofibril degeneration and regeneration (indicated by centralized myofiber nuclei), and decreased ETC
protein levels, leading to mitochondrial dysfunction and postnatal lethality. Furthermore, OPAT present
in the inner membrane of mitochondria has been reported as a critical regulator for cristae morphology,
stability of electron chain complexes, and apoptotic cell death.”°? Thus, alteration in fusion/fission
protein expression levels observed in the SKMiPLA,yKO mouse muscle likely contribute to the abnormal
mitochondrial morphology through disrupted mitochondrial dynamics further exacerbating mitochondrial
dysfunction.

Recently, Favaro et al. and Dulac et al. reported that deletion of muscle-specific

Collectively, the present study demonstrates that iPLA,y mediates skeletal muscle bioenergetic function
through multiple mechanisms including: 1) the preservation of mitochondrial structural and functional
integrity; 2) the appropriate membrane environment (e.g., surface charge, assembly of protein complexes,
mitochondrial membrane morphology for optimal mitochondria function; and 3) concerted signaling of
skeletal muscle with the liver for inter-organ impedance matching to facilitate metabolic flexibility in organ-
ismal bioenergetics. These critical roles of skeletal muscle iPLA,y are underscored by the clear presence of
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a multicomponent myopathy that has pathophysiologic effects on skeletal muscle bioenergetics, mechan-
ical function, and whole-body energy metabolism.

Limitations of the study

The results of the present study identify mitochondrial dysfunction by multiple orthogonal metrics. These
include alterations in CL content and molecular species distribution, changes in respiratory function, and
altered mitochondrial dynamics. The observed mitochondrial dysfunction is multifactorial in nature and it is
not possible to identify a single precipitating cause. Nevertheless, the results clearly identify that the
compromised bioenergetic and physiologic phenotype of the skeletal muscle iPLAyy KO mouse is due
to mitochondrial dysfunction. Further, ex vivo isometric maximal muscle force measurements revealed
no significant differences in specific peak tetanic tensions after normalization to muscle PCSA between
WT vs. SKMiPLA,yKO mice. Since skeletal muscle uses mainly glucose for energy production during
short-term exercise, this method likely has limitations for evaluating overall muscle function with underlying
mitochondrial OXPHOS activity. However, since no difference in specific force was observed, we cannot
exclude the possibility of neurological and/or behavioral defects in the SKMiPLA,yKO mouse contributing
to muscle weakness and atrophy.
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Antibodies

COX IV (Dé14K) Rabbit mAb (Rodent Specific) antibody
DRP1 (D8H5) Rabbit mAb antibody

VDAC (D73D12) Rabbit mAb antibody

OPA1 (D6U6N) Rabbit mAb antibody
SQSTM1/p62 Antibody

Citrate Synthase (D7V8B) Rabbit mAb antibody
Mitofusin-2 (D2D10) Rabbit mAb antibody

B-Actin (BH10D10) Mouse mAb antibody

Akt Antibody

Phospho-Akt (Serd73) (D9E) XP® Rabbit mAb antibody
LC3B antibody

SDHA (D6J9M) XP antibody

IRS-1 (59G8) Rabbit mAb antibody

GSK-3a/p (D75D3) Rabbit mAb antibody
Phospho-GSK-3a/B (Ser21/9) antibody

S6 Ribosomal Protein (5G10) Rabbit mAb antibody
Phospho-Sé Ribosomal Protein (Ser235/236) antibody
Anti-rabbit IgG, HRP-linked antibody

ATP-Citrate Lyase antibody

Phospho-ATP-Citrate Lyase (Serd55) antibody
UQCRC1 Polyclonal antibody

Goat anti-Mouse IgG Fc Secondary Antibody, HRP
PGC-1 alpha antibody

MyoD antibody

PPAR gamma/NR1C3 antibody

GAPDH antibody (FL-335)

myogenin (F5D)

Anti-cytochrome ¢ antibody (A-8)

Goat Anti-ANT Polyclonal antibody

Mouse anti-goat IgG-HRP

MFN1 Polyclonal antibody

Monoclonal Anti-Myosin (Skeletal, Slow)

antibody produced in mouse

Monoclonal Anti-Myosin (Skeletal, Fast)

antibody produced in mouse

Rabbit polyclonal anti-mouse
iPLA,y antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Novus Biologicals

Novus Biologicals

Novus Biologicals

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Proteintech

MilliporeSigma

MilliporeSigma

This paper

Cat# 38563; RRID:AB_2799136

Cat# 5391; RRID:AB_11178938

Cat# 4661; RRID:AB_10557420

Cat# 80471; RRID:AB_2734117

Cat# 5114; RRID:AB_10624872

Cat# 14309; RRID:AB_2665545

Cat# 9482; RRID:AB_2716838

Cat# 3700; RRID:AB_2242334

Cat# 9272; RRID:AB_329827

Cat# 4060; RRID:AB_2315049

Cat# 2775; RRID:AB_915950

Cat# 11998; RRID:AB_2750900

Cat# 2390; RRID:AB_10692516

Cat# 5676; RRID:AB_10547140

Cat# 9331; RRID:AB_329830

Cat# 2217; RRID:AB_331355

Cat# 2211; RRID:AB_331679

Cat# 7074; RRID:AB_2099233

Cat# 4332; RRID:AB_2223744

Cat# 4331; RRID:AB_2257987

Cat# PA5-21394; RRID:AB_11152122
Cat# A16084; RRID:AB_2534758
Cat# NBP1-04676; RRID:AB_1522118
Cat# NBP1-54153; RRID:AB_11015772
Cat# NBP2-22106; RRID:Not Available
Cat# sc-25778; RRID:AB_10167668
Cat# sc-12732; RRID:AB_627980
Cat# sc-13156; RRID:AB_627385
Cat# sc-9299; RRID:AB_671086

Cat# sc-2354; RRID:AB_628490

Cat# 13798-1-AP; RRID:AB_2266318
Cat# M8421; RRID:AB_477248

Cat# M1570; RRID:AB_2147168

N/A

Chemicals, peptides, and recombinant proteins

10-Acetyl-3,7-dihydroxyphenoxazine
(Amplex Red)

Peroxidase from Horseradish

Cayman Chemical

MilliporeSigma

Cat#10010469, CAS: 119171-73-2

P8375, CAS: 9003-99-0
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Rotenone Cayman Chemical Cat#13995, CAS:83-79-4
2,6-Dichlorophenol-indophenol Sigma-Aldrich Cat#33125-5G-R, CAS: 620-45-1
sodium salt dihydrate

Lactobionic acid Sigma-Aldrich Cat#61321, CAS: 96-82-2

Sucrose

PageRuler™ Plus Prestained Protein Ladder

Amersham ECL Full-Range Rainbow
Molecular Weight Markers

Dextrose

PicoLab Rodent Diet 20

Humulin R U-100 insulin

Adjusted calories diet (42% from fat)
TRIHEPTADECENOIN
DIMYRISTOLEIN

14:0 Cardiolipin (ammonium salt)

FCCP

Thermo Fisher Scientific

Thermo Fisher Scientific

Cytiva

Fisher Scientific
LabDiet

Lily USA, LLC
Envigo

Nucheck Prep, Inc.
Nucheck Prep, Inc.
Avanti Polar Lipids

Cayman Chemical

BP220-212, CAS: 57-50-1
Cat#26619
Cat# RPN8OOE

D16-1, CAS: 50-99-7
Cat#5053

NDC 0002-8215-17 (HI-213)
Cat#TD.88137

T-404, CAS: 1858264-39-7
D-206, CAS: 372516-89-7
Cat#710332, CAS: 63988-20-5
Cat#15218, CAS: 370-86-5

L-(—)-Malic acid MilliporeSigma M1000, CAS: 97-67-6
Sodium pyruvate MilliporeSigma P2256, CAS: 113-24-6
L-Glutamic acid monosodium MilliporeSigma G1626, CAS: 142-47-2
salt hydrate

Adenosine 5'-diphosphate MilliporeSigma A5285, CAS: 72696-48-1
monopotassium salt dihydrate

Antimycin A from Streptomyces sp. MilliporeSigma AB674, CAS: 1397-94-0
Sodium succinate dibasic hexahydrate MilliporeSigma $2378, CAS: 6106-21-4
Bovine Serum Albumin MilliporeSigma A8806, CAS: 9048-46-8
Cytochrome ¢ from equine heart MilliporeSigma C7752, CAS: 9007-43-6
(—)-Blebbistatin MilliporeSigma B0560, CAS: 856925-71-8
Saponin from quillaja bark MilliporeSigma $7900, CAS: 8047-15-2
Creatine MilliporeSigma C0780, CAS: 57-00-1
Taurine MilliporeSigma T0625, CAS: 107-35-7
2-Thenoyltrifluoroacetone MilliporeSigma T27006, CAS: 326-91-0
Potassium cyanide MilliporeSigma 60178, CAS: 151-50-8
Decylubiquinone MilliporeSigma D7911, CAS: 55486-00-5
Tragacanth MilliporeSigma G1128, CAS: 9000-65-1
2-Methylbutane MilliporeSigma M32631, CAS: 78-78-4
HEPES MilliporeSigma H3375, CAS: 7365-45-9
B-Nicotinamide adenine dinucleotide, MilliporeSigma N9410, CAS: 606-68-8
reduced disodium salt

Tetraphenylphosphonium chloride MilliporeSigma Cat#218790, CAS: 2001-45-8
Hydrogen peroxide MilliporeSigma Cat#95321, CAS: 7722-84-1
Critical commercial assays

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem Cat#90080

BCA Protein Assay Kit Fisher Scientific PI23225

Reliance One-Step Multiplex RT-gPCR Supermix Bio-Rad Cat#12010176

QlAamp DNA Mini Kit Qiagen Cat#51304

TRIzol™ Reagent Thermo Fisher Scientific Cat# 15596026

(Continued on next page)
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Reference gene assay: mouse Ppia Integrated DNA Technologies Mm.PT.3%9a.2.gs
PowerUp™ SYBR™ Green Master Mix Thermo Fisher Scientific Cat# A25742
Gene expression assay: mouse Dnm1| Thermo Fisher Scientific MmO01342903_m1
Gene expression assay: mouse Mfn1 Thermo Fisher Scientific Mm00612599_m1
Gene expression assay: mouse Opal Thermo Fisher Scientific MmO00453879_m1

Experimental models: Organisms/strains

Mouse: B6.Cg-Tg(ACTA1-cre)79Jme/J The Jackson Laboratory Cat# 006149

Oligonucleotides

ND1 forward: 5'-CTAGCAGAAACAAACCGGGC-3' Integrated DNA Technologies, Inc. N/A
ND1 reverse: 5-CCGGCTGCGTATTCTACGTT-3" Integrated DNA Technologies, Inc. N/A
HK2 forward: 5'-GCCAGCCTCTCCTGATTTTAGTGT-3' Integrated DNA Technologies, Inc. N/A
HK2 reverse: 5-GGGAACACAAAAGACCTCTTCTGG-3' Integrated DNA Technologies, Inc. N/A

Software and algorithms

Prism 9, ver 9.5.0 GraphPad Software https://www.graphpad.com/
ChipSoft 8.3.3 Advion Biosciences, Inc.

Other

Finnigan TSQ Quantum Ultra Thermo Fisher Scientific

QuantStudio 3 Real-Time PCR Systems Thermo Fisher Scientific

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Richard W. Gross (rgross@wustl.edu).

Materials availability

Skeletal muscle-specific iPLA2y KO mice in this study were generated in our laboratory.

Skeletal muscle-specific iPLA,y KO mice and the rabbit polyclonal anti-mouse iPLA,y antibody used in this
study are available on request with material/rodent transfer agreement.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon reasonable request.
® No new code has been generated in this study.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of skeletal muscle-specific iPLA,y knockout mice

To generate the skeletal muscle-specific iPLAyy KO mouse, exon 5 (encoding the iPLA,Y active site) was
flanked by loxP sites as described previously”® and ablated by crossing with a transgenic mouse expressing
Cre-recombinase driven by the human alpha-actin promoter (The Jackson Laboratory, Cat. # 006149). Skel-
etal muscle-specific deletion of iPLA,y was confirmed by western blot analysis of mitochondria isolated
from multiple tissues (white adipose, liver and skeletal muscle) probed with a rabbit polyclonal antibody
directed against iPLA,y that our laboratory generated.””
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Animal diets and study protocols

Male mice (6-8 months old) were used for animal studies except where comparisons were made between
male and female mice. Mice were maintained and used in strict accordance with the National Institutes of
Health guidelines for humane treatment of animals. All protocols for use of animals in this study were
reviewed and approved by the Institutional Animal Care and Use Committee of Washington University.
Mice were fed daily with a normal-chow diet (LabDiet, Cat. #5053). For experiments with mice fed a
high-fat diet, mice at the age of 3 months were fed a Western diet with 42% kcal from fat (Envigo, Cat.
#7D.88137) for 12-14 weeks.

METHOD DETAILS
Skeletal muscle strength tests
Mice aged of 6~7 months fed either a normal-chow or high-fat diet for 3 months were utilized for measure-

ment of skeletal muscle strength including a fore-limb strength test, a four-limb hanging test and a
treadmill test.

The fore-limb strength test was performed by using the grip strength meter. Mice held from the tip of the
tail were placed on the grid and extended until mice grasped the grid with two fore-limbs. The mice were
then pulled back until they released their grip from the grid and the maximum grip strength exerted by the
mice grabbing the grid was then recorded.

The four-limb hanging test was performed by using a wire grid system to determine the ability of mice to
support their gravitational weight. The length of time for the mice to remain suspended on the grid before
falling was recorded.

The treadmill test was performed using a Columbus Instruments Exer 3/6 Treadmill. The resting levels of
glucose and lactate present in tail blood samples were measured 2-3 days before the treadmill test.
Mice were put in a treadmill cage and allowed to adjust to the new environment for 3-5 min. Treadmill
training started at a running speed of 10 m/min and the speed was gradually increased by 3 m/min every
3 minutes. The length of elapsed time before the mice fell back to the shock-pad and were not able to
return to the treadmill was recorded. When mice repeatedly failed to maintain running on the treadmill,
they were removed from the cage and glucose and lactate levels were immediately measured in tail blood
samples. For the experiments of high intensity interval treadmill exercise, mice were forced to run on the
treadmill at 18m/min for 4 min and then glucose and lactate levels present in tail blood samples were
immediately measured.

High-resolution permeabilized tissue respirometry

The tibialis anterior (TA) muscle was harvested from euthanized WT and SKMiPLA,yKO mice, placed in ice-
cold PBS and shredded into fibers under a microscope within 5 min. The shredded TA tissue was then
placed in fresh ice-cold PBS containing 25 pg/mL saponin and incubated in a cold room for 30 min with
gentle stirring. Saponin-permeabilized fibers were then briefly washed with PBS, transferred into Mitochon-
drial Respiration Buffer (MiR05: 0.5mM EGTA, 3mM MgCl,, 60mM K-lactobionate, 20mM taurine, 10mM
KH,PO4, 20mM HEPES (pH 7.1), 110mM sucrose, 0.1% fatty acid-free BSA) and incubated for 10 min on
ice. After filling the Oroboros chambers with MiR05 buffer containing creatine (3mg/mL) and blebbistatin
(10 uM), the permeabilized TA fibers were weighed and ~1 mg of tissue was placed into chambers at 37°C.
MiRO5 buffer in the chambers was supplemented with pure O, gas until the dissolved O, concentration
reached ~400 uM. Tissue respiration was initiated by adding substrates including malate (5 mM), gluta-
mate (10 mM), and pyruvate (5 mM). ADP (5 mM), succinate (10 mM), cytochrome ¢ (10 uM), FCCP (1 pM)
and rotenone (1 uM) were sequentially added and steady state oxygen consumption rates were measured
following the stepwise addition of each reagent. Oxygen consumption rates were normalized to the weight
of the tissue used for respirometry.

Mitochondrial membrane potentiometry
Mitochondria from mouse TA tissue were isolated by a differential centrifugation method. Measurements
of mitochondrial membrane potential were performed as previously described.?® Briefly, tibialis anterior

tissue was placed in Mitochondria Isolation Buffer (MIB) containing 0.21M mannitol, 0.07M sucrose,
0.1TmM K-EDTA, 10mM Tris-HCI, TmM EGTA, 0.5% BSA, pH 7.4 and cut into small pieces in a Petri dish
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on ice. The pieces were transferred to a 10 mL Potter Elvehjem tissue grinder and homogenized using a
rotorized homogenizer with a Teflon pestle for 12 strokes at 120 rpm. The homogenates were centrifuged
at 850x g and the supernatant was collected. The supernatant was then centrifuged at 10,000 g and the
mitochondrial pellet was resuspended in MIB without BSA. Mitochondrial membrane potential (AW,
measurements were performed using an Oroboros® Oxygraph 2K instrument equipped with a TPP* (tet-
raphenylphosphonium) ion selective electrode. Internal calibration of the membrane potential electrode
using TPP-Cl standards (0.5, 1, 1.5, 2 uM) was performed before addition of 250 pg mitochondria into
the MIRO05 respiration buffer containing TPP-Cl (2 uM final concentration). Glutamate (10 mM)/pyruvate
(5 mM)/malate (5 mM) (G P M) or succinate (Succ) (5 mM) were used as substrates for mitochondrial
membrane potentiometry. The mitochondrial membrane potential was calculated according to the instruc-
tions provided by the manufacturer (OROBOROS INSTRUMENTS Corp).

Glucose and insulin tolerance tests

WT and SKMiPLA,YKO male mice (6-7 months old) fed with either a normal-chow or high-fat diet for
3 months were utilized for glucose and insulin tolerance tests. Mice were fasted for 16-18 hrs in cages
without bedding but with free access to water prior to glucose tolerance tests. Glucose tolerance tests
were initiated by the intraperitoneal injection of glucose (2 mg/g body weight). Blood was then drawn
from the tail vein before (t=0 min) and at 15, 30, 60, 90 and 120 min after glucose administration. For insulin
tolerance tests, mice were fasted for 4 hrs in cages prior to receiving an intraperitoneal injection of insulin
(Humulin R U-100) (LillyUSA, LLC) at a dose of 0.75 units/kg body weight. Blood glucose levels were
measured from blood drawn from the tail vein at 0, 15, 30, 60, 90 and 120 min after insulin injection. Glucose
levels were measured using a Glucometer Elite (Bayer Corp., Elkhart, IN) and a Glucose Analyzer (Analox
GM7 Analyser, Analox Instruments Inc., Lunenberg, MA). Lactate levels in blood were measured using a
Lactate Plus meter (Nova Biomedical, MA).

Lipidomics

Lipid analyses were performed essentially as described previously.''>*">® In brief, neutral lipid extracts were
initially extracted with 75% methanol and methyl-tert-butyl ether (MTBE), flushed with nitrogen, and re-ex-
tracted with hexane/methanol/water (1:1:0.1, v/v/v). The hexane layer was collected, dried, and stored at
—20 °C prior to electrospray ionization-MS. A TSQ Quantum Ultra Plus triple-quadrupole mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) equipped with an automated nanospray apparatus (i.e., Nanomate
HD, Advion Bioscience Ltd., Ithaca, NY) and Xcalibur system software was utilized. For DAG analysis, aliquots
of the extracts from the hexane extraction were transferred to a glass tube and dried under a nitrogen stream.
DAGs in the extracts were derivatized with N,N-dimethylglycine (DMG), extracted by Bligh-Dyer procedure,
and quantitated by ESI-MS/MS using neutral loss scan of DMG (103 Da) as described previously.* For cardi-
olipin (CL) analysis, enhanced shotgun lipidomic analyses of cardiolipin (CL) were performed with a mass res-
olution setting of 0.3 Thomson by using extracts from the initial MTBE extraction of tissue as described previ-
ously in detail.>**> MS analysis employed, ionization voltages of 1.2 kV for DAG and TAG and 1.1 kV for CL, and
gas pressure of 0.3 p.s.i. under control of ChipSoft 8.3.3 software. Each lipid extract solution was diluted with
CHCI3/CH3OH/isopropyl alcohol (1:2:4, v/v/v) for TAG and DAG analyses or isopropyl alcohol for CL analysis
prior to infusion into the mass spectrometer using the Nanomate apparatus.

EM for skeletal muscle tissue

Electron microscopic analyses of skeletal muscle were performed by the Center for Cellular Imaging at
Washington University (WUCCI). Briefly, mice were euthanized by cervical dislocation and biopsy
specimens from the tibialis anterior (TA) and quadricep (Quad) muscles were fixed in 2.5% glutaraldehyde +
2% paraformaldehyde (fresh, EM grade) in 0.15M cacodylate buffer with 2mM CaCl; (final concentrations)
overnight at room temperature prior to storage at 4°C. Longitudinally sectioned skeletal muscle explants
were then extensively washed in cacodylate buffer, post-fixed for 1 hr in OsOy,, rinsed with cacodylate
buffer, then washed 3 times in H,O, en blocstained 1 hrin 1% uranyl acetate, dehydrated through a graded
ethanol series to 100% propylene oxide and embedded in Araldite resin. Processed muscle tissue samples
were then examined using a JEOL JEM-1400 120kV TEM instrument.

Complex | activity assay

Isolated mitochondria were placed in Mitochondria Isolation Buffer (MIB) without BSA and their
membranes were disrupted by five freeze (in liquid Ny)-thaw (at room temperature) cycles. Mitochondria

¢? CellPress

OPEN ACCESS

iScience 26, 106895, June 16, 2023 25




¢? CellPress

OPEN ACCESS

were then placed in a 96 well-plate (5 pg mitochondrial protein/well) with MIB containing 150 pM decylu-
biquinone substrate, 2 mM KCN, 5 uM Antimycin A and 80 uM of the terminal electron acceptor, 2,6-di-
chlorophenolindophenol (DCIP). The Complex | NADH-ubiquinone reductase reaction was initiated by
addition of NADH (160 uM final concentration) in the presence or absence of 5 uM rotenone. Complex |
activity was monitored by measuring the absorbance decrease at 620 nm at 25 s intervals for 10 min at
37°C. The Vpax of Complex | activity was determined from the initial linear time range of the absorbance
decrease during the 10 min incubation. Experiments were performed for 5 independent preparations
from each WT and SKMiPLA,YKO groups of mice.

Complex Il activity assay

Isolated mitochondria were placed in Mitochondria Isolation Buffer (MIB) without BSA and their
membranes were disrupted by five freeze (in liquid Ny)-thaw (at room temperature) cycles. Mitochondria
were then placed in a 96 well-plate (10 pg mitochondrial protein /well) with MIB containing 150 pM decy-
lubiquinone substrate, 2 mM KCN, 5 uM antimycin A, 2 uM rotenone, and 80 uM of the terminal electron
acceptor DCIP. The Complex Il reaction was initiated by adding succinate substrate (20 mM final concen-
tration) in the presence or absence of the Complex Il inhibitor 2-thenoyltrifluoroacetone (TTFA, 0.5mM).
Complex Il activity was monitored by measuring the absorbance decrease at 620 nm with 25 s intervals
for 10 min at 37°C. Complex Il V.« was determined from the initial linear time range of the absorbance
decrease during the 10 min incubation. Experiments were performed for 5 independent preparations
from each WT and SKMiPLA,yKO groups of mice.

Determination of mitochondrial reactive oxygen species production

The production of mitochondrial reactive oxygen species was monitored by utilizing Amplex Red (10-
Acetyl-3,7-dihydroxyphenoxazine) to capture the hydrogen peroxide generated from forward and reverse
electron transport. Briefly, mitochondria (10 ug protein) isolated from WT and SKMiPLA,yKO mouse TA
muscle were placed in wells of an opaque white 96-well microplate containing the assay buffer (20 mM
HEPES (pH 7.2), 120 mM KCI, 1 mM MgCl,, 2 mM KH,PQO,4, 0.1TmM EDTA, 2.5 uM Amplex Red, 0.5 U/mL
HRP and 0.025 % fatty acid-free BSA) at room temperature. For H,O, production due to forward electron
transport, glutamate (10 mM), pyruvate (5 mM) and malate (5 mM) were utilized as substrates in the
presence or absence of 1 uM rotenone. For reverse electron transport, succinate (5 mM) was utilized as
substrate in the presence or absence of 1 uM rotenone. No substrate was added to mitochondria as
controls. The fluorescence of Amplex Red using 560 nm excitation and 590 nm emission wavelengths
was measured after 5 min incubation at room temperature. The rate of H,O, production was determined
from a calibration curve of 0, 0.25, 0.5, 0.75, 1, 2.5, and 5 uM H,O, standards.

Tissue staining and imaging

Hematoxylin and eosin (H & E) staining, Periodic Acid-Shiff (PAS) staining with diastase digestion and Mas-
son's trichrome histopathological staining of liver tissue were performed by the Anatomic and Molecular
Pathology Core Labs in Washington University. The image analyses of stained liver tissue were performed
by the Center for Cellular Imaging at Washington University (WUCCI). Hematoxylin and eosin staining of
skeletal muscle tissue was performed as described previously.”” Briefly, tibialis anterior and quadriceps
muscle tissues were mounted using tragacanth gum and frozen quickly in 2-methylbutane which was
cooled in liquid nitrogen. The frozen tissue samples were sectioned at 10um thickness, stained with
hematoxylin & eosin on a coverslip, and photographed under a microscope.

Ex-vivo maximal isometric tetanic force measurements

58

Isometric muscle force measurements were performed as described previously.”® Briefly, mice were contin-
uously anesthetized with 2 % inhaled isoflurane at 2 L/min during dissection to maintain the viability of all
muscles. The 5% toe muscle of the extensor digitorum longus (EDL) was dissected from one hindlimb. The
EDL muscle was mounted in a specialized muscle physiology chamber (1300A, Aurora Scientific, ON, Can-
ada) containing Ringers solution (137 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgSOy,, 1 mM NaH,POy,
24 mM NaHCOs3, 11 mM glucose with 10 mg/L curare) at 37°C. Insertion tendons were secured at the
musculotendinous junction via an 8-0 suture to the arm of a dual mode ergometer (model 300B; Aurora Sci-
entific, ON, Canada) while the tendon of origin was similarly secured to a rigid post. Muscle activation was
provided by parallel plate electrodes flanking the muscle. Optimal muscle length was determined as the
length at which supramaximal stimulation produces maximal isometric tetanic force. At optimal length,
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force was recorded from an isometric twitch contraction, followed by an isometric tetanic contraction (300-
ms train duration and 0.3 ms pulse duration at 225 Hz). Following each test, fiber length was measured
through a dissecting microscope with an eyepiece micrometer scale reticule after which the muscle was
cut free and weighed. All forces were normalized to the muscle physiological cross-sectional area
(PCSA) with muscle density estimated at 1.056 g/cm?.

Quantitative RT-PCR (qRT-PCR)

mRNA levels of genes in tibialis anterior from WT and SKMiPLA,yKO mice were determined by quantitative
real-time PCR, which was performed by the Genome Engineering and Stem Cell Center (GESC) at
Washington University. Briefly, total RNA was extracted from TA tissues using TRIzol™ Reagent (Thermo
Fisher Scientific). Quantitative RT-PCR was performed as one-step using Reliance One-Step Multiplex
RT-gPCR Supermix (Bio-Rad) on QuantStudio™ 3 Real-Time PCR System according to manufacturer’s in-
structions. The commercially available primers for the following mouse genes were purchased from
Thermo Fisher Scientific: Drp1 (aka Dnm1l), Mm01342903_m1; Mfn1, Mm00612599_m1; and Opal,
Mm00453879_m1. Tissue mRNA levels were normalized to the level of an internal reference gene (mouse
Ppia) in the same tissue sample. Relative gene expression levels were calculated using the 222 method.

Determination of mitochondrial DNA copy number

Mouse mitochondrial DNA copy numbers in TA muscle from WT and SKMiPLA,yYKO mice were determined
by comparing ND1 mitochondrial-specific DNA expression relative to nuclear-specific Hexokinase 2 (HK2)
DNA expression as previously described.”” The number of copies of mtDNA was calculated using the

following formula®”:

Copies of mtDNA = 2 x 25,
where ACt= Ct(nDNA gene)-Ct(mtDNA gene).

QlAamp DNA Mini kit and PowerUp ™ SYBR ™ Green Master Mix were utilized for DNA isolation and gPCR
assays, respectively. Primer sequences are as follows:

ND1, forward: 5-CTAGCAGAAACAAACCGGGC-3', reverse: 5-CCGGCTGCGTATTCTACGTT-3"; HK2,
forward: 5'-GCCAGCCTCTCCTGATTTTAGTGT-3/, reverse: 5'-GGGAACACAAAAGACCTCTTCTGG-3'.

QUANTIFICATION AND STATISTICAL ANALYSIS

A two-tailed Student t test was routinely performed to determine the significance of differences between
two groups. A p-value < 0.05 was considered significant. All data are reported as the mean + SEM.
Statistical analysis was performed in GraphPad Prism 9.
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