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Abstract 

The maintenance of phospholipid homeostasis is incr easingl y being implicated in metabolic health. 
Phosphatidylethanolamine (PE) is the most abundant phospholipid on the inner leaflet of cellular membranes, and we have 
pr eviousl y 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 
m uscle ar e implicated in insulin r esistance; howev er, the underl ying mechanisms and the r ole of Pcyt2 r egulation 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 de gener ation, 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, 
diacylgl ycer ol, and triacylgl ycer ol accum ulation. Pcyt2 + / − skeletal m uscle exhibits perturbed glucose meta bolism with 

elev ated gl ycogen content, impair ed insulin signaling, and r educed 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. 

Ke y w ords: skeletal muscle; non-alcoholic steatohepatitis; Pcyt2; phosphatidylethanolamine; phospholipids; metabolism 
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embrane phospholipid homeostasis is an incr easingl y r ec- 
gnized factor in metabolic health and disease. 1 Specifi- 
ally, we and others have shown that the dysregulation 
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ith essential processes such as cell signaling, membrane fis-
ion and fusion, autophagy, and the regulation of glucose, lipid,
nd systemic energy metabolism. 5 Phosphatidylethanolamine 
s mainly synthesized de novo through the CDP-ethanolamine
athway, in which CTP: phosphoethanolamine c ytid ylyltrans-
erase (Pcyt2) is the rate-limiting enzyme. We have shown
hat homozygous deletion of Pcyt2 is embr yonicall y lethal, 6 

nd generated a global heterozygous Pcyt2 knockout ( Pcyt2 + / −).
cyt2 + / − mice exhibit diminished Pcyt2 enzymatic activity and
E production, and in the homeostatic response, PE turnover
s reduced to preserve total PE levels. 2 , 6 As a result, Pcyt2 + / −

ice show compensatory metabolic mechanisms and develop
 ge-de pendent obesity, insulin r esistance, dysr egulated he patic
lucose and lipid homeostasis, and non-alcoholic steatohepati- 
is (NASH) with steatosis, hepatocellular damage, inflammation,
nd fibrosis. 2 , 7 

Skeletal muscle occupies a central position in the mainte-
ance of metabolic health through its role as the principal site
f insulin-stimulated glucose disposal and as a major regula-
or of systemic energy metabolism and inflammation; key pro-
esses that influence the pathobiology of metabolic-associated 

iseases. 8 , 9 Specifically, skeletal muscle insulin resistance is a
rimary deficit in T2DM and is thought to be a key dri v er in
he development and advancement of non-alcoholic fatty liver
isease (NAFLD). 10 Skeletal muscle insulin resistance, muscle
at infiltration (myosteatosis), and sarcopenia are linked to poor

etabolic, functional, and clinical outcomes, and an increased
isk for the advancement of NASH to cirrhosis and death. 11–13 

yosteatosis has been shown as both a precursor and a prop-
gator of skeletal muscle insulin resistance and impaired mus-
le function, and its association with perturbations in the mus-
le secretome is believed to promote inflammation and hep-
tocellular injury, directly linking it to extra-musculoskeletal 
etabolic disorders. 13 , 5 

Pcyt2 regulation has the capacity to influence skeletal mus-
le function through the critical role PE plays in the mainte-
ance of sarcolemmal integrity, cell signaling events including
lucose and lipid meta bolic pathw ays, mitochondrial dynam-
cs and respiration, and SERCA function. 7 , 14 , 15 Both the total PE
evels and the ratio of PE to phosphatidylcholine (PC) within
he skeletal muscle are associated with insulin sensitivity in
umans 16 , 17 and primary m y oc ytes 18 ; ho wever, the underlying
echanisms and the influence of Pcyt2, the rate-limiting PE

iosynthetic enzyme, on this association remain unclear. Inter-
stingly, mice with a liver-specific knockout of Pcyt2 exhibit hep-
tic lipid accumulation but do not develop a hepatic injury or
ystemic consequences such as insulin resistance or obesity, 19 

ndicating that the development of the metabolic syndrome and
ASH in global heterozygous knock-out mice ( Pcyt2 + / −) likely

nv olv es m ulti-or gan d ysfunction. Gi v en that the skeletal mus-
le is a major determinant of systemic energy metabolism, we
ypothesize a specific role for Pcyt2 regulation in the skeletal
uscle that contributes to the development of Pcyt2 + / − obesity,
etabolic perturbations, and ultimately NASH. 

In this study, we probe the consequences of Pcyt2 defi-
iency in skeletal muscle, with respect to muscle structure,
nflammation, fatty acid (FA), and glucose homeostasis in the
c yt2 + /- model. F irst, because PE is a critical component of cel-
ular membranes and has specifically been shown to influ-
nce the proper functioning of sarcolemmal and mitochondrial
embranes through its role in defining membrane curvature,
e conducted histopathological analysis to determine if struc-

ural abnormalities exist that may influence skeletal muscle
unction. Because disrupted muscle structure often indicates
e gener ati v e pr ocesses, we further determined markers of mus-
le damage and inflammation. We have previously demon-
trated that Pcyt2 deficiency causes adult-onset obesity and dys-
 egulated he patic lipid and glucose homeostasis. 2 , 3 To examine
hether excess adiposity stems from decreased FA catabolism,
e measured systemic free FA release using epinephrine to

tim ulate lipol ysis and skeletal muscle FA oxidation. F inally, w e
 har acterized perturbations to FA synthesis and glucose control.
ogether, this study lends specific insight into the critical role
f PE homeostasis in skeletal muscle metabolism and a broad
nderstanding of the influence of phospholipid metabolism on
hole-bod y ener gy regulation. 

ethods 

nimals 

eterozygous Pcyt2 mice ( Pcyt2 + / −) of mixed genetic background
C57BL/6 × 129/Sv) w ere gener ated and genotyped as pr eviousl y
escribed. 6 All pr ocedur es wer e appr ov ed by the Uni v ersity of
uelph’s Animal Care Committee and were in accordance with

he guidelines of the Canadian Council on Animal Care (CCAC).
he ARRIVE guidelines w ere follow ed for reporting results. Mice
ere housed in a temperatur e-contr olled facticity and exposed

o a 12 h light/12 h dark cycle, beginning with light at 7:00 am
ice were fed a standardized chow diet (Harlan Teklad S-2335)

nd had free access to water. Wild-type littermates ( Pcyt2 + / + )
nd Pcyt2 + / − mice of both sexes ( n = 3–12/per group) were euth-
nized by CO2 under fasted conditions at 6–8 mo. For experi-
ents, immediately after euthanization, whole muscles were

xcised from the quadricep, deep proximal and medial portion
f the gastrocnemius, and the soleus. Samples were trimmed
f connecti v e tissue and immediatel y submerged in fixati v e or
ssay buffers, or were stored at -80 ◦C until analyzed. Quadri-
e p w as used for ima ging, and both gastr ocnemius and soleus
ere used for assays. No differences were observed between

ge-matched males and females, and both sexes were used for
he final analysis. 

imb Clasping Test 

lasping test and scoring system were performed following the
rotocol of Guyenet et al. 20 Briefly, mice were grasped near the
ail base and lifted for 10 s to observe clasping behavior. Mice
er e scor ed based on the degr ee and length of time the limbs

r e r etracted tow ard the abdomen. 

mmunoblotting 

oleus and gastrocnemius muscles ( n = 3–4 per group) were
mmediatel y fr ozen in liquid nitr ogen and stor ed at -80 ◦C.
rozen tissues were homogenized in 50 m m HEPES [pH 7.4], 1%
ritonX-100, 50 m m sodium pyrophosphate, 0.1 m sodium fluo-
ide, 10 m m EDTA, 10 m m sodium orthovanadate, 10 μg/mL apro-
inin, 10 μg/mL leupeptin, 2 m m benzamidine, and 2 m m PMSF
sing a pol ytr on homogenizer. The protein content was deter-
ined using the BCA protein assay kit (Pierce). Proteins were

 esolv ed on a 5% and 10% denaturing SDS-PAGE gels and semi-
r y transferr ed to PVDF membranes. Following transfer, proteins
ere visualized using Ponceau S staining to ensure proper trans-

er and equal loading. Membranes were blocked at room tem-
erature for 2 h in 5% bovine serum albumin (BSA) in TBS-T, fol-

owed by incubation with primary antibodies Irs1, pSer 307 -Irs1
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Millipore); Pi3k p85, Akt, pThr 308 -Akt, pSer 473 -Akt, Ampk α, p- 
mpk α, p-Acc, Acc, Sirt1, p-p38 Mapk, Pkc α, p38 Mapk, Cpt1, 
lut4, pSer563-Hsl, Hsl, and β-Tubulin (Cell signaling); Srebp1c 

Invitrogen) at a 1:1000 dilution in %5 BSA at 4 ◦C overnight. Mem- 
r anes w er e w ashed 3x in TBS-T and incubated with the appr o-
riate horseradish peroxidase-conjugated secondary antibody 

1:10 000) in 5% BSA in TBS-T for 1 h at r oom temperatur e and
isualized using chemiluminescent substrate (Sigma). β-Tubulin 

as used as a loading control. Soleus and gastrocnemius mus- 
le samples were mixed and analyzed together. The intensity of 
pecific bands was quantified using NIH ImageJ software. 

issue Sectioning and Staining 

uadrice p m uscles ( n = 5 per gr oup) wer e excised and imme-
iately fixed in 10% neutral buffered formalin for 12–16 h 

nd embedded in paraffin until histopathologic examination. 
uadrice ps wer e sectioned in the transverse planes in the mid- 
le of the quadricep muscle to better view skeletal muscle cell 
orphology, nuclei, and collagen deposition between adjacent 
uscle fibers. Sections were de-waxed in xylene and rehydrated 

n a series of ethanol washes. Sections of 10 μm were stained 

ith hematoxylin and eosin (H&E) to examine the general struc- 
ure and lipid droplets or with Masson’s trichrome stain for 
brosis. Samples were also subject to immunohistochemistry 
sing F4/80 antibody for macr opha ges (Abcam) and CD3 anti- 
ody for T-cells (Abcam). All samples were visualized with light 
icroscopy using standard techniques, and staining was per- 

ormed at the Ontario Veterinary Colle ge , Department of Patho- 
iology, Uni v ersity of Guelph. 

ransmission Electron Microscopy 

uscle tissues were prepared as recommended by the Electron 

icroscopy Facility of the University of Guelph. Briefly, quadri- 
e p m uscle ( n = 4 per gr oup) wer e quickl y immersed in fix-
ng buffer (2.5% glutaraldehyde and 1.0% paraformaldehyde in 

hosphate-buffered saline (PBS)) and incubated at 4 ◦C overnight. 
amples were washed in 0.1 m HEPES and suspended in 1.0% 

smium tetroxide for 4 h. Tissues were washed 3 times in 100 m 

HEPES, suspended in 2% uranyl acetate for 3 h, washed 3 times 
n 0.1% HEPES, and dehydrated by incubation in a graded ethanol 
eries (ie, 25%–100% ethanol). Tissue was infiltrated with resin 

y suspending the tissue in 50% ethanol–50% resin (LR White; 
ondon Resin Company) for 4 h and then in pure resin for 4 h, 
sing a rotating mixer. Tissues were embedded in pure resin 

vernight at 60 ◦C to polymerize the resin. Quadricep was sec- 
ioned longitudinally in the center of the muscle to view the 
arcomer e structur e. Sections (100 nm) were laid onto 200-mesh 

ormvar-carbon copper grids and stained with 2% uranyl acetate 
nd Reynolds lead citr ate . A minimum of three sections were 
laced onto each grid. Ima ges wer e obtained from each sample 

n a randomized systematic order. Samples were viewed on a 
hilips CM 10 transmission electron microscope (TEM) at 80 kV, 
nd images were obtained with an Olympus/SIS Morada charge- 
oupled device (CCD) camera using Ol ympus/SIS iTEM softw ar e. 

nalysis of Triglyceride Content 

oleus and gastrocnemius muscle samples ( n = 6 per group) 
ere homogenized in 500 μL of PBS and 5% Tween 20. Samples 
ere heated for 5 mins at 95 ◦C and cooled to room temper ature . 
he heating/cooling process was repeated, and insoluble mate- 
ial w as r emov ed thr ough centrifugation. A trigl yceride (TAG) 
ssay kit (Wako Diagnostics 994–02 891 and 998–02 992) was used 

o quantify TAG content. 

nalysis of Diacylglyceride Content 

oleus and gastrocnemius muscle samples ( n = 3 per group) 
ere homogenized for the measurement of diacylglyceride 

DAG) content as pr eviousl y described. 21 Lipids were extracted 

r om m uscle using chlor oform: methanol: PBS + 0.2% SDS 
1:2:0.8). Diacylgl ycer ol kinase and [ γ - 32 P] ATP (15 μCi/ μmol cold
TP) were added to the extracts, and the reaction was stopped 

sing chloroform: methanol (2:1). Samples were run on thin 

ay er c hromatogr aphy plates in chloroform: acetone: methanol: 
cetic acid: water (100:40:20:20:10). The DAG bands were scraped 

nd counted by liquid scintillation using the Beckman instru- 
ent. 

etermination of protein kinase C (PKC) Activity in 

embrane and Cytosol Fractions 

oleus and gastrocnemius muscle samples ( n = 3 per group) 
ere homogenized, and the cytosolic and particulate fractions 
er e se parated. PKC acti vity w as determined by using the PKC

nzyme assay system (Amersham life science, RPN77) as previ- 
usly described. 22 Briefly, 25 μL of cytosolic or membrane frac- 
ion were added to assay tubes containing 25 μL of the com- 
onent mixture (3 m m Ca (C 3 H 3 0 2 ) 2 , 75 μg/mL L- α-phosphatidyl-
-serine , 6 μg/mL phorbol 12-m yristate 13-acetate , 225 μm sub- 
tr ate peptide , and 7.5 m m dithiothreitol in 50 m m Tris–HCl con-
aining 0.05% sodium azide). Reaction was initiated by adding 
5 μL of Mg-ATP buffer (10 μCi/mL [ γ 32 P]A TP, 1.2 m m A TP, 72 m m
gC1 2 , and 30 m m HEPES). Samples were incubated at 37 ◦C

or 15 min, and the reaction was terminated by adding 100 μL 
f stop r ea gent (300 m m orthophosphoric acid). The phospho- 
 ylated pe ptide w as se parated by b lotting 35 μL onto pe ptide-
inding papers. Papers wer e w ashed with 75 m m phosphoric 
cid twice for 5 min, and disks were counted by liquid scintil- 
ation using the Beckman instrument. 

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

o measure the levels of malonyl-CoA and long-chain fatty acyl- 
oA (LCFA), soleus and gastrocnemius muscle samples ( n = 10 
er group) were homogenized in 1 mL 6% per c hloric acid and
entrifuged at 5000 g for 15 min at 4 ◦C. The supernatant con-
aining acid-solub le meta bolites w as collected and neutralized 

ith 2 mol/L KHCO 3 , pH 7.0, and centrifuged at 2000 g for 10 min
t 4 ◦C. The clear supernatant was used for malon yl-CoA assa ys
ollowing the protocol of Antinozzi et al. 1998 by measuring 
he malonyl-CoA-dependent incorporation of labeled acetyl- 
oA into palmitic acid. To measure LCFA, the acid-insoluble 
r ecipitates wer e w ashed with twice with 1 mL diethyl ether
nd 200 μL H20. Dithiothr eitol w as added to the pellet, followed
y 1 mol/L KOH to adjusted to pH 11.5. Sample was heated for
0 min at 55 ◦C to hydr ol yze the thioester bonds of LCFA and
ssayed for released CoA following the protocol of Antinozzi et 
l . 1998. The change in fluorescence was used to calculate the 
CFA concentration in the samples. 23 

ree FA and Glycerol Measurements 

or the measurement of serum free fatty acid (FFA) and glyc- 
rol with and without epinephrine stimulation, mice ( n = 5 per 
r oup) wer e fasted ov ernight and injected intraperitoneally with 
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 weight-adjusted bolus of e pine phrine (20 μg/100 g body weight)
r an equi v alent v olume of sterile saline. After 15 mins, mice
ere euthanized, and blood was collected via cardiac exsan-

uination. Blood clotted at room temperature and was cen-
rifuged at 2000 g to collect serum. Free fatty acid (Wako Bioprod-
cts) and gl ycer ol (Millipor e Sigma) wer e determined using com-
erciall y av aila b le kits according to the man ufactur er’s instruc-

ions. 

A Oxidation 

oleus and gastrocnemius muscles were isolated from fasted
c yt2 + /- and Pc yt2 + / + contr ol littermates ( n = 9 per gr oup). Fatty
cid oxidation was assessed as previously described. 24 Briefly,
 uscles wer e immediatel y submerged in ice-cold medium con-

aining 250 m m sucrose, 1 m m EDTA, 10 m m Tris–HCl, and 10 m m
ris–HCl (pH 7.4) and homogenized. Next, 40 μL of a 20-fold
iluted muscle homogenate were preincubated with a 95% O2-
% CO2 mixture at 30 ◦C for 15 min . The 160 μL reaction mix-
ure containing Krebs-Ringer-Henseleit buffer containing 2.4% 

SA and 0.4 m m [ 3 H] palmitate (1 μCi/mL) was added to preincu-
ated and incubated at 30 ◦C for 15 min, and 100 μL of 4 N sulfuric
cid were injected to stop the reaction. Palmitate oxidation was
ssessed by measuring the quantity of tritiated water released
nto the medium by liquid scintillation counting. 

TP Determination Assay 

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

lucose Tolerance Test 

or glucose tolerance test (GTT), mice ( n = 3 per group) were
asted 6 h before intraperitoneal injection (I.P.) of 2 mg/kg of body
eight of glucose in 0.9% saline. Blood glucose lev el w as mea-

ur ed thr ough the tail v ein by glucometer (Fr eestyle lite, Abbott
a boratories, Saint-Laur ent, QC, Canada) immediatel y befor e
njection and 30, 60, and 120 mins after glucose injection. 

lucose Uptake in Isolated Muscle 

oleus and gastr ocnemius m uscles wer e isolated fr om mice that
ere fasted for 12 h. Muscles ( n = 8 per group) were submerged

n a pre-equilibration in Krebs-Henseleit bicarbonate buffer for
 h and then incubated for 20 min in the absence or presence of
nsulin (10 mU/mL). The 0.5 μCi 2-deoxy[ 14 C]glucose and 0.3 μCi
4 C-mannitol tracers were added, and muscles were incubated
or an additional 20 min with the tracers and quickl y b lotted on
lter paper and frozen in liquid nitrogen. Muscles were digested
or 1 h at 50 ◦C in 1 N NaOH and then counted by liquid scintilla-
ion for radioacti v e tracer incorporation. 

lycogen Content 

l ycogen content w as determined as pr eviousl y described. 25 In
rief, soleus and gastrocnemius muscles ( n = 12 per group) were
igested 500 μL 30% KOH saturated with NaSO4 and boiled for
0 mins until a homogenous solution was obtained. Cold 95%
thanol was added to precipitate glycogen, and glycogen was
eparated by centrifugation. Glycogen was dissolved in distilled
2O. Glycogen content was determined at 490 nm after the addi-
ion of 5% phenol and 95% sulfuric acid. The standard curve was
enerated using pure glycogen (Roche). 

lycogen Synthesis 

lycogen synthesis was assessed by measuring the incorpora-
ion of [U- 14 C]D-glucose into glycogen, as pr eviousl y described. 26 

riefly, soleus and gastrocnemius muscles ( n = 10 per group)
er e pr e-incubated in Kr ebs-Ringer bicarbonate buffer with

% defatted BSA and 5.6 m m glucose for 30 min. After pre-
ncubation, samples were incubated in the same Krebs-Ringer
icarbonate buffer with 0.3 μCi [U- 14 C]D-glucose added. Sam-
les were washed in ice-cold PBS, blotted on filter paper, frozen

n liquid nitrogen, and digested in 0.5 mL of 1 m KOH at 70 ◦C
or 1 h. Aliquots were taken for protein quantification (Bradford

ethod). Carrier (10 mg) was added to the hydrolysates, and
l ycogen w as pr ecipitated at -20 ◦C ov ernight with 100% ethanol
nd was resuspended in 0.5 mL of H2O. The incorporation of [U-
4 C]D-glucose into glycogen was determined using liquid scin-
illation counting. 

ta tistical Anal ysis 

ample analysis was blinded, and data was analyzed using a
wo-tailed unpaired t -test to test for differences between the
c yt2 + / + and Pc yt2 + / − groups. Mixed sexes w ere used for the
nalysis. Significance was rejected at P ≥ 0.05. Results are rep-
esented as the mean ± standard deviation (SD). All statistical
ests were performed with Graphpad Prism 9 softw ar e. 

esults 

cyt2 

+ / − Exhibit Myosteatosis and Disrupted Muscle 
tructure 

e have previously shown that Pcyt2 + / − mice develop adult-
nset obesity and ectopic lipid accumulation in the li v er. 2 , 7 Here,
e aimed to determine whether there is also increased infil-

ration of adipose tissue into the skeletal muscle. The Pcyt2 + / −

uadrice p m uscle is larger than Pcyt2 + / + , and H&E staining
 ev eals the accum ulation of intram uscular adipose tissue de po-
ition (black asterisks) ( Figures 1 A and B, Supplementary Fig-
re S1). Hematoxylin and eosin staining also r ev eals elements
f muscle de gener ation, including smaller, r ounded hyper e-
sinophilic skeletal muscle cells with several cells exhibiting
entralized nuclei (blue arrows), swollen hypereosinophilic cell
b lack arr ows), and v acuolization. We further examined mus-
le ultrastructure using TEM ( Figure 1 C, Supplementary Figure
2). Transmission electron microscopy of the quadricep muscle

ndicates disrupted sarcomere structure with loss of proper stri-
tion, as shown by disordered m y ofilament arr angements and
rregular or indistinct Z-lines in Pc yt2 + / − (or ange asterisks). Mito-
hondrial abundance is decreased, and mitochondria appear
w ollen with irre gular size , shape , and cristae organization
b lack arr ows), indicting compr omised structur al inte grity and
unction. There is a large increase in the presence of vacuoles
r ed arr ows), suggesting further evidence of skeletal muscle cell
e gener ation. In contrast, Pcyt2 + / + mice show no adipocyte infil-
r ation or intr acellular lipid accumulation and normal skeletal

uscle cell ar c hitecture in both H&E staining and TEM. We con-
ucted a hindlimb clasping test 27 , 28 to determine if muscle func-
ion was impacted ( Figures 1 D and E). We observed that upon tail
uspension, Pcyt2 + /- mice exhibit mild to moderate limb clasping
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Figure 1. Muscle structure is altered in Pc yt2 + /- mice . (A) Images and weights of quadricep muscle of Pcyt2 + /- relative to Pcyt2 + / + showing enlarged quadrice p m uscle. (B) 
Hematoxylin and eosin staining of the quadriceps show intramuscular lipid accumulation and de gener ating m y ofibers. Blac k asterisks show lipid accum ulation, b lue 

arro ws sho w smaller, h ypereosinophilic fibers with se ver al cells exhibiting the internal migr ation of n uclei, b lack arr o w sho ws a s wollen hypereosinophilic cell. (C) 
Transmission electr on micr oscopy of the quadrice ps. Orange asterisks sho w disor der ed sarcomer e structur e with loss of proper striation, b lack arr o ws sho w s wollen 
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 ar e r etracted tow ard the a bdomen. Pcyt2 + /- mice show incr eased hindlimb clasping, which is indicati v e 
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; 
∗∗∗∗P < 0.0001. 
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 elati v e to Pcyt2 + / + contr ols, which can indicate muscle weak-
ess or neur om uscular d ysfunction. Together, these data sho w
vidence for de gener ati v e pr ocesses in the Pcyt2 + / − quadricep
hat are linked to impaired physical function, and m y osteatosis,
hich can cause the loss of muscle quality. 5 

ncreased Macr opha ge Infiltr a tion and Fibrosis 

he infiltration of immune cells often accompanies degen-
rati v e m uscle fibers; ther efor e , w e performed immunohisto-
hemistr y (IHC) anal ysis on quadrice p m uscle using CD3 and
4/80 antibodies to determine T-cell and macr opha ge pr es-
nce, r especti v el y. In Pcyt2 + /- quadrice p, ther e wer e minimal
etecta b le CD3 + T-cells. However, F4/80 + macr opha ge infil-
ration is evident in Pcyt2 + /- quadricep relative to Pcyt2 + / + , a
allmark of muscle injury and inflammation ( Figures 2 A and B,
upplementar y Figur es S3 and S4). Indeed, the pr otein content
f the pr oinflammator y markers p-p38 Mapk (p-p38 Mapk: p38
apk), p65 Nf κB, and Stat3 is elevated in Pcyt2 + / −, by 4.9-fold,

.2-fold, and 2.1-fold, r especti v el y, indicating increased activa-
ion of inflammatory signaling cascades ( Figure 2 C). Excessi v e
r extended infiltration of macr opha ges due to prolonged tissue

njury and inflammation can lead to the formation of fibrotic tis-
ue and further compromised function; thus, we measured col-
a gen de position using Masson’s trichr ome stain. Indeed, Pcyt2 + /- 

ice show increased levels of fibrotic tissue (blue) that sur-
ounds and separates adjacent myofibers ( Figure 2 D, Supple-

entar y Figur e S5). Tog ether, these data sugg est that Pcyt2 + /- 

ice experience ectopic lipid accumulation in skeletal muscle
nd tissue injury, leading to disrupted skeletal muscle cell ar c hi-
ecture , de gener ation, inflammation, fibrosis, and functional
mpairment. 

le v a ted Lipogenesis With DAG and TAG Accumulation 

o probe the m y ocellular accumulation of lipids, we determined
A G and DA G content in the soleus and gastr ocnemius m us-
les. We observed increased TAG and DAG in the whole mus-
le of Pcyt2 + /- by the method of Bligh and Dyer ( Figure 3 A) and
urther quantified this accum ulation se paratel y in the soleus
nd gastrocnemius. In the soleus, TAG is increased by 86% and
AG is increased by 87% in Pcyt2 + /- relative to Pcyt2 + / + . Sim-

larly, in gastrocnemius, TAG is increased by 92% and DAG is
ncreased by 83% in Pc yt2 + / − ( F igures 3 B and C). Fatty acids and
heir acyl-CoA esters can acti v ate Pkc, and indeed, there is a
5% increase in Pkc α protein content. There is a 53% increase in
ytosolic Pkc activity, and a 35% increase in membrane-bound
kc activity, indicating increased translocation and activation of
kc in Pcyt2 + / − whole m uscle ( Figur es 3 D and E). Next, we mea-
ured the protein content of the key lipogenic transcription fac-
or Srebp1c and the FA metabolic regulator Acc. In Pcyt2 + / − whole

uscle, the protein content of Srebp1c is increased by 89% and
cc is increased by 4.24-fold. The ratio of phosphorylated Acc to

otal Acc (p-Acc: Acc) is reduced by 45%, showing enhanced Acc
e phosphor ylation and acti v ation ( Figur e 3 F). Accordingl y, the

e vels of malon yl-CoA, the pr oduct of the Acc-catal yzed r eac-
ion, ar e incr eased by 2-fold in the soleus and 56% in the gas-
r ocnemius ( Figur e 3 G). Lastl y, we measur ed the lev els of long-
hain fatty acids in their acti v ated acyl-CoA form (LCFA-CoA),
hich is r equir ed for further ana bolic or cata bolic r eactions. This
easur ement pr ovides a mor e dir ect index of intr am y ocellular

ipid metabolism than total TAG content because it mitigates
he contamination from closely associated intramuscular adi-
ose tissue. In Pcyt2 + / −, LCFA-CoAs are increased by 54% in the
oleus and 90% in the gastr ocnemius r elati v e to Pcyt2 + / + , show-
ng increased lipid availability ( Figure 3 H). The acyl-CoA form
f the most abundant saturated LCFA, palmitoyl-CoA, is well
nown to associate with the generation of cytotoxic lipid inter-
ediates, inflammation, mitochondrial damage, and cell death.

ogether, this indicates lipotoxicity as a contributor to Pcyt2 + / −

keletal muscle de gener ation. 

educed Lipolysis and Mitochondrial Fatty Acid 

ransport and Oxidation 

e assessed whole-body lipolysis in Pcyt2 + / − by determining
he plasma concentrations of FFA and gl ycer ol with and with-
ut e pine phrine stim ulation, which is a primar y inducer of adi-
ose and skeletal m uscle lipol ysis. 29 Under basal conditions, no
iffer ences ar e observ ed betw een Pc yt2 + / + and Pc yt2 + /- plasma
FA and gl ycer ol; howev er, when stim ulated with e pine phrine,
cyt2 + /- mice show impaired FA mobilization, e videnced b y a 39%
ower FFA release and a 38% lower gl ycer ol r elease than Pcyt2 + / + 

 Figures 4 A and B). In the muscle, activation of the intramuscular
ipolysis marker hormone-sensitive lipase (Hsl) is diminished, as
hown by a reduction in the protein content of phosphorylated
sl (p-Hsl: Hsl) by 76% ( Figure 4 C), indicating a limited liberation

As from of skeletal muscle TAGs. 
We hav e pr eviousl y shown by indirect calorimetry that fasted

hole-body FA oxidation is reduced in adult Pcyt2 + / − relative
o Pcyt2 + / + mice 2 and here, we determined skeletal muscle FA
xidation. In Pcyt2 + / − whole muscle, Sirt1 and Ampk proteins,
hich ar e acti v ated under lipol ytic and FA oxidati v e conditions,

r e r educed by 46% and 60%, r especti v el y, and acti v ation of
mpk by phosphorylation (p-Ampk: Ampk) is reduced by 43%
 Figure 4 D). In line with our found increase in malonyl-CoA,
hich inhibits the mitochondrial LCFA transport enzyme Cpt1,

he mRNA expression of Cpt1 is reduced by 74% in Pcyt2 + / −

 Figure 4 E). As predicted by the above evidence, rates of FA oxida-
ion are decreased by 36% in Pcyt2 + / − whole muscle ( Figure 4 F).
nter estingl y, despite the decr eased FA oxidation, ther e is a 52%
ncrease in ATP content in Pcyt2 + /- muscle relative to Pcyt2 + / + 

 Figure 4 G). This suggests a potential shift in energy substrate
xidation to favor glycolysis, which can occur under conditions
f defecti v e FA oxidation in or der to meet ener getic demands. 30 

um ulati v el y, these findings show that Pcyt2 + /- mice exhibit
ajor perturbations to FA metabolism, both through augmented

A synthesis and impaired FA mobilization and oxidation, show-
ng a reduced reliance on FAs as a substrate for ATP production.

mpaired Glucose Metabolism With Glycogen 

ccumulation 

keletal muscle is the primary site of insulin-stimulated glucose
isposal, making it a critical regulator of systemic glucose home-
stasis, ther efor e , w e first determined whole-body insulin sen-
iti vity by GTT ( Figur e 5 A). Pcyt2 + / − mice show an elevation in
asal plasma glucose concentration and at all measured time
oints following the administration of an intraperitoneal glu-
ose load. The time r equir ed to clear plasma glucose is extended,
nd the area under the curve is ele vated b y 43% in Pcyt2 + /- com-
ared to Pcyt2 + / + . This confirms our previous reports of both ele-
ated plasma glucose levels and insulin levels in response to a
TT, showing hyperglycemia and impaired systemic insulin sen-
itivity in adult Pc yt2 + /- mice . 2 , 3 In skeletal muscle , w e measured
he levels of insulin signaling proteins and found no significant
hange in pSer 307 -Irs1: Irs1; however, Irs1 content was reduced
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Figure 2. Incr eased macr opha ge infiltration and fibr osis. Ima ges of IHC staining of the quadricep using (A) Anti-CD3 antibody to determine T-cell infiltration and (B) 
Anti-F4/80 antibody to determine macr opha ge infiltration in Pcyt2 + / −r elati v e to Pcyt2 + / + quadricep muscle . Immunohistoc hemistry shows normal CD3 + cell content 

but an increased presence of F4/80 + macrophages in Pcyt2 + /- indicating cellular injury and inflammation. (C) Western blot analysis in the quadricep shows elevated 
content of pr oinflammator y p-p38 Mapk normalized to p38 Mapk (p-p38 Mapk: p38 Mapk), and p65 Nf κB and Stat3 normalized to Gapdh. (D) Staining using Masson’s 
trichrome for collagen deposition (blue) in the quadricep showing increased fibrosis in Pcyt2 + / − . Data are derived from both male and female mice and are presented 

as mean ± SD. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001. 
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Figure 3. Increased lipogenesis with TAG and DAG accumulation. (A) Image of a TLC plate showing TAG and DAG accumulation in Pcyt2 + /- relative to Pcyt2 + / + by the 

method of Bligh and Dyer. Quantification of (B) TAG and (C) DAG accumulation showing elevated levels of TAG and DAG across both the soleus and gastrocnemius 
muscles in Pcyt2 + / − . (D) Western blot analysis of Pkc α normalized to β-Tubulin in whole muscle showing incr eased Pcyt2 + /- pr otein content of Pkc α. (E) Pkc activity in 
the membrane and cytosolic fractions of whole muscle shows increased membrane-bound and cytosolic Pkc, indicating elevated Pkc activity in Pcyt2 + /- . (F) Western 

b lot anal ysis of lipogenic pr oteins Sr ebp1c, p-Acc, and Acc; p-Acc r elati v e to Acc and Sr ebp1c, and Acc normalized to β -Tubulin, showing incr eased content of lipogenic 
proteins in Pcyt2 + / − . (G) Elevated malonyl-CoA and (H) LCFA-CoA content in the Pcyt2 + /- soleus and gastrocnemius. Together, this shows elevated lipogenesis that leads 
to DAG and TAG accumulation and the activation of Pkc in Pcyt2 + /- skeletal muscle relative to Pcyt2 + / + . Data are derived from both male and female mice and are 
presented as mean ± SD. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001. 
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Figure 4. Reduced lipolysis and mitochondrial FA transport and oxidation. Reduced (A) FFA and (B) gl ycer ol lev els in plasma under basal and e pine phrine stim ulation 

by I.P. showing an impairment in systemic lipolysis in Pcyt2 + /- r elati v e to Pcyt2 + / + . (C) Western blot analysis of the intramuscular lipolysis marker p-Hsl relative to Hsl 
shows reduced whole muscle protein content, indicating decreased activation and liberation of FAs from TAG stores in skeletal muscle. This suggests reduced skeletal 
m uscle lipol ysis as a contributing factor to the whole-body r eduction in lipol ysis Pcyt2 + / −. (D) Western b lot anal ysis of Sirt1, p-Ampk α, and Ampk α; p-Ampk α r elati v e 
to Ampk α, Sirt1 and Ampk are normalized to β-Tubulin, showing decreased whole muscle content of lipolytic proteins in Pcyt2 + / −. (E) Reduced mRNA expression of 

the LCFA mitochondrial transport protein Cpt1 , normalized to Gapdh in Pcyt2 + /- whole muscle. (F) Fatty acid oxidation is decreased, and (G) ATP content is increased 
in Pcyt2 + /- whole muscle. Together, this shows how, r elati v e to Pcyt2 + / + , Pcyt2 + /- muscle exhibits impaired FA mobilization and oxidation. Data are derived from both 
male and female mice and are presented as mean ± SD. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001. 
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Figure 5. Impaired glucose transport and glycogen accumulation. (A) Glucose tolerance test and area under the curve sho wing whole-bod y reduced insulin sensitivity 
in Pcyt2 + /- r elati v e to Pcyt2 + / + . (B) Western b lot anal ysis of pr oteins in the insulin signaling cascade: pSer 307 -Irs1, Irs1, p85-Pi3k, pSer 473 -Akt, Akt; pSer 307 -Irs1 r elati v e to 
Irs1; pSer 473 -Akt r elati v e to Akt; and Irs1, p85-Pi3k, and Akt normalized to β-Tubulin show r educed expr ession, indicating impair ed insulin signaling in Pcyt2 + /- whole 

muscle. (C) Western blot analysis of plasma membrane Glut4 content and total Glut4 content; Glut4 plasma membrane r elati v e to Glut4 total, and Glut4 total normalized 
to β-Tubulin. This shows reduced activation and translocation of Glut4 to the plasma membrane in Pcyt2 + /- whole muscle. 14 C-2-deoxyglucose uptake into (D) soleus 
and (E) gastr ocnemius m uscles with and without insulin stimulation also showed diminished glucose uptake in Pcyt2 + / − . (F) Periodic acid-Schiff staining of quadricep 
muscle sections showing glycogen accumulation, and (G) assay-based quantification showing elevated levels of glycogen content in Pcyt2 + /- whole muscle. (H) Rate of 

glycogen synthesis is decreased in Pcyt2 + /- whole muscle. Together, this shows impaired glucose handling in Pcyt2 + /- with glycogen accumulation that inhibits further 
synthesis, insulin signaling and glucose update. Data ar e deri v ed fr om both male and female mice and are presented as mean ± SD. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; 
∗∗∗∗P < 0.0001. 
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y 44% in Pcyt2 + / − whole muscle. p85-Pi3k is reduced by 58%, and 

oth phosphorylated (pSer 473 -Akt: Akt) and total Akt are reduced 

y 24% and 31%, r especti v el y ( Figur e 5 B). Insulin induces skele-
al muscle glucose transport mainly facilitated by Glut4 translo- 
ation to the plasma membr ane . In Pc yt2 + / − whole muscle , the 
otal pool of Glut4 protein was elevated by 2.43-fold; however, 
lut4 plasma membrane content w as r educed by 87%, indicat- 

ng reduced tr affic king to the plasma membr ane and respon- 
i v eness to insulin stimulation ( Figure 5 C). We evaluated glucose 
ptake by measuring the incorporation of 14 C-2-deoxyglucose 

nto the soleus and gastrocnemius muscles with and without 
nsulin stimulation ( Figure 5 D). In the soleus, glucose uptake is 
educed by 37% under basal conditions and by 23% under insulin 

timulation, and in the gastrocnemius is reduced by 35% under 
asal conditions and by 27% under insulin stimulation ( Figure 
 E). Finally, periodic acid-Schiff staining r ev ealed alter ed gl yco- 
 en storag e with an accum ulation of m uscle gl ycogen in Pcyt2 + / −

uadricep (yellow) ( Figure 5 F), and assay-based quantification of 
lycogen content shows a 75% increase in whole muscle ( Figure 
 G). Replete glycogen stores inhibit the continued storage of glu- 
ose as glycogen, and indeed, the rate of glycogen synthesis 
s decreased by 36% in Pc yt2 + / − ( F igure 5 H). These data show
mpaired glucose handling in Pcyt2 + / − with reduced insulin sen- 
iti vity, impair ed glucose uptake, and gl ycogen accum ulation. 

iscussion 

e hav e pr eviousl y determined that mice with a global, het- 
rozygous deletion of the Pcyt2 gene develop an a ge-de pendent 
besity and NASH. 2 , 3 In this study, we r e port m ultiple a bnor- 
alities within the skeletal muscle of Pc yt2 + / −mice , including 

isrupted muscle structure with de gener ation, m y osteatosis, 
brosis, and altered FA and glucose metabolism. The Pcyt2 + / −

uadrice p is incr eased in size and weight r elati v e to Pcyt2 + / + ,
ossib l y due to elevated adipose tissue infiltration, as H&E 
taining r ev eals a dramatic pr esence of intram uscular adipose 
issue . My osteatosis is associated with N AFLD severity and 

s an esta b lished pr ognostic indicator for end-sta ge li v er dis-
ase patients. 31–34 Another possibility for the increased mus- 
le weight is skeletal muscle cell h ypertroph y due to the 
 hronic w orkload imposed on skeletal muscle by Pcyt2 + /- obe- 
ity, 2 reflecting the human obese condition whereby skeletal 
uscle mass is increased, yet the function is impaired. 35 Future 
ork should quantify intramuscular adipose tissue and fat-free 
 uscle v olume to better understand the r elationship between 

keletal muscle composition, physical function, and Pcyt2 + /- 

ASH development. 
Metabolic inflammation emanating both from the fatty liver 

nd skeletal muscle is mutually detrimental and suggested as a 
ey process that contributes to skeletal muscle cell death, dys- 
unction, and deleterious r emodeling. 36 Pcyt2 + /- dev elop NASH 

ith hepatocellular injury, inflammation, and fibrosis, and here 
e show the skeletal muscle manifestations of these patholo- 

ies. Pcyt2 + /- skeletal muscle exhibits intramuscular adipose tis- 
ue and LCFA-CoA, TAG, and DAG accumulation. Additionally, 
cyt2 + /- skeletal muscle cells show evidence of degeneration 

ith vacuolization, disordered sarcomeres, mitochondria ultra- 
tructur e irr egularities, and paucity. Ther e is incr eased pr otein 

ontent of the p65 subunit of Nf κB, indicating increased Nf κB 

cti v ation and translocation to the nucleus, where it acts as a 
entr al re gulator of inflammator y pathw ays and has been shown 

o participate in the development of multiple metabolic dis- 
rders. 37 , 38 Protein content of pro-inflammatory p-p38, Mapk, 
nd Stat3 is also increased, and together these proteins play 
ritical roles in modulating the cellular response to inflamma- 
ion, stress, and disease progression within skeletal muscle. 39 

cyt2 + /- skeletal muscle shows macrophage infiltration, indi- 
ating cellular injury and the presence of de gener ative mus- 
le fibers, and fibrosis, a major cause of muscle weakness 
nd reduced re gener ative capacity and a hallmark of mus- 
ular dysfunction and de gener ation. 40 Lastly, Pc yt2 + /- exhibits 
indlimb clasping upon tail suspension, indicating muscle 
eakness and/or neur om uscular dysfunction. Together, this 

hows m y opathic processes in Pc yt2 + /- skeletal muscle , includ- 
ng m y osteatosis, lipotoxicity, inflammation, and fibrosis caus- 
ng skeletal muscle cell de gener ation that is accompanied by 
r eliminar y evidence for impaired muscle function. 

Inter estingl y, hindlimb clasping is a marker of disease sever- 
ty in several mouse models of neurode gener ative and neu- 
 om uscular disorders, including cerebellar ataxia. Recently, a 
mall group of patients has been identified with a loss-of- 
unction mutation in the PCYT2 gene that develop a br oad pr o-
r essi v e ataxia-spasticity condition. This disorder is c har acter- 
zed by pr ogr essi v e cer ebral and cer ebellar atr ophy, m ultiple

uscular pathologies, and spastic para- or tetraplegia, and indi- 
ates disturbed PE metabolism as a key pathological mecha- 
ism in neur om uscular function. 41–43 Gi v en the essential r ole
f the autonomic nervous system in peripheral energy home- 
stasis, nutrient sensing, inflammation, and tissue function 

nd r e pair, the r ole of Pcyt2 and PE homeostasis within neu-
 om uscular systems r e pr esents an inter esting r oute for futur e
nvestigation. 

It is well known that intramuscular and intramyocellular 
A accumulation contributes to aberrant glucose metabolism 

nd is str ongl y associated with insulin resistance, although the 
xact mechanisms underlying this relationship are not com- 
letely clear. 44–46 Pcyt2 + /- mice exhibit impaired systemic glucose 
andling as shown by the GTT. Whole-body glucose homeosta- 
is is dependent on the conserved ability of skeletal muscle to 
ynthesize and store glycogen in response to insulin stimula- 
ion, and impairments in this pathw ay ar e a primar y defect in

eta bolic syndr ome and T2DM. 47 Pcyt2 + /- muscle shows abnor- 
al glycogen metabolism, with an accumulation of glycogen 

ontent and reduced glycogen synthesis. Because Pcyt2 + /- glyco- 
en stor es ar e r e plete , ne gati v e feedback inhibits insulin sig-
aling and reduces the flux of circulating glucose into muscle 
l ycogen stora ge. This is shown in Pcyt2 + / − whole muscle by 
he decr eased expr ession of insulin signaling proteins, dimin- 
shed Glut4 tr affic king to the plasma membr ane , reduced glu-
ose uptake in both the soleus and gastrocnemius, and reduced 

lycogen synthesis. These findings are consistent with reports 
f an inverse relationship between skeletal muscle glycogen 

ontent and insulin sensitivity. 48–50 Reduced glucose disposal 
nto gl ycogen stor es forces the r edir ection of glucose within the
keletal muscle into alternative non-oxidative metabolic path- 
ays, such as lipogenesis. Indeed, in Pcyt2 + /- muscle, lipogene- 

is is upregulated in both the soleus and gastrocnemius mus- 
les, which can further inhibit insulin signaling. 51 , 52 These find- 
ngs may lend important insight into Pc yt2 + /- N ASH pr ogr ession
nd Pcyt2 + /- skeletal muscle insulin resistance can drive hep- 
tic lipogenesis via the meta bolic r er outing of circulating glu- 
ose from skeletal muscle uptake and glycogen storage to liver 
AGs. This mechanism has been validated experimentally with 

 uscle-specific inacti v ation of the insulin r ece ptor gene 53 and in
nsulin-resistant patients. 54 Further, insulin stimulation induces 
r otein synthesis, m uscle hypertr ophy, and inhibits pr oteol y- 
is 55 , 56 which dir ectl y links skeletal m uscle insulin r esistance 
uring Pc yt2 + /- N ASH to impair ed m uscle function. 
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Pcyt2 + /- mice develop adult-onset obesity and a reduced
apacity for whole-body FA oxidation, as determined by indirect
alorimetry. 2 In the present study, we specifically show mod-
fications to skeletal muscle FA metabolism in Pc yt2 + / − mice ,
amel y incr eased lipogenesis and decr eased mitochondrial FA
xidation. Pcyt2 catalyzes the synthesis of CDP-ethanolamine, 
hich is condensed with DAG to form PE in the third and final

tep of the CDP-ethanolamine Kennedy pathway. As the rate-
imiting enzyme, Pcyt2 deficiency reduces flux through the path-
a y b y limiting the a v aila bility of CDP-ethanolamine and thus

estricts the incorporation of DAG into PE formation, causing
AG to accumulate. 2 When dysregulated, DAGs are a potentially
angerous lipid species due to their central role as second mes-
engers in signal transduction for a range of cellular processes,
uch as Pkc acti v ation. Her e, we show elevated DAG content
n Pcyt2 + / − soleus and gastrocnemius muscles, and increased
ctivity of membrane-bound Pkc. DAG-activated Pkc isoforms
re well known to promote skeletal muscle insulin resistance in
oth animal and human models. 46 , 57–59 Pcyt2 + /- muscle exhibits
n upregulation of key lipogenic proteins Srebp1c and Acc,
nd ele vated malon yl-CoA content, which is the primary car-
on source for FA synthesis by Fas. Malonyl-CoA modulates
A oxidation through its capacity to inhibit the transport of
CFA-CoA into the mitochondria for β-oxidation via Cpt1 inhi-
ition. Indeed, Cpt1 expression is decreased, and FA oxidation

s diminished Pc yt2 + /- muscle . This is supported by a reduc-
ion in the FA oxidati v e pr oteins Sirt1 and p-Ampk. Accord-
ngl y, ther e is an accum ulation of LCFA-CoA, a potentiall y toxic
ntermediate, that is not a b le to be oxidized in the mitochon-
ria and must be directed to TAG synthesis. Lastly, we show
hat systemic lipolysis is diminished under e pine phrine stim-
lation, and within the muscle, there is a reduction in p-Hsl,
hich is a major inducer of intram uscular lipol ysis, 60 indicat-

ng decr eased Pcyt2 + /- TAG cata bolism. Together, this r esults in
AG accumulation in Pcyt2 + /- soleus and gastrocnemius mus-
les. Ther efor e, elev ated FA pr oduction in Pcyt2 + /- m uscle likel y
ccurs, in part, to facilitate the conversion of surfeit DAG

nto neutr al TAG stor age , to mitigate the potentially deleteri-
us consequences of excessi v e DAG signaling. This shows how
etabolic adaptations to a deficiency in phospholipid synthe-

is through the CDP-ethanolamine Kennedy pathway result in
ntr am y ocellular and intramuscular lipid accumulation, influ-
nce skeletal muscle insulin resistance, and facilitate NASH
evelopment. 

In this study, we measured lipid accumulation and glucose
ptake in the soleus, pr edominantl y composed of oxidati v e
ype I and IIA fibers, and the gastrocnemius, which contains
 gr eater v olume of gl ycol ytic Type IIB fibers. One of the cen-
r al mec hanisms hypothesized to be driving the pathologies in
cyt2 + / − skeletal muscle is altered DAG metabolism. Therefore,
e anticipated that fiber-type differences in the distribution of

kc may influence glucose metabolism differently in the soleus
nd gastrocnemius muscles. Glycolytic fibers exhibit a greater
bundance of Pkc θ than oxidative, 61 , 62 which is the major DAG-
ensing isoform of Pkc and dri v er of insulin resistance in skeletal
uscle . 63 How ever, insulin-stimulated glucose uptake was sim-

larl y r educed in Pcyt2 + / − soleus and gastrocnemius. Likewise,
e found that LCFA-CoA, DAG, and TAG accum ulate similarl y in
oth Pcyt2 + / − soleus and gastrocnemius muscles, despite differ-
nces in oxidati v e capacity. The soleus possesses an incr eased
xidati v e potential and enrichment in the lipase Hsl, 64 which
as an ∼10-fold greater affinity to war d DA G compared to TA G. 65 

ence , w e anticipated that the soleus would more readily oxi-
ize DAGs shunted from the CDP-ethanolamine pathway and
 equir e less TAG production; however, this was not the case,
howing that higher inherent rates of FA oxidation in the soleus
r e not a b le to pr otect a gainst DA G and TA G accumulation dur-
ng Pcyt2 deficiency. 

The explanation for the lack of differences in lipid accu-
ulation and glucose uptake in across soleus and gastrocne-
ius muscles is unclear. Multiple mechanistic lines of reason-

ng have been proposed to explain the pathogenesis of skele-
al muscle insulin resistance, including intramyocellular and
ntram uscular lipid accum ulation, 44 , 46 inflammation, 66 mito-
hondrial dysfunction, 67 , 68 and oxidati v e str ess, 69 , 70 and it is
ossib le the r elati v e influence of these processes on insulin
 esistance v aries acr oss m uscle fiber type. T ype I and T ype
I fibers exhibit differences in autophagic processes 71 , 72 mito-
hondrial volume density, network dynamics, and r espirator y
r operties, 73 meta bolism of R OS, 74 , 75 and calcium handling
t the mitochondria and SERCA, 76 , 77 allowing them distinct
etabolic c har acteristics and contr actile pr operties. Gi v en that

E plays critical roles in all of these processes, autophagy
nd mitophagy, 78 , 79 mitoc hondrial respir ation and oxidati v e
tress, 80–83 and SERCA function, 84–86 it stands to reason that the
echanisms driving insulin resistance and the development of

cyt2 muscle pathologies are fiber-type specific. For example,
l ycol ytic m uscles appear to hav e a lessened a bility to buffer
 OS than oxidati v e m uscle, 75 , 87 and thus, may be more sus-
e ptib le to oxidati v e str ess and inflammation during Pcyt2 defi-
iency. Ther efor e, it is plausib le that the mechanistic conse-
uences of Pcyt2 deficiency differ according to fiber type, but
ltimatel y r esult in conv ergent signals that induce FA accum u-

ation, insulin resistance, and manifest a similarl y impair ed 

henotype. 
Another explanation for the lack of observed differences in

he soleus and gastrocnemius muscles is the possibility that
xidati v e fibers undergo a fiber-type metabolic switch toward
 profile that resembles glycolytic fibers, which can occur
s an adapti v e r esponse to conditions of impaired FA oxida-
ion. 30 Pcyt2 + / − exhibit elevated whole muscle ATP content with
educed FA oxidation, indicating a transition to glucose as the
rimary fuel source for ATP production. In support, glycogen
ontent is increased in Pc yt2 + / − muscle , a c har acteristic of gly-
olytic fibers. Further, a well-known factor that can induce fiber-
ype switching is alterations in neurological input and activ-
ty. 88 Disruptions in phospholipid genes are increasingly asso-
iated with motor neuron diseases, 89 and specifically, Pcyt2
eficiency in humans causes pr ogr essi v e ataxia-spasticity 41 , 42 

mplicating Pcyt2 in neuronal homeostasis. Spasticity has been
ssociated with a Type II fiber-type switch, 90 suggesting the
ropensity for Pcyt2 + /- mice to undergo a similar shift. Addi-
ionally, we showed that Pcyt2 + / − mice exhibit hindlimb clasp-
ng, which is a key finding in mouse models of neur om uscu-
ar disorders. Future work should distinguish fiber-type-specific

echanisms governing the development of Pcyt2 + /- skeletal
uscle pathologies to improving the understanding of how

E homeostasis influences the metabolic and functional
roperties of skeletal muscle within the context of NASH
athogenesis. 

onclusion 

n summary, these data support a h ypothesis whereb y dimin-
shed phospholipid synthesis through the CDP-ethanolamine
 ennedy pathw ay due to Pc yt2 deficienc y results in deleteri-
us metabolic adaptations to accommodate reduced DAG usage.
cyt2 + /- skeletal muscle exhibits impaired glucose handling and
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tor age , increased de novo lipogenesis, and reduced FA oxida- 
ion that leads to insulin resistance , m y osteatosis, skeletal mus- 
le inflammation, fibrosis, and de gener ation, and these pro- 
esses are linked to metabolic and functional decline in skele- 
al muscle. A limitation of this study is due to the global, and 

ot m uscle-specific, heter ozygous deletion of Pcyt2, making it 
ot possible to conclude whether skeletal muscle dysfunction is 
 primary cause of the over all Pc yt2 + /- pathological phenotype 
r a secondary consequence of the metabolic disease. Future 
tudies should address this by determining the role of phospho- 
ipid homeostasis in the incr easingl y appr eciated bidir ectional 
 uscle-li v er cr osstalk during meta bolic disease pathogenesis. 
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