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Abstract

Obesity alters skeletal muscle lipidome and promotes myopathy, but it is unknown whether 

aberrant muscle lipidome contributes to the reduction in skeletal muscle contractile force­

generating capacity. Comprehensive lipidomic analyses of mouse skeletal muscle revealed a very 

strong positive correlation between the abundance of lysophosphatidylcholine (lyso-PC), a class 

of lipids that is known to be downregulated with obesity, to maximal tetanic force production. 

The level of lyso-PC is regulated primarily by lyso-PC acyltransferase 3 (LPCAT3), which 

acylates lyso-PC to form phosphatidylcholine. Tamoxifen-inducible skeletal muscle-specific 

overexpression of LPCAT3 (LPCAT3-MKI) was sufficient to reduce muscle lyso-PC content in 

both standard chow diet (SCD) and high-fat diet (HFD)-fed conditions. Strikingly, assessment 

of skeletal muscle force-generating capacity ex vivo revealed that muscles from LPCAT3-MKI 

mice were weaker regardless of diet. Defects in force production were more apparent in HFD­

fed condition, where tetanic force production was 40% lower in muscles from LPCAT3-MKI 
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compared to that of control mice. These observations were partly explained by reductions in 

the cross-sectional area in type IIa and IIx fibers, and signs of muscle edema in the absence of 

fibrosis. Future studies will pursue the mechanism by which LPCAT3 may alter protein turnover to 

promote myopathy.
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1. Introduction:

Defects in skeletal muscle contractile activity are a hallmark of many musculoskeletal 

and neurodegenerative diseases. In addition to those observed in cancer patients, aged 

individuals, with disuse, or muscular dystrophies (1–7), loss of skeletal muscle mass and/or 

force-generating capacity occurs in patients with type 2 diabetes (8, 9). Loss of muscle mass 

or strength is detrimental and correlates with negative health outcomes (10, 11).

The mechanism by which diabetes promotes skeletal muscle myopathy is unclear. One 

possible cause is the altered muscle lipid milieu observed with obesity and/or type 2 diabetes 

(12–14). Evidence suggests that skeletal muscle lipid composition is robustly altered in 

multiple examples of skeletal muscle myopathy (6, 15, 16). Indeed, several studies from 

our group and others provide evidence that overexpression or deletion of lipid-synthesizing 

enzymes can cause contractile defects in skeletal muscle (17–22).

The purpose of this study was to understand whether alterations in skeletal muscle lipids 

can explain the contractile dysfunction associated with obesity. Comprehensive lipidomic 

analyses revealed a robust positive correlation of skeletal muscle lysophosphatidylcholine 

(lyso-PC) and maximal force-generating capacity. Compared to a PC molecule, lyso-PC 

lacks an acyl chain typically at the sn-2 position (23). The levels of lyso-PC are regulated by 

the enzymes of Lands cycle, a phospholipid transacylation pathway (24–26). In skeletal 

muscle, lyso-PC is primarily regulated by lyso-PC acyltransferase 3 (LPCAT3) which 

preferentially utilizes polyunsaturated fatty acids to acylate lyso-PC (14, 27, 28). Thus, 

these findings were further explored with studies on mice with skeletal muscle-specific 

overexpression of LPCAT3 to examine whether low muscle lyso-PC makes mice more prone 

to myopathy in lean and obese mice.

2. Materials and Methods

Animals

All mice were studied at ~20 wks of age and were on the C57BL/6J background. 

Tamoxifen-inducible LPCAT3 skeletal muscle-specific knock-in (LPCAT3-MKI) mice were 

generated to study the effects of LPCAT3 overexpression specifically in skeletal muscle 

(14). LPCAT3-conditional knock-in (LPCAT3cKI+/+) mice were generated by inserting a 

FLAG-tagged Lpcat3 cDNA sequence with a preceding lox-STOP-lox sequence into the 

Rosa26 locus. LPCAT3cKI+/+ mice were crossed with skeletal muscle-specific tamoxifen­

inducible (HSA-MCM+/−) mice to generate LPCAT3-MKI (LPCAT3cKI+/−, HSA-MCM+/−) 
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and control (LPCAT3cKI+/−, HSA-MCM−/−) mice. All mice were subject to tamoxifen 

treatment (intraperitoneal injection 5 consecutive days, 7.5 μg/g body mass) and a 2-week 

washout period. Mice were then studied with standard chow diet (SCD) or 8 weeks of 

high-fat diet (HFD, TD.88137 from Envigo) feeding. Mice were maintained on a 12 hour 

light/dark cycle in a temperature-controlled room. Prior to all terminal experiments and 

tissue harvesting, mice were fasted for 4 hours prior to anesthetization by intraperitoneal 

injection of 80 mg/kg ketamine and 10 mg/kg xylazine. Data are from both sexes as effects 

of LPCAT3 overexpression were observed in both male and female mice. All experimental 

procedures were approved by the University of Utah Institutional Animal Care and Use 

Committee.

Mass Spectrometry

Lipidomic analyses of mouse tibialis anterior muscle were performed at the Metabolomics 

Core at the University of Utah as previously described (14). Briefly, extracted lipids 

with internal standards (Avanti Polar Lipids: 330707) were analyzed with an Agilent triple­

quadrupole mass spectrometer (QqQ-MS/MS) for targeted analysis and Agilent quadrupole 

time of flight mass spectrometer (QTOF-MS/MS) for untargeted analysis. The quantity of 

each lipid species was normalized to the total protein content of each sample.

Quantitative Reverse Transcription-PCR

Samples were homogenized in TRIzol reagent (Life Technologies, Grand 

Island, NY) to extract total RNA as previously described (14). 1 μg RNA 

was reverse transcribed using IScript™ cDNA synthesis kit (Biorad, Hercules, 

CA). RT-PCR was performed with the Viia™ 7 Real-Time PCR System 

(Life Technologies, Grand Island, NY) using SYBR® Green reagent (Life 

Technologies, Grand Island, NY). All data were normalized to ribosomal L32 

gene expression (L32 mRNA levels were not different between groups). Mouse 

primer sequences used were (5’→3’): TTCCTGGTCCACAATGTCAA (L32 forward), 

GGCTTTTCGGTTCTTAGAGGA (L32 reverse), GGCCTCTCAATTGCTTATTTCA 

(LPCAT3 forward), AGCACGACACATAGCAAGGA (LPCAT3 reverse).

Skeletal Muscle Force Production

Force production in extensor digitorum longus (EDL) muscle was measured as previously 

described (14, 18, 29). Briefly, EDL muscles were sutured at each tendon and placed in 

a tissue bath (Aurora Scientific, Model 801C). The optimal length (Lo) of each muscle 

was determined by pulse stimulation. After Lo was achieved muscles were stimulated (0.35 

seconds, 0.2-millisecond pulse width) at frequencies ranging from 10–200 Hz. Muscle 

length and mass were measured to quantify muscle cross-sectional area for force production. 

The rate of contraction was quantified by taking the average rate of contraction between 

20–80% from the start of stimulation to peak force, and the rate of relaxation was quantified 

by analyzing the average rate of relaxation between 20–80% of peak force. All data were 

analyzed using Aurora Scientific DMAv5.321 software.
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Skeletal Muscle Histology

Analyses for skeletal muscle myosin heavy chain (MHC) isoform and cross-sectional area 

(CSA) were performed as previously described (14). Tibialis anterior (TA) muscles were 

embedded in OCT compound and sectioned at 10 μM using a cryostat (Microtome Plus). 

After 1 hour of blocking with M.O.M. mouse IgG Blocking Reagent (Vector Laboratories, 

MKB-2213), myofiber sections were incubated for 1 hour with concentrated BA.D5, SC.71, 

and BF.F3 (all 1:100; DSHB) in 2.5% normal horse serum. To visualize myosin heavy chain 

I (MHC I), MHC IIa, and MHC IIb, slides were incubated for 1 hour with the following 

secondary antibodies, respectively: Alexa Fluor 647 (1:250; Invitrogen, A21242), Alexa 

Fluor 488 (1:500; Invitrogen, A21121), and Alexa Fluor 555 (1:500; Invitrogen, A21426). 

Negatively stained fibers were considered MHC IIx. After staining, slides were coverslipped 

with mounting medium (Vector Laboratories, H-1000). Stained slides were imaged with a 

fully automated wide-field light microscope (Nikon Corp.) with a 10× objective lens. Images 

were captured using a high-sensitivity Andor Clara CCD camera. Sirius red staining was 

performed as previously described (30). Briefly, sections were fixed in Bouin’s fixative for 

1 hour at 56°C, stained for 1 hour in Master Tech Picro Sirius Red, and washed in 0.5% 

glacial acetic acid before mounting with Permount. Sirius red-stained muscles were imaged 

with a Zeiss Axioscan Slide Scanner microscope.

Statistics

Statistical analysis was performed using Prism 7 software (GraphPad). Two-tailed Student’s 

t tests were performed with data composed of 2 groups, and 2-way ANOVA followed by 

Šidák’s multiple-comparison test was performed for more than 2 groups. All data are mean 

± SEM, and statistical significance was set at P less than 0.05.

3. Results

Lipidomic analyses reveal a robust positive correlation between muscle lyso-PC and force­
generating capacity.

Untargeted lipidomic analyses were performed to quantify species from 12 lipid classes 

including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol 

(PG), cardiolipin (CL), phosphatidylinositol (PI), phosphatidylserine (PS), diacylglycerol 

(DAG), triacylglycerol (TAG), sphingomyelin, cholesterol, lysophosphatidylethanolamine 

(lyso-PE), and lyso-PC in skeletal muscles from seven C57BL6/J wildtype mice. Pearson 

correlation analyses between maximal tetanic force production (specific force of the EDL 

muscle at 200 Hz stimulation) and the abundance of lipid in each of these classes were 

performed. Of the 12 classes of lipids analyzed, only lyso-PC, lyso-PE, and TAG were 

significantly correlated with maximal tetanic force production (Figure 1A). Abundances of 

all three classes were positively correlated with the force production (Figure 1B–D). Among 

these, muscle TAG is known to become robustly increased with obesity or type 2 diabetes 

(12, 13), suggesting that low TAG is unlikely to promote muscle weakness in diabetic 

myopathy. In contrast, a previous study from our laboratory showed decreased muscle 

lyso-PC and lyso-PE with obesity (14), consistent with the idea that decreased abundance of 

either of these classes of lipids may promote muscle weakness in diabetic myopathy.
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Because untargeted lipidomic analyses on QTOF-MS/MS are not gold-standards for precise 

quantification, we reanalyzed these samples on the QqQ-MS/MS platform to measure 

individual lyso-PC and lyso-PE species. Among 32 lyso-PC and lyso-PE species, six species 

(lyso-PC 16:0, 14:0, 18:1, 16:1, 20:3, lyso-PE 20:1) were significantly correlated with 

maximal force production (Figure 1E). In particular, 16:0 lyso-PC displayed a remarkable 

correlation (R2 = 0.90, Figure 1F).

Skeletal muscle-specific overexpression of LPCAT3 lowers lyso-PC and lyso-PE without 
robustly affecting other classes of lipids.

Lyso-PC and lyso-PE are molecules generated from PC and PE, respectively, by deacylation 

of a fatty acid at the sn-2 position (23). The levels of skeletal muscle lyso-PC and lyso-PE 

are primarily regulated by lysophosphatidylcholine acyltransferase 3 (LPCAT3) (14, 27, 

28), an enzyme of the Lands cycle (24–26). Indeed, obesity coincides with an increase 

in muscle LPCAT3 transcript in mice and in humans (14). Mice with tamoxifen-inducible 

skeletal muscle-specific overexpression of LPCAT3 (LPCAT3-MKI) were generated (14). 

This strategy successfully yielded mice with increased LPCAT3 transcript and protein 

in skeletal muscle (Figure 2A, Figure S1A). Body and fat masses were not different 

between the groups (Figure 2B&C). Phospholipidomic analyses of skeletal muscles from 

control and LPCAT3-MKI mice were performed. Consistent with the notion that LPCAT3 

acylates lyso-PC and lyso-PE, overexpression of LPCAT3 reduced the levels of lyso-PC 

and lyso-PE in muscles from LPCAT3-MKI mice compared to that of control mice (Figure 

2D–F). Abundance of other phospholipids such as PS, PI, PG, CL, PC, and PE were 

unaffected (Figure 2D), but there were nuanced changes in acyl-chain combination of these 

lipids as expected from LPCAT3’s preference to utilize polyunsaturated fatty-acids (Figure 

S1B&C, S2). Quantification of lyso-PC and lyso-PE with their parent phospholipids indicate 

that reduction in lyso-PC/PC was more robust compared to lyso-PE/PE (Figure 2G&H), 

consistent with LPCAT3’s greater affinity for lyso-PC compared to lyso-PE.

Skeletal muscles from LPCAT3-MKI mice exhibit mild contractile dysfunction.

Control and LPCAT3-MKI mice were studied in a standard chow diet (SCD)-fed condition. 

EDL muscles were dissected to characterize force-generating capacity ex vivo. When 

stimulated by a single pulse to induce a twitch contraction, representative force tracings 

indicate similar contraction kinetics between control and LPCAT3-MKI mice (Figure 

3A), with no differences found in peak force, rate of contraction, and rate of relaxation 

(Figure 3B&C). Muscles were then stimulated at frequencies ranging from 10–200 Hz 

to induce tetanic contractions. Representative force tracings after a 200 Hz stimulation 

indicate some degree of force decrements in LPCAT3-MKI muscles compared to that of 

control (Figure 3D) that remain present even after normalization to muscle tissue cross­

sectional area (Figure 3E). Specific force was similar between control and LPCAT3-MKI 

between stimulation frequencies of 10–60 Hz, but muscles from LPCAT3-MKI produced 

significantly lower tetanic force at all stimulation frequencies ≥80 Hz compared to muscles 

from littermate control mice. Despite this defect in force production at high stimulation 

frequencies, LPCAT3-MKI muscles exhibited similar contractile sensitivity to stimulation 

frequency, as measured by IC50 (the frequency needed to elicit a contraction at 50% 

maximum), compared to that of control mice (Figure 3F).
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Overexpression of muscle LPCAT3 selectively reduces lyso-PC in HFD-fed mice.

High-fat diet (HFD) feeding promotes obesity and diabetes, reduces skeletal muscle lyso-PC 

and lyso-PE, and induces diabetic myopathy. Thus, control and LPCAT3-MKI mice were 

studied after 8 wks of HFD feeding. Body and fat masses were not different between 

the groups (Figure 4A&B). Targeted lipid mass spectrometry was performed to quantify 

lyso-PC and lyso-PE with their parent phospholipids. Total lyso-PC was lower in muscles 

from LPCAT3-MKI mice compared to that of control (Figure 4C&D). With no difference 

in the abundance of PC (Figure 4C, Figure S3A), lyso-PC/PC was lower in LPCAT3-MKI 

mice compared to that of control (Figure 4E). Unexpectedly, lyso-PE content was greater 

in muscles from LPCAT3-MKI mice compared to that of control (Figure 4C&F). With no 

change in the abundance of PE (Figure 4C, Figure S3B), lyso-PE/PE was greater, not lower, 

in LPCAT3-MKI mice compared to that of control (Figure 4G). Similar to the SCD-fed 

condition, there were nuanced changes in acyl-chain combinations of these lipids.

High-fat feeding induces dramatic myopathy in LPCAT3-MKI mice.

EDL muscles from HFD-fed control and LPCAT3-MKI mice were used for the analyses 

of skeletal muscle force-generating capacity ex vivo. Unlike in the SCD-fed condition, 

twitch peak force was significantly lower in LPCAT3-MKI mice compared to that of control 

(Figure 5A&B), with lower rates for contraction and relaxation (Figure 5C). Similarly, force 

produced by tetanic stimulation was substantially lower in LPCAT3-MKI mice compared to 

that of control mice (Figure 5D&E), while the stimulation frequency needed to elicit a 50% 

max (IC50) was greater in LPCAT3-MKI mice compared to that of control mice (Figure 5F). 

The magnitude of decrease in tetanic force production induced by LPCAT3 overexpression 

was more than 2-fold greater in HFD-fed condition compared to SCD-fed condition.

LPCAT3 overexpression promotes fiber-type switch and selectively reduces the cross­
sectional area of type IIa and IIx fibers.

Tibialis anterior (TA) muscles from control and LPCAT3-MKI mice were sectioned and 

fiber-typed. Consistent with previous studies, TA exclusively expressed myosin heavy chain 

IIa, IIx, and IIb, without expressing MHC I (Figure 6A). LPCAT3 overexpression promoted 

a robust shift in myosin heavy chain isoform composition, with greater fibers expressing 

IIx and IIb at the expense of IIa (Figure 6B). There was a main effect of LPCAT3 

overexpression to reduce fiber CSA, observed primarily in fibers with IIa and IIx expression 

(Figure 6C). Paradoxically, these observations coincided with increases in muscle masses 

(Figure 6D), that is likely explained by increased water weight suggesting edema (Figure 

6E). Sirius red staining suggested no sign of muscle fibrosis with LPCAT3 overexpression 

(Figure 6F).

4. Discussion:

Obesity promotes skeletal muscle contractile dysfunction (8, 31) but the mechanisms driving 

this defect are incompletely understood. Altered skeletal muscle lipid metabolism has 

been implicated (32, 33), as lipids may be involved in pathogenesis of other forms of 

myopathy including muscular dystrophy (6, 15, 34). In wildtype C57BL6 mice, levels of 

muscle lyso-PC, lyso-PE, and TAG content all positively correlated with force-generating 
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capacity. Among these, TAG was an unlikely candidate, as it is well documented that muscle 

TAG increases, not decreases, with obesity (12, 13, 18). Meanwhile, lysophospholipids are 

known to become downregulated with obesity (14), consistent with the positive correlations 

between these molecules to muscle strength. In particular, 16:0 lyso-PC exhibited a 

remarkable association to the force-generating capacity. To our knowledge, the relationship 

between muscle lysophospholipids and contractile function has never been reported. Thus, 

the premise of the current study was to examine whether low muscle lysophospholipids, 

specifically lyso-PC, would be sufficient to promote myopathy. Indeed, low lyso-PC 

(including 16:0 lyso-PC) induced by muscle-specific overexpression of LPCAT3 was 

sufficient to modestly attenuate tetanic force production ex vivo (20% reduction) with no 

other apparent defects in the contractile kinetics in SCD-fed condition. It is noteworthy that 

LPCAT3 overexpression lowered muscle lyso-PC by a similar magnitude (50% reduction) 

that occurs with obesity (14).

Susceptibility to HFD-induced myopathy were further studied in the LPCAT3-MKI mice. 

Strikingly, overexpression of LPCAT3 promoted a dramatic loss in skeletal muscle 

contractile activity, characterized by ~40% loss in force-generating capacity that coincided 

with reduced twitch force, decreased rates of contraction and relaxation, and increased 

IC50. These findings indicate that low skeletal muscle lyso-PC makes mice more prone to 

obesity-induced myopathy.

What is the mechanism by which low muscle lyso-PC promotes weakness? Analyses 

of skeletal muscle fiber-type indicate that overexpression of LPCAT3 promotes a shift 

in myosin heavy chain isoforms from IIa to IIx/IIb, similarly to muscle weakness that 

occurs after spaceflight (35, 36). This is somewhat paradoxical considering that maximal 

force output is higher in IIx/IIb isoforms compared to IIa (37, 38). Similarly, shortening 

velocity is higher in IIb compared to IIa/IIx (39) even though it was reduced with LPCAT3 

overexpression. Taken together, the switch in skeletal muscle fiber-type observed with 

LPCAT3 overexpression cannot in itself explain muscle weakness. In contrast, CSA of 

muscle fibers were drastically reduced with LPCAT3 overexpression in IIa and IIx fibers. 

These observations are more likely to be responsible for the loss of force-generating 

capacity induced by LPCAT3 overexpression. In addition, LPCAT3 appears to induce 

skeletal muscle edema, an observation that may be a sign of injury and is associated 

with myopathies (40). Injury can likely be ruled out based on the lack of skeletal muscle 

fibrosis in LPCAT3-MKI mice vs. control mice. It is also important to acknowledge that 

these cross-sectional analyses were performed in TA, whereas force measurements were 

performed in EDL.

In conclusion, the current study provides evidence that diet-induced reductions in 

lysophospholipids, specifically lyso-PC, may promote the loss in skeletal muscle force­

generating capacity induced by obesity and/or diabetes. The findings are highlighted by 

a remarkable correlation between 16:0 lyso-PC with maximal force, as well as a robust 

reduction in strength observed in LPCAT3-MKI mice. Future studies will further investigate 

the mechanism by which lyso-PC control fiber CSA, potentially by affecting muscle protein 

turnover.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations:

CL Cardiolipin

DAG Diacylglycerol

EDL Extensor digitorum longus

HFD High-fat diet

Lyso-PC Lysophosphatidylcholine

Lyso-PE Lysophosphatidylethanolamine

LPCAT3 Lysophosphatidylcholine acyltransferase 3

MKI Muscle-specific knock-in

MS/MS Tandem mass spectrometry

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PI Phosphatidylinositol

PS Phosphatidylserine

PL Phospholipid

QqQ Triple-quadrupole

QTOF Quadrupole time-of-flight

SCD Standard chow diet

TA Tibialis anterior

TAG Triacylglycerol
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Figure 1: Skeletal muscle lyso-PC correlates with force-generating capacity.
(A-D) Untargeted lipidomics correlated to maximal force production ex vivo. (A) A volcano 

plot of correlation analyses between muscle lipid classes and forces produced during 

maximal tetanic contraction. R2 is plotted against −log10p-values. Data points indicated 

in red are P<0.05. (B-D) Linear regressions for (B) lyso-PC, (C) lyso-PE), and (D) 

TAG with force production. (E&F) Targeted lipidomic analyses for lyso-PC and lyso-PE 

species. (E) A volcano plot of correlation analyses between muscle lipid species and forces 

produced during maximal tetanic contraction. R2 is plotted against −log10p-values. Data 

points indicated in red are P<0.05. (F) Linear regression for 16:0 lyso-PC content with force 

production. n=7.
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Figure 2: Skeletal muscle-specific overexpression of LPCAT3 lowers lyso-PC and lyso-PE 
(standard chow diet).
(A) LPCAT3 mRNA level in muscles from control (Ctrl) and LPCAT3-MKI (MKI) mice (D­

H) Skeletal muscle phospholipidome. (B) Body mass. (C) Gonadal fat mass. (D) total lipids 

by class, (E) lyso-PC species, (F) lyso-PE species, (G) lyso-PC/PC ratio, (H) lyso-PE/PE 

ratio. All data are from mice that were fed standard chow diet. Ctrl: n=7, LPCAT3-MKI: 

n=12. Two-tailed t-tests or 2-way ANOVA with Sidak’s multiple comparisons tests were 

performed. All data are mean ± SEM. *P ≤ 0.05.
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Figure 3: LPCAT3-MKI mice exhibit mild contractile dysfunction when fed a standard chow 
diet.
Extensor digitorum longus (EDL) muscles of control (Ctrl) and LPCAT3-MKI (MKI) mice 

were dissected for the analysis of ex vivo force production after (A-C) a single-pulse 

stimulation to initiate a twitch contraction or (D-F) across a range of stimulation frequencies 

(10–200 Hz) to generate a force-frequency curve. (A) Force tracings of EDL muscles after 

a single pulse stimulation in Ctrl and LPCAT3-MKI mice. (B) Force normalized to muscle 

cross-sectional area (specific force). (C) The average rate of contraction and average rate 

of relaxation between Ctrl and LPCAT3-MKI EDL muscles. (D) Force tracings of EDL 

muscles after a 200 Hz stimulation between Ctrl and LPCAT3-MKI mice. (E) Specific force 

of EDL muscles across a range of stimulation frequencies in Ctrl and LPCAT3-MKI mice 

(main effect of genotype, P=0.0014). (F) The frequency needed to illicit 50% maximal 

contraction of EDL muscles from Ctrl and LPCAT3-MKI mice. All data are from mice that 

were fed standard chow diet. Ctrl: n=7, LPCAT3-MKI: n=12. Two-tailed t-tests or 2-way 

ANOVA with Sidak’s multiple comparisons tests were performed. All data are mean ± SEM. 

*P ≤ 0.05 for specific time-points.
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Figure 4: Low lyso-PC, but not lyso-PE, in muscles of LPCAT3-MKI compared to control mice 
(high-fat diet).
(A) Body mass. (B) Gonadal fat mass. (C) Total lipids by class, (D) lyso-PC species, (E) 

lyso-PC/PC ratio, (F) lyso-PE species, and (G) lyso-PE/PE ratio. All data are from mice that 

were fed high-fat diet. Ctrl: control, MKI: LPCAT3-MKI. n=11/group. Two-tailed t-tests or 

2-way ANOVA with Sidak’s multiple comparisons tests were performed. All data are mean 

± SEM. *P ≤ 0.05.
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Figure 5: LPCAT3-MKI mice exhibit a more dramatic contractile defect after high-fat diet 
feeding.
EDL muscles of control (Ctrl) and LPCAT3-MKI (MKI) mice were dissected for the 

analysis of ex vivo force production after (A-C) a single-pulse stimulation to initiate a twitch 

contraction or (D-F) across a range of stimulation frequencies (10–200 Hz) to generate a 

force-frequency curve. (A) Force tracings of EDL muscles after a single pulse stimulation in 

Ctrl and LPCAT3 MKI mice. (B) Force normalized to muscle cross-sectional area (specific 

force). (C) The average rate of contraction and average rate of relaxation between Ctrl and 

LPCAT3-MKI EDL muscles. (D) Force tracings of EDL muscles after a 200 Hz stimulation 

between Ctrl and LPCAT3-MKI mice. (E) Specific force of EDL muscles across a range of 

stimulation frequencies in Ctrl and LPCAT3-MKI mice (main effect of genotype, P=0.0003). 

(F) The frequency needed to illicit 50% maximal contraction of EDL muscles from Ctrl 

and LPCAT3-MKI mice. All data are from mice that were fed high-fat diet. Ctrl: n=5, 

LPCAT3-MKI: n=9. Two-tailed t-tests or 2-way ANOVA with Sidak’s multiple comparisons 

tests were performed. All data are mean ± SEM. *P ≤ 0.05.
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Figure 6: Skeletal muscle fiber-type and cross-sectional area in control and LPCAT3-MKI mice.
(A) Representative images of myosin-heavy chain immunofluorescence of TA muscle (MHC 

I: pink, MHC IIa: green, MHC IIb: red, and MHC IIx: negative). (B) Relative abundance of 

fibers expressing MHC IIa, IIx, and IIb. (C) Mean CSA stratified according to their MHC 

expression. n=3/group. (D) Mass of extensor digitorum longus (EDL), tibialis anterior (TA), 

and gastrocnemius (Gastroc) muscles (Ctrl n=4, LPCAT3-MKI n=4) (E) The ratio of dry/wet 

weight in gastrocnemius muscles of Ctrl and LPCAT3-MKI mice (Ctrl n=6, LPCAT3-MKI 

n=9). (F) Representative images of Picrosirius red staining of TA muscle. All data are from 

mice that were fed standard chow diet. Two-tailed t-tests or 2-way ANOVA with Sidak’s 

multiple comparisons tests were performed. All data are mean ± SEM. *P ≤ 0.05.
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