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Abstract

The maintenance of phospholipid homeostasis is increasingly being implicated in metabolic health.
Phosphatidylethanolamine (PE) is the most abundant phospholipid on the inner leaflet of cellular membranes, and we have
previously shown that mice with a heterozygous ablation of the PE synthesizing enzyme, Pcyt2 (Pcyt2*/~), develop obesity,
insulin resistance, and NASH. Skeletal muscle is a major determinant of systemic energy metabolism, making it a key
player in metabolic disease development. Both the total PE levels and the ratio of PE to other membrane lipids in skeletal
muscle are implicated in insulin resistance; however, the underlying mechanisms and the role of Pcyt2 regulation in this
association remain unclear. Here, we show how reduced phospholipid synthesis due to Pcyt2 deficiency causes Pcyt2+/
skeletal muscle dysfunction and metabolic abnormalities. Pcyt2*/- skeletal muscle exhibits damage and degeneration, with
skeletal muscle cell vacuolization, disordered sarcomeres, mitochondria ultrastructure irregularities and paucity,
inflammation, and fibrosis. There is intramuscular adipose tissue accumulation, and major disturbances in lipid
metabolism with impaired FA mobilization and oxidation, elevated lipogenesis, and long-chain fatty acyl-CoA,
diacylglycerol, and triacylglycerol accumulation. Pcyt2*/~ skeletal muscle exhibits perturbed glucose metabolism with
elevated glycogen content, impaired insulin signaling, and reduced glucose uptake. Together, this study lends insight into
the critical role of PE homeostasis in skeletal muscle metabolism and health with broad implications on metabolic disease
development.

Peytz phanatype

Key words: skeletal muscle; non-alcoholic steatohepatitis; Pcyt2; phosphatidylethanolamine; phospholipids; metabolism

Introduction of phosphatidylethanolamine (PE) metabolism is repeatedly
linked to obesity, diabetes, and fatty liver diseases.'™ Phos-
phatidylethanolamine is the most abundant phospholipid on
the inner leaflet of cellular membranes, where it is involved

Membrane phospholipid homeostasis is an increasingly rec-
ognized factor in metabolic health and disease.! Specifi-
callyy, we and others have shown that the dysregulation
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with essential processes such as cell signaling, membrane fis-
sion and fusion, autophagy, and the regulation of glucose, lipid,
and systemic energy metabolism.”> Phosphatidylethanolamine
is mainly synthesized de novo through the CDP-ethanolamine
pathway, in which CTP: phosphoethanolamine cytidylyltrans-
ferase (Pcyt2) is the rate-limiting enzyme. We have shown
that homozygous deletion of Pcyt2 is embryonically lethal,®
and generated a global heterozygous Pcyt2 knockout (Pcyt2*/-).
Pcyt2+/~ mice exhibit diminished Pcyt2 enzymatic activity and
PE production, and in the homeostatic response, PE turnover
is reduced to preserve total PE levels.>:® As a result, Pcyt2+/~
mice show compensatory metabolic mechanisms and develop
age-dependent obesity, insulin resistance, dysregulated hepatic
glucose and lipid homeostasis, and non-alcoholic steatohepati-
tis (NASH) with steatosis, hepatocellular damage, inflammation,
and fibrosis.?’”

Skeletal muscle occupies a central position in the mainte-
nance of metabolic health through its role as the principal site
of insulin-stimulated glucose disposal and as a major regula-
tor of systemic energy metabolism and inflammation; key pro-
cesses that influence the pathobiology of metabolic-associated
diseases.®? Specifically, skeletal muscle insulin resistance is a
primary deficit in T2DM and is thought to be a key driver in
the development and advancement of non-alcoholic fatty liver
disease (NAFLD).!® Skeletal muscle insulin resistance, muscle
fat infiltration (myosteatosis), and sarcopenia are linked to poor
metabolic, functional, and clinical outcomes, and an increased
risk for the advancement of NASH to cirrhosis and death.}-13
Myosteatosis has been shown as both a precursor and a prop-
agator of skeletal muscle insulin resistance and impaired mus-
cle function, and its association with perturbations in the mus-
cle secretome is believed to promote inflammation and hep-
atocellular injury, directly linking it to extra-musculoskeletal
metabolic disorders.>

Pcyt2 regulation has the capacity to influence skeletal mus-
cle function through the critical role PE plays in the mainte-
nance of sarcolemmal integrity, cell signaling events including
glucose and lipid metabolic pathways, mitochondrial dynam-
ics and respiration, and SERCA function.”-'*1> Both the total PE
levels and the ratio of PE to phosphatidylcholine (PC) within
the skeletal muscle are associated with insulin sensitivity in
humans'®'” and primary myocytes'®; however, the underlying
mechanisms and the influence of Pcyt2, the rate-limiting PE
biosynthetic enzyme, on this association remain unclear. Inter-
estingly, mice with a liver-specific knockout of Pcyt2 exhibit hep-
atic lipid accumulation but do not develop a hepatic injury or
systemic consequences such as insulin resistance or obesity,*
indicating that the development of the metabolic syndrome and
NASH in global heterozygous knock-out mice (Pcyt2*/~) likely
involves multi-organ dysfunction. Given that the skeletal mus-
cle is a major determinant of systemic energy metabolism, we
hypothesize a specific role for Pcyt2 regulation in the skeletal
muscle that contributes to the development of Pcyt2*/~ obesity,
metabolic perturbations, and ultimately NASH.

In this study, we probe the consequences of Pcyt2 defi-
ciency in skeletal muscle, with respect to muscle structure,
inflammation, fatty acid (FA), and glucose homeostasis in the
Pcyt2+/- model. First, because PE is a critical component of cel-
lular membranes and has specifically been shown to influ-
ence the proper functioning of sarcolemmal and mitochondrial
membranes through its role in defining membrane curvature,
we conducted histopathological analysis to determine if struc-
tural abnormalities exist that may influence skeletal muscle
function. Because disrupted muscle structure often indicates

degenerative processes, we further determined markers of mus-
cle damage and inflammation. We have previously demon-
strated that Pcyt2 deficiency causes adult-onset obesity and dys-
regulated hepatic lipid and glucose homeostasis.?® To examine
whether excess adiposity stems from decreased FA catabolism,
we measured systemic free FA release using epinephrine to
stimulate lipolysis and skeletal muscle FA oxidation. Finally, we
characterized perturbations to FA synthesis and glucose control.
Together, this study lends specific insight into the critical role
of PE homeostasis in skeletal muscle metabolism and a broad
understanding of the influence of phospholipid metabolism on
whole-body energy regulation.

Methods
Animals

Heterozygous Pcyt2 mice (Pcyt2*/~) of mixed genetic background
(C57BL/6 x 129/Sv) were generated and genotyped as previously
described.® All procedures were approved by the University of
Guelph’s Animal Care Committee and were in accordance with
the guidelines of the Canadian Council on Animal Care (CCAC).
The ARRIVE guidelines were followed for reporting results. Mice
were housed in a temperature-controlled facticity and exposed
to a 12h light/12h dark cycle, beginning with light at 7:00 am
mice were fed a standardized chow diet (Harlan Teklad S-2335)
and had free access to water. Wild-type littermates (Pcyt2t/*)
and Pcyt2*/~ mice of both sexes (n = 3-12/per group) were euth-
anized by CO2 under fasted conditions at 6-8 mo. For experi-
ments, immediately after euthanization, whole muscles were
excised from the quadricep, deep proximal and medial portion
of the gastrocnemius, and the soleus. Samples were trimmed
of connective tissue and immediately submerged in fixative or
assay buffers, or were stored at -80°C until analyzed. Quadri-
cep was used for imaging, and both gastrocnemius and soleus
were used for assays. No differences were observed between
age-matched males and females, and both sexes were used for
the final analysis.

Limb Clasping Test

Clasping test and scoring system were performed following the
protocol of Guyenet et al.?° Briefly, mice were grasped near the
tail base and lifted for 10s to observe clasping behavior. Mice
were scored based on the degree and length of time the limbs
are retracted toward the abdomen.

Immunoblotting

Soleus and gastrocnemius muscles (n = 3-4 per group) were
immediately frozen in liquid nitrogen and stored at -80°C.
Frozen tissues were homogenized in 50 mm HEPES [pH 7.4], 1%
TritonX-100, 50 mM sodium pyrophosphate, 0.1 M sodium fluo-
ride, 10 mMm EDTA, 10 mm sodium orthovanadate, 10 ng/mL apro-
tinin, 10 ng/mL leupeptin, 2 mmM benzamidine, and 2 mm PMSF
using a polytron homogenizer. The protein content was deter-
mined using the BCA protein assay kit (Pierce). Proteins were
resolved on a 5% and 10% denaturing SDS-PAGE gels and semi-
dry transferred to PVDF membranes. Following transfer, proteins
were visualized using Ponceau S staining to ensure proper trans-
fer and equal loading. Membranes were blocked at room tem-
perature for 2 h in 5% bovine serum albumin (BSA) in TBS-T, fol-
lowed by incubation with primary antibodies Irs1, pSer”-Irs1



(Millipore); Pi3k p85, Akt, pThr3-Akt, pSer*’3-Akt, Ampke, p-
Ampka, p-Acc, Acc, Sirtl, p-p38 Mapk, Pkce, p38 Mapk, Cptl,
Glut4, pSer563-Hsl, Hsl, and g-Tubulin (Cell signaling); Srebplc
(Invitrogen) at a 1:1000 dilution in %5 BSA at 4°C overnight. Mem-
branes were washed 3x in TBS-T and incubated with the appro-
priate horseradish peroxidase-conjugated secondary antibody
(1:10000) in 5% BSA in TBS-T for 1h at room temperature and
visualized using chemiluminescent substrate (Sigma). g-Tubulin
was used as a loading control. Soleus and gastrocnemius mus-
cle samples were mixed and analyzed together. The intensity of
specific bands was quantified using NIH Image] software.

Tissue Sectioning and Staining

Quadricep muscles (n = 5 per group) were excised and imme-
diately fixed in 10% neutral buffered formalin for 12-16h
and embedded in paraffin until histopathologic examination.
Quadriceps were sectioned in the transverse planes in the mid-
dle of the quadricep muscle to better view skeletal muscle cell
morphology, nuclei, and collagen deposition between adjacent
muscle fibers. Sections were de-waxed in xylene and rehydrated
in a series of ethanol washes. Sections of 10 um were stained
with hematoxylin and eosin (H&E) to examine the general struc-
ture and lipid droplets or with Masson’s trichrome stain for
fibrosis. Samples were also subject to immunohistochemistry
using F4/80 antibody for macrophages (Abcam) and CD3 anti-
body for T-cells (Abcam). All samples were visualized with light
microscopy using standard techniques, and staining was per-
formed at the Ontario Veterinary College, Department of Patho-
biology, University of Guelph.

Transmission Electron Microscopy

Muscle tissues were prepared as recommended by the Electron
Microscopy Facility of the University of Guelph. Briefly, quadri-
cep muscle (n = 4 per group) were quickly immersed in fix-
ing buffer (2.5% glutaraldehyde and 1.0% paraformaldehyde in
phosphate-buffered saline (PBS)) and incubated at4°C overnight.
Samples were washed in 0.1M HEPES and suspended in 1.0%
osmium tetroxide for 4 h. Tissues were washed 3 times in 100m
MHEPES, suspended in 2% uranyl acetate for 3h, washed 3 times
in 0.1% HEPES, and dehydrated by incubation in a graded ethanol
series (ie, 25%-100% ethanol). Tissue was infiltrated with resin
by suspending the tissue in 50% ethanol-50% resin (LR White;
London Resin Company) for 4h and then in pure resin for 4h,
using a rotating mixer. Tissues were embedded in pure resin
overnight at 60°C to polymerize the resin. Quadricep was sec-
tioned longitudinally in the center of the muscle to view the
sarcomere structure. Sections (100 nm) were laid onto 200-mesh
Formvar-carbon copper grids and stained with 2% uranyl acetate
and Reynolds lead citrate. A minimum of three sections were
placed onto each grid. Images were obtained from each sample
in a randomized systematic order. Samples were viewed on a
Philips CM 10 transmission electron microscope (TEM) at 80kV,
and images were obtained with an Olympus/SIS Morada charge-
coupled device (CCD) camera using Olympus/SIS iTEM software.

Analysis of Triglyceride Content

Soleus and gastrocnemius muscle samples (n = 6 per group)
were homogenized in 500 L of PBS and 5% Tween 20. Samples
were heated for 5 mins at 95°C and cooled to room temperature.
The heating/cooling process was repeated, and insoluble mate-
rial was removed through centrifugation. A triglyceride (TAG)
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assay kit (Wako Diagnostics 994-02 891 and 998-02 992) was used
to quantify TAG content.

Analysis of Diacylglyceride Content

Soleus and gastrocnemius muscle samples (n = 3 per group)
were homogenized for the measurement of diacylglyceride
(DAG) content as previously described.?! Lipids were extracted
from muscle using chloroform: methanol: PBS + 0.2% SDS
(1:2:0.8). Diacylglycerol kinase and [y-32P] ATP (15 wCi/umol cold
ATP) were added to the extracts, and the reaction was stopped
using chloroform: methanol (2:1). Samples were run on thin
layer chromatography plates in chloroform: acetone: methanol:
acetic acid: water (100:40:20:20:10). The DAG bands were scraped
and counted by liquid scintillation using the Beckman instru-
ment.

Determination of protein kinase C (PKC) Activity in
Membrane and Cytosol Fractions

Soleus and gastrocnemius muscle samples (n = 3 per group)
were homogenized, and the cytosolic and particulate fractions
were separated. PKC activity was determined by using the PKC
enzyme assay system (Amersham life science, RPN77) as previ-
ously described.?? Briefly, 25 uL of cytosolic or membrane frac-
tion were added to assay tubes containing 25 uL of the com-
ponent mixture (3mm Ca (C3Hs0,),, 75 ng/mL L-a-phosphatidyl-
L-serine, 6 ug/mL phorbol 12-myristate 13-acetate, 225 uM sub-
strate peptide, and 7.5 mmM dithiothreitol in 50 mm Tris-HCI con-
taining 0.05% sodium azide). Reaction was initiated by adding
25 uL of Mg-ATP buffer (10 uCi/mL [y32P]ATP, 1.2 mm ATP, 72 mm
MgC1,, and 30mmM HEPES). Samples were incubated at 37°C
for 15min, and the reaction was terminated by adding 100 4L
of stop reagent (300 mm orthophosphoric acid). The phospho-
rylated peptide was separated by blotting 35 uL onto peptide-
binding papers. Papers were washed with 75mwm phosphoric
acid twice for 5min, and disks were counted by liquid scintil-
lation using the Beckman instrument.

Malonyl-CoA and Long-Chain Fatty acyl-CoA Assay

To measure the levels of malonyl-CoA and long-chain fatty acyl-
CoA (LCFA), soleus and gastrocnemius muscle samples (n = 10
per group) were homogenized in 1mL 6% perchloric acid and
centrifuged at 50009 for 15min at 4°C. The supernatant con-
taining acid-soluble metabolites was collected and neutralized
with 2mol/L KHCOs, pH 7.0, and centrifuged at 2000 g for 10 min
at 4°C. The clear supernatant was used for malonyl-CoA assays
following the protocol of Antinozzi et al. 1998 by measuring
the malonyl-CoA-dependent incorporation of labeled acetyl-
CoA into palmitic acid. To measure LCFA, the acid-insoluble
precipitates were washed with twice with 1mL diethyl ether
and 200 nL H20. Dithiothreitol was added to the pellet, followed
by 1mol/L KOH to adjusted to pH 11.5. Sample was heated for
10min at 55°C to hydrolyze the thioester bonds of LCFA and
assayed for released CoA following the protocol of Antinozzi et
al. 1998. The change in fluorescence was used to calculate the
LCFA concentration in the samples.?

Free FA and Glycerol Measurements

For the measurement of serum free fatty acid (FFA) and glyc-
erol with and without epinephrine stimulation, mice (n = 5 per
group) were fasted overnight and injected intraperitoneally with
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a weight-adjusted bolus of epinephrine (20 1g/100 g body weight)
or an equivalent volume of sterile saline. After 15mins, mice
were euthanized, and blood was collected via cardiac exsan-
guination. Blood clotted at room temperature and was cen-
trifuged at 2000 g to collect serum. Free fatty acid (Wako Bioprod-
ucts) and glycerol (Millipore Sigma) were determined using com-
mercially available kits according to the manufacturer’s instruc-
tions.

FA Oxidation

Soleus and gastrocnemius muscles were isolated from fasted
Pcyt2*/* and Pcyt2*/* control littermates (n = 9 per group). Fatty
acid oxidation was assessed as previously described.? Briefly,
muscles were immediately submerged in ice-cold medium con-
taining 250 mM sucrose, 1 mm EDTA, 10 mMm Tris-HCI, and 10 mMm
Tris-HCl (pH 7.4) and homogenized. Next, 40 uL of a 20-fold
diluted muscle homogenate were preincubated with a 95% 02-
5% CO2 mixture at 30°C for 15min. The 160 uL reaction mix-
ture containing Krebs-Ringer-Henseleit buffer containing 2.4%
BSA and 0.4 mwm [*H] palmitate (1 2Ci/mL) was added to preincu-
bated and incubated at 30°C for 15 min, and 100 L of 4 N sulfuric
acid were injected to stop the reaction. Palmitate oxidation was
assessed by measuring the quantity of tritiated water released
into the medium by liquid scintillation counting.

ATP Determination Assay

ATP content was measured in the soleus and gastrocnemius
(n = 12 per group) with an ATP determination kit (Invitrogen,
CAT#A22066) that uses recombinant firefly luciferase. The man-
ufacturer’s instructions were followed.

Glucose Tolerance Test

For glucose tolerance test (GTT), mice (n = 3 per group) were
fasted 6 h before intraperitoneal injection (I.P.) of 2 mg/kg of body
weight of glucose in 0.9% saline. Blood glucose level was mea-
sured through the tail vein by glucometer (Freestyle lite, Abbott
Laboratories, Saint-Laurent, QC, Canada) immediately before
injection and 30, 60, and 120 mins after glucose injection.

Glucose Uptake in Isolated Muscle

Soleus and gastrocnemius muscles were isolated from mice that
were fasted for 12h. Muscles (n = 8 per group) were submerged
in a pre-equilibration in Krebs-Henseleit bicarbonate buffer for
2h and then incubated for 20 min in the absence or presence of
insulin (10mU/mL). The 0.5 1Ci 2-deoxy[**C]glucose and 0.3 uCi
14C-mannitol tracers were added, and muscles were incubated
for an additional 20 min with the tracers and quickly blotted on
filter paper and frozen in liquid nitrogen. Muscles were digested
for 1h at 50°C in 1N NaOH and then counted by liquid scintilla-
tion for radioactive tracer incorporation.

Glycogen Content

Glycogen content was determined as previously described.?® In
brief, soleus and gastrocnemius muscles (n = 12 per group) were
digested 500 uL 30% KOH saturated with NaSO4 and boiled for
30mins until a homogenous solution was obtained. Cold 95%
ethanol was added to precipitate glycogen, and glycogen was
separated by centrifugation. Glycogen was dissolved in distilled

H20. Glycogen content was determined at 490 nm after the addi-
tion of 5% phenol and 95% sulfuric acid. The standard curve was
generated using pure glycogen (Roche).

Glycogen Synthesis

Glycogen synthesis was assessed by measuring the incorpora-
tion of [U-14C]D-glucose into glycogen, as previously described.?
Briefly, soleus and gastrocnemius muscles (n = 10 per group)
were pre-incubated in Krebs-Ringer bicarbonate buffer with
1% defatted BSA and 5.6mwm glucose for 30min. After pre-
incubation, samples were incubated in the same Krebs-Ringer
bicarbonate buffer with 0.3 xCi [U-*C]D-glucose added. Sam-
ples were washed in ice-cold PBS, blotted on filter paper, frozen
in liquid nitrogen, and digested in 0.5mL of 1M KOH at 70°C
for 1h. Aliquots were taken for protein quantification (Bradford
method). Carrier (10mg) was added to the hydrolysates, and
glycogen was precipitated at -20°C overnight with 100% ethanol
and was resuspended in 0.5 mL of H20. The incorporation of [U-
14C]D-glucose into glycogen was determined using liquid scin-
tillation counting.

Statistical Analysis

Sample analysis was blinded, and data was analyzed using a
two-tailed unpaired t-test to test for differences between the
Pcyt2+/+ and Pcyt2+/~ groups. Mixed sexes were used for the
analysis. Significance was rejected at P > 0.05. Results are rep-
resented as the mean + standard deviation (SD). All statistical
tests were performed with Graphpad Prism 9 software.

Results

Pcyt2*/~ Exhibit Myosteatosis and Disrupted Muscle
Structure

We have previously shown that Pcyt2+/~ mice develop adult-
onset obesity and ectopic lipid accumulation in the liver.?” Here,
we aimed to determine whether there is also increased infil-
tration of adipose tissue into the skeletal muscle. The Pcyt2+/~
quadricep muscle is larger than Pcyt2+/+, and H&E staining
reveals the accumulation of intramuscular adipose tissue depo-
sition (black asterisks) (Figures 1A and B, Supplementary Fig-
ure S1). Hematoxylin and eosin staining also reveals elements
of muscle degeneration, including smaller, rounded hypere-
osinophilic skeletal muscle cells with several cells exhibiting
centralized nuclei (blue arrows), swollen hypereosinophilic cell
(black arrows), and vacuolization. We further examined mus-
cle ultrastructure using TEM (Figure 1C, Supplementary Figure
S2). Transmission electron microscopy of the quadricep muscle
indicates disrupted sarcomere structure with loss of proper stri-
ation, as shown by disordered myofilament arrangements and
irregular or indistinct Z-lines in Pcyt2*/~ (orange asterisks). Mito-
chondrial abundance is decreased, and mitochondria appear
swollen with irregular size, shape, and cristae organization
(black arrows), indicting compromised structural integrity and
function. There is a large increase in the presence of vacuoles
(red arrows), suggesting further evidence of skeletal muscle cell
degeneration. In contrast, Pcyt2/+ mice show no adipocyte infil-
tration or intracellular lipid accumulation and normal skeletal
muscle cell architecture in both H&E staining and TEM. We con-
ducted a hindlimb clasping test?”-?8 to determine if muscle func-
tion was impacted (Figures 1D and E). We observed that upon tail
suspension, Pcyt2*/ mice exhibit mild to moderate limb clasping
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Figure 1. Muscle structure is altered in Pcyt2*/ mice. (A) Images and weights of quadricep muscle of Pcyt2*/ relative to Pcyt2+/+ showing enlarged quadricep muscle. (B)
Hematoxylin and eosin staining of the quadriceps show intramuscular lipid accumulation and degenerating myofibers. Black asterisks show lipid accumulation, blue
arrows show smaller, hypereosinophilic fibers with several cells exhibiting the internal migration of nuclei, black arrow shows a swollen hypereosinophilic cell. (C)
Transmission electron microscopy of the quadriceps. Orange asterisks show disordered sarcomere structure with loss of proper striation, black arrows show swollen
and irregular mitochondria, and red arrows show increased presence of vacuoles. (D) Images of hindlimb clasping in Pcyt2*/* and (E) quantification clasping using a
scoring system based on the degree and length of time the limbs are retracted toward the abdomen. Pcyt2*/* mice show increased hindlimb clasping, which is indicative
of muscle weakness or neuromuscular disorders. Data are derived from both male and female mice and presented as mean =+ SD. *P < 0.05; #+P < 0.01; #+P < 0.001;
s4P < 0.0001.
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relative to Pcyt2*/+ controls, which can indicate muscle weak-
ness or neuromuscular dysfunction. Together, these data show
evidence for degenerative processes in the Pcyt2+/~ quadricep
that are linked to impaired physical function, and myosteatosis,
which can cause the loss of muscle quality.”

Increased Macrophage Infiltration and Fibrosis

The infiltration of immune cells often accompanies degen-
erative muscle fibers; therefore, we performed immunohisto-
chemistry (IHC) analysis on quadricep muscle using CD3 and
F4/80 antibodies to determine T-cell and macrophage pres-
ence, respectively. In Pcyt2t quadricep, there were minimal
detectable CD3 + T-cells. However, F4/80 + macrophage infil-
tration is evident in Pcyt2t quadricep relative to Pcyt2*/+, a
hallmark of muscle injury and inflammation (Figures 2A and B,
Supplementary Figures S3 and S4). Indeed, the protein content
of the proinflammatory markers p-p38 Mapk (p-p38 Mapk: p38
Mapk), p65 Nf«B, and Stat3 is elevated in Pcyt2*/~, by 4.9-fold,
3.2-fold, and 2.1-fold, respectively, indicating increased activa-
tion of inflammatory signaling cascades (Figure 2C). Excessive
or extended infiltration of macrophages due to prolonged tissue
injury and inflammation can lead to the formation of fibrotic tis-
sue and further compromised function; thus, we measured col-
lagen deposition using Masson’s trichrome stain. Indeed, Pcyt2+/-
mice show increased levels of fibrotic tissue (blue) that sur-
rounds and separates adjacent myofibers (Figure 2D, Supple-
mentary Figure S5). Together, these data suggest that Pcyt2+"
mice experience ectopic lipid accumulation in skeletal muscle
and tissue injury, leading to disrupted skeletal muscle cell archi-
tecture, degeneration, inflammation, fibrosis, and functional
impairment.

Elevated Lipogenesis With DAG and TAG Accumulation

To probe the myocellular accumulation of lipids, we determined
TAG and DAG content in the soleus and gastrocnemius mus-
cles. We observed increased TAG and DAG in the whole mus-
cle of Pcyt2*/- by the method of Bligh and Dyer (Figure 3A) and
further quantified this accumulation separately in the soleus
and gastrocnemius. In the soleus, TAG is increased by 86% and
DAG is increased by 87% in Pcyt2*/ relative to Pcyt2+/+. Sim-
ilarly, in gastrocnemius, TAG is increased by 92% and DAG is
increased by 83% in Pcyt2*/~ (Figures 3B and C). Fatty acids and
their acyl-CoA esters can activate Pkc, and indeed, there is a
95% increase in Pkca protein content. There is a 53% increase in
cytosolic Pkc activity, and a 35% increase in membrane-bound
Pkc activity, indicating increased translocation and activation of
Pkc in Pcyt2+/~ whole muscle (Figures 3D and E). Next, we mea-
sured the protein content of the key lipogenic transcription fac-
tor Srebplc and the FA metabolic regulator Acc. In Pcyt2*/~ whole
muscle, the protein content of Srebplc is increased by 89% and
Acc is increased by 4.24-fold. The ratio of phosphorylated Acc to
total Acc (p-Acc: Acc) is reduced by 45%, showing enhanced Acc
dephosphorylation and activation (Figure 3F). Accordingly, the
levels of malonyl-CoA, the product of the Acc-catalyzed reac-
tion, are increased by 2-fold in the soleus and 56% in the gas-
trocnemius (Figure 3G). Lastly, we measured the levels of long-
chain fatty acids in their activated acyl-CoA form (LCFA-CoA),
which is required for further anabolic or catabolic reactions. This
measurement provides a more direct index of intramyocellular
lipid metabolism than total TAG content because it mitigates
the contamination from closely associated intramuscular adi-
pose tissue. In Pcyt2*/~, LCFA-CoAs are increased by 54% in the

soleus and 90% in the gastrocnemius relative to Pcyt2+/*, show-
ing increased lipid availability (Figure 3H). The acyl-CoA form
of the most abundant saturated LCFA, palmitoyl-CoA, is well
known to associate with the generation of cytotoxic lipid inter-
mediates, inflammation, mitochondrial damage, and cell death.
Together, this indicates lipotoxicity as a contributor to Pcyt2+/~
skeletal muscle degeneration.

Reduced Lipolysis and Mitochondrial Fatty Acid
Transport and Oxidation

We assessed whole-body lipolysis in Pcyt2*/~ by determining
the plasma concentrations of FFA and glycerol with and with-
out epinephrine stimulation, which is a primary inducer of adi-
pose and skeletal muscle lipolysis.?’ Under basal conditions, no
differences are observed between Pcyt2*/* and Pcyt2*/ plasma
FFA and glycerol; however, when stimulated with epinephrine,
Pcyt2+/ mice show impaired FA mobilization, evidenced by a 39%
lower FFA release and a 38% lower glycerol release than Pcyt2+/+
(Figures 4A and B). In the muscle, activation of the intramuscular
lipolysis marker hormone-sensitive lipase (Hsl) is diminished, as
shown by a reduction in the protein content of phosphorylated
Hsl (p-Hsl: Hsl) by 76% (Figure 4C), indicating a limited liberation
FAs from of skeletal muscle TAGs.

We have previously shown by indirect calorimetry that fasted
whole-body FA oxidation is reduced in adult Pcyt2*/~ relative
to Pcyt2*/+ mice? and here, we determined skeletal muscle FA
oxidation. In Pcyt2*/~ whole muscle, Sirtl and Ampk proteins,
which are activated under lipolytic and FA oxidative conditions,
are reduced by 46% and 60%, respectively, and activation of
Ampk by phosphorylation (p-Ampk: Ampk) is reduced by 43%
(Figure 4D). In line with our found increase in malonyl-CoA,
which inhibits the mitochondrial LCFA transport enzyme Cpt1l,
the mRNA expression of Cptl is reduced by 74% in Pcyt2+/~
(Figure 4E). As predicted by the above evidence, rates of FA oxida-
tion are decreased by 36% in Pcyt2*/~ whole muscle (Figure 4F).
Interestingly, despite the decreased FA oxidation, there is a 52%
increase in ATP content in Pcyt2*/* muscle relative to Pcyt2+/+
(Figure 4G). This suggests a potential shift in energy substrate
oxidation to favor glycolysis, which can occur under conditions
of defective FA oxidation in order to meet energetic demands.*°
Cumulatively, these findings show that Pcyt2*- mice exhibit
major perturbations to FA metabolism, both through augmented
FA synthesis and impaired FA mobilization and oxidation, show-
ing a reduced reliance on FAs as a substrate for ATP production.

Impaired Glucose Metabolism With Glycogen
Accumulation

Skeletal muscle is the primary site of insulin-stimulated glucose
disposal, makingit a critical regulator of systemic glucose home-
ostasis, therefore, we first determined whole-body insulin sen-
sitivity by GTT (Figure 5A). Pcyt2*/~ mice show an elevation in
basal plasma glucose concentration and at all measured time
points following the administration of an intraperitoneal glu-
coseload. The time required to clear plasma glucose is extended,
and the area under the curve is elevated by 43% in Pcyt2*/" com-
pared to Pcyt2+/+. This confirms our previous reports of both ele-
vated plasma glucose levels and insulin levels in response to a
GTT, showing hyperglycemia and impaired systemic insulin sen-
sitivity in adult Pcyt2*/- mice.? 3 In skeletal muscle, we measured
the levels of insulin signaling proteins and found no significant
change in pSer”-Irs1: Irs1; however, Irs1 content was reduced
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by 44% in Pcyt2*/~ whole muscle. p85-Pi3k is reduced by 58%, and
both phosphorylated (pSer*’3-Akt: Akt) and total Akt are reduced
by 24% and 31%, respectively (Figure 5B). Insulin induces skele-
tal muscle glucose transport mainly facilitated by Glut4 translo-
cation to the plasma membrane. In Pcyt2*/~ whole muscle, the
total pool of Glut4 protein was elevated by 2.43-fold; however,
Glut4 plasma membrane content was reduced by 87%, indicat-
ing reduced trafficking to the plasma membrane and respon-
siveness to insulin stimulation (Figure 5C). We evaluated glucose
uptake by measuring the incorporation of *C-2-deoxyglucose
into the soleus and gastrocnemius muscles with and without
insulin stimulation (Figure 5D). In the soleus, glucose uptake is
reduced by 37% under basal conditions and by 23% under insulin
stimulation, and in the gastrocnemius is reduced by 35% under
basal conditions and by 27% under insulin stimulation (Figure
SE). Finally, periodic acid-Schiff staining revealed altered glyco-
gen storage with an accumulation of muscle glycogen in Pcyt2+/~
quadricep (yellow) (Figure 5F), and assay-based quantification of
glycogen content shows a 75% increase in whole muscle (Figure
5G). Replete glycogen stores inhibit the continued storage of glu-
cose as glycogen, and indeed, the rate of glycogen synthesis
is decreased by 36% in Pcyt2*/~ (Figure 5H). These data show
impaired glucose handling in Pcyt2*/~ with reduced insulin sen-
sitivity, impaired glucose uptake, and glycogen accumulation.

Discussion

We have previously determined that mice with a global, het-
erozygous deletion of the Pcyt2 gene develop an age-dependent
obesity and NASH.?3 In this study, we report multiple abnor-
malities within the skeletal muscle of Pcyt2*/~mice, including
disrupted muscle structure with degeneration, myosteatosis,
fibrosis, and altered FA and glucose metabolism. The Pcyt2*/~
quadricep is increased in size and weight relative to Pcyt2+/+,
possibly due to elevated adipose tissue infiltration, as H&E
staining reveals a dramatic presence of intramuscular adipose
tissue. Myosteatosis is associated with NAFLD severity and
is an established prognostic indicator for end-stage liver dis-
ease patients.3'3* Another possibility for the increased mus-
cle weight is skeletal muscle cell hypertrophy due to the
chronic workload imposed on skeletal muscle by Pcyt2*/ obe-
sity,? reflecting the human obese condition whereby skeletal
muscle mass is increased, yet the function is impaired.® Future
work should quantify intramuscular adipose tissue and fat-free
muscle volume to better understand the relationship between
skeletal muscle composition, physical function, and Pcyt2+"
NASH development.

Metabolic inflammation emanating both from the fatty liver
and skeletal muscle is mutually detrimental and suggested as a
key process that contributes to skeletal muscle cell death, dys-
function, and deleterious remodeling.3® Pcyt2*/- develop NASH
with hepatocellular injury, inflammation, and fibrosis, and here
we show the skeletal muscle manifestations of these patholo-
gies. Pcyt2+/- skeletal muscle exhibits intramuscular adipose tis-
sue and LCFA-CoA, TAG, and DAG accumulation. Additionally,
Pcyt2*/ skeletal muscle cells show evidence of degeneration
with vacuolization, disordered sarcomeres, mitochondria ultra-
structure irregularities, and paucity. There is increased protein
content of the p65 subunit of NfkB, indicating increased Nf«B
activation and translocation to the nucleus, where it acts as a
central regulator of inflammatory pathways and has been shown
to participate in the development of multiple metabolic dis-
orders.?’>3 Protein content of pro-inflammatory p-p38, Mapk,
and Stat3 is also increased, and together these proteins play
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critical roles in modulating the cellular response to inflamma-
tion, stress, and disease progression within skeletal muscle.*
Pcyt2*/ skeletal muscle shows macrophage infiltration, indi-
cating cellular injury and the presence of degenerative mus-
cle fibers, and fibrosis, a major cause of muscle weakness
and reduced regenerative capacity and a hallmark of mus-
cular dysfunction and degeneration.®® Lastly, Pcyt2+/ exhibits
hindlimb clasping upon tail suspension, indicating muscle
weakness and/or neuromuscular dysfunction. Together, this
shows myopathic processes in Pcyt2+/ skeletal muscle, includ-
ing myosteatosis, lipotoxicity, inflammation, and fibrosis caus-
ing skeletal muscle cell degeneration that is accompanied by
preliminary evidence for impaired muscle function.

Interestingly, hindlimb clasping is a marker of disease sever-
ity in several mouse models of neurodegenerative and neu-
romuscular disorders, including cerebellar ataxia. Recently, a
small group of patients has been identified with a loss-of-
function mutation in the PCYT2 gene that develop a broad pro-
gressive ataxia-spasticity condition. This disorder is character-
ized by progressive cerebral and cerebellar atrophy, multiple
muscular pathologies, and spastic para- or tetraplegia, and indi-
cates disturbed PE metabolism as a key pathological mecha-
nism in neuromuscular function.*?* Given the essential role
of the autonomic nervous system in peripheral energy home-
ostasis, nutrient sensing, inflammation, and tissue function
and repair, the role of Pcyt2 and PE homeostasis within neu-
romuscular systems represents an interesting route for future
investigation.

It is well known that intramuscular and intramyocellular
FA accumulation contributes to aberrant glucose metabolism
and is strongly associated with insulin resistance, although the
exact mechanisms underlying this relationship are not com-
pletely clear.#¢ Pcyt2+/- mice exhibit impaired systemic glucose
handling as shown by the GTT. Whole-body glucose homeosta-
sis is dependent on the conserved ability of skeletal muscle to
synthesize and store glycogen in response to insulin stimula-
tion, and impairments in this pathway are a primary defect in
metabolic syndrome and T2DM.# Pcyt2+- muscle shows abnor-
mal glycogen metabolism, with an accumulation of glycogen
content and reduced glycogen synthesis. Because Pcyt2+/- glyco-
gen stores are replete, negative feedback inhibits insulin sig-
naling and reduces the flux of circulating glucose into muscle
glycogen storage. This is shown in Pcyt2*/~ whole muscle by
the decreased expression of insulin signaling proteins, dimin-
ished Glut4 trafficking to the plasma membrane, reduced glu-
cose uptake in both the soleus and gastrocnemius, and reduced
glycogen synthesis. These findings are consistent with reports
of an inverse relationship between skeletal muscle glycogen
content and insulin sensitivity.*¥°° Reduced glucose disposal
into glycogen stores forces the redirection of glucose within the
skeletal muscle into alternative non-oxidative metabolic path-
ways, such as lipogenesis. Indeed, in Pcyt2*/" muscle, lipogene-
sis is upregulated in both the soleus and gastrocnemius mus-
cles, which can further inhibit insulin signaling.”*:>? These find-
ings may lend important insight into Pcyt2+/- NASH progression
and Pcyt2*/ skeletal muscle insulin resistance can drive hep-
atic lipogenesis via the metabolic rerouting of circulating glu-
cose from skeletal muscle uptake and glycogen storage to liver
TAGs. This mechanism has been validated experimentally with
muscle-specific inactivation of the insulin receptor gene®® and in
insulin-resistant patients.>* Further, insulin stimulation induces
protein synthesis, muscle hypertrophy, and inhibits proteoly-
sis®>® which directly links skeletal muscle insulin resistance
during Pcyt2*/- NASH to impaired muscle function.
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Pcyt2*" mice develop adult-onset obesity and a reduced
capacity for whole-body FA oxidation, as determined by indirect
calorimetry.? In the present study, we specifically show mod-
ifications to skeletal muscle FA metabolism in Pcyt2+/~ mice,
namely increased lipogenesis and decreased mitochondrial FA
oxidation. Pcyt2 catalyzes the synthesis of CDP-ethanolamine,
which is condensed with DAG to form PE in the third and final
step of the CDP-ethanolamine Kennedy pathway. As the rate-
limiting enzyme, Pcyt2 deficiency reduces flux through the path-
way by limiting the availability of CDP-ethanolamine and thus
restricts the incorporation of DAG into PE formation, causing
DAG to accumulate.? When dysregulated, DAGs are a potentially
dangerous lipid species due to their central role as second mes-
sengers in signal transduction for a range of cellular processes,
such as Pkc activation. Here, we show elevated DAG content
in Pcyt2*/~ soleus and gastrocnemius muscles, and increased
activity of membrane-bound Pkc. DAG-activated Pkc isoforms
are well known to promote skeletal muscle insulin resistance in
both animal and human models.*¢:5-5° Pcyt2+/- muscle exhibits
an upregulation of key lipogenic proteins Srebplc and Acc,
and elevated malonyl-CoA content, which is the primary car-
bon source for FA synthesis by Fas. Malonyl-CoA modulates
FA oxidation through its capacity to inhibit the transport of
LCFA-CoA into the mitochondria for g-oxidation via Cptl inhi-
bition. Indeed, Cptl expression is decreased, and FA oxidation
is diminished Pcyt2*/- muscle. This is supported by a reduc-
tion in the FA oxidative proteins Sirtl and p-Ampk. Accord-
ingly, there is an accumulation of LCFA-CoA, a potentially toxic
intermediate, that is not able to be oxidized in the mitochon-
dria and must be directed to TAG synthesis. Lastly, we show
that systemic lipolysis is diminished under epinephrine stim-
ulation, and within the muscle, there is a reduction in p-Hsl,
which is a major inducer of intramuscular lipolysis,®® indicat-
ing decreased Pcyt2*/" TAG catabolism. Together, this results in
TAG accumulation in Pcyt2+soleus and gastrocnemius mus-
cles. Therefore, elevated FA production in Pcyt2*- muscle likely
occurs, in part, to facilitate the conversion of surfeit DAG
into neutral TAG storage, to mitigate the potentially deleteri-
ous consequences of excessive DAG signaling. This shows how
metabolic adaptations to a deficiency in phospholipid synthe-
sis through the CDP-ethanolamine Kennedy pathway result in
intramyocellular and intramuscular lipid accumulation, influ-
ence skeletal muscle insulin resistance, and facilitate NASH
development.

In this study, we measured lipid accumulation and glucose
uptake in the soleus, predominantly composed of oxidative
Type I and IIA fibers, and the gastrocnemius, which contains
a greater volume of glycolytic Type IIB fibers. One of the cen-
tral mechanisms hypothesized to be driving the pathologies in
Pcyt2+/~ skeletal muscle is altered DAG metabolism. Therefore,
we anticipated that fiber-type differences in the distribution of
Pkc may influence glucose metabolism differently in the soleus
and gastrocnemius muscles. Glycolytic fibers exhibit a greater
abundance of Pkcd than oxidative,®t%2 which is the major DAG-
sensing isoform of Pkc and driver of insulin resistance in skeletal
muscle.®® However, insulin-stimulated glucose uptake was sim-
ilarly reduced in Pcyt2+/~ soleus and gastrocnemius. Likewise,
we found that LCFA-CoA, DAG, and TAG accumulate similarly in
both Pcyt2+/~ soleus and gastrocnemius muscles, despite differ-
ences in oxidative capacity. The soleus possesses an increased
oxidative potential and enrichment in the lipase Hsl,* which
has an ~10-fold greater affinity toward DAG compared to TAG.®®
Hence, we anticipated that the soleus would more readily oxi-
dize DAGs shunted from the CDP-ethanolamine pathway and

require less TAG production; however, this was not the case,
showing that higher inherent rates of FA oxidation in the soleus
are not able to protect against DAG and TAG accumulation dur-
ing Pcyt2 deficiency.

The explanation for the lack of differences in lipid accu-
mulation and glucose uptake in across soleus and gastrocne-
mius muscles is unclear. Multiple mechanistic lines of reason-
ing have been proposed to explain the pathogenesis of skele-
tal muscle insulin resistance, including intramyocellular and
intramuscular lipid accumulation,*4® inflammation,® mito-
chondrial dysfunction,®” % and oxidative stress,®®’° and it is
possible the relative influence of these processes on insulin
resistance varies across muscle fiber type. Type I and Type
II fibers exhibit differences in autophagic processes’*:”? mito-
chondrial volume density, network dynamics, and respiratory
properties,”® metabolism of ROS,’*7> and calcium handling
at the mitochondria and SERCA,’®”” allowing them distinct
metabolic characteristics and contractile properties. Given that
PE plays critical roles in all of these processes, autophagy
and mitophagy,’®7? mitochondrial respiration and oxidative
stress,8%-83 and SERCA function,348¢ it stands to reason that the
mechanisms driving insulin resistance and the development of
Pcyt2 muscle pathologies are fiber-type specific. For example,
glycolytic muscles appear to have a lessened ability to buffer
ROS than oxidative muscle,”>®” and thus, may be more sus-
ceptible to oxidative stress and inflammation during Pcyt2 defi-
ciency. Therefore, it is plausible that the mechanistic conse-
quences of Pcyt2 deficiency differ according to fiber type, but
ultimately result in convergent signals that induce FA accumu-
lation, insulin resistance, and manifest a similarly impaired
phenotype.

Another explanation for the lack of observed differences in
the soleus and gastrocnemius muscles is the possibility that
oxidative fibers undergo a fiber-type metabolic switch toward
a profile that resembles glycolytic fibers, which can occur
as an adaptive response to conditions of impaired FA oxida-
tion.3® Pcyt2+/~ exhibit elevated whole muscle ATP content with
reduced FA oxidation, indicating a transition to glucose as the
primary fuel source for ATP production. In support, glycogen
content is increased in Pcyt2*/~ muscle, a characteristic of gly-
colytic fibers. Further, a well-known factor that can induce fiber-
type switching is alterations in neurological input and activ-
ity.®® Disruptions in phospholipid genes are increasingly asso-
ciated with motor neuron diseases,®® and specifically, Pcyt2
deficiency in humans causes progressive ataxia-spasticity!4?
implicating Pcyt2 in neuronal homeostasis. Spasticity has been
associated with a Type II fiber-type switch,®® suggesting the
propensity for Pcyt2*/ mice to undergo a similar shift. Addi-
tionally, we showed that Pcyt2*/~ mice exhibit hindlimb clasp-
ing, which is a key finding in mouse models of neuromuscu-
lar disorders. Future work should distinguish fiber-type-specific
mechanisms governing the development of Pcyt2*/skeletal
muscle pathologies to improving the understanding of how
PE homeostasis influences the metabolic and functional
properties of skeletal muscle within the context of NASH
pathogenesis.

Conclusion

In summary, these data support a hypothesis whereby dimin-
ished phospholipid synthesis through the CDP-ethanolamine
Kennedy pathway due to Pcyt2 deficiency results in deleteri-
ous metabolic adaptations to accommodate reduced DAG usage.
Pcyt2+/- skeletal muscle exhibits impaired glucose handling and



storage, increased de novo lipogenesis, and reduced FA oxida-
tion that leads to insulin resistance, myosteatosis, skeletal mus-
cle inflammation, fibrosis, and degeneration, and these pro-
cesses are linked to metabolic and functional decline in skele-
tal muscle. A limitation of this study is due to the global, and
not muscle-specific, heterozygous deletion of Pcyt2, making it
not possible to conclude whether skeletal muscle dysfunction is
a primary cause of the overall Pcyt2*/ pathological phenotype
or a secondary consequence of the metabolic disease. Future
studies should address this by determining the role of phospho-
lipid homeostasis in the increasingly appreciated bidirectional
muscle-liver crosstalk during metabolic disease pathogenesis.
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