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Abstract

Background & Aims: Muscle atrophy is one of the most important and frequent problems

for critically ill patients. The purpose of this study was to evaluate the effect of lipid

mediators on acute muscle atrophy. Skeletal muscle fiber-specific analysis of lipid

mediators in endotoxemic rats was therefore performed.

Methods: Male Wistar rats were intraperitoneally injected with lipopolysaccharide (LPS).

Slow-twitch soleus muscle and fast-twitch extensor digitorum longus (EDL) muscle were

harvested 0, 6, and 24 h after LPS injection. Lipid mediators were profiled using liquid

chromatography—tandem mass spectrometry, and free fatty acid (FFA) concentrations

were measured using gas chromatography—mass spectrometry. Muscles were weighed

and their cross-sectional areas were evaluated. Expression levels of mRNAs encoding

inflammatory cytokines, autophagy-related transcription factors, and members of the

ubiquitin—proteasome system were measured using real-time PCR.

Results: Before LPS injection, the concentrations of all FFAs, including arachidonic acid,

eicosapentaenoic acid, and docosahexaenoic acid, and all measured lipid mediators were

higher in soleus muscle than in EDL muscle, especially those of pro-inflammatory

prostaglandin E> (PGE:) and leukotriene B4. LPS injection, increased PGE> and D, and

decreased FFAs in soleus muscle but did not change in EDL muscle. The concentrations



of specialized pro-resolving mediators E-series hydroxy-eicosapentaenoic acid and D-

series hydroxy-docosahexaenoic acid were higher in soleus muscle. Muscle cross-

sectional area decreased and the expression level of atrogin-1 was upregulated in EDL

muscle, but both were unchanged in soleus muscle. After LPS injection, a discrepancy

involving an increased PGE> concentration and decreased muscle atrophy was identified

in this acute muscle atrophy model of critical illness.

Conclusion: Concentrations of FFAs and lipid mediators were higher in soleus muscle

than in EDL muscle, and LPS injection rapidly increased concentrations of pro-

inflammatory lipid mediators. However, muscle atrophy with upregulation of autophagy-

related transcription factors was observed in EDL muscle but not in soleus muscle.

Keywords; lipid mediator, skeletal muscle, free fatty acid, lipopolysaccharide, muscle

atrophy, muscle fiber type



Introduction

Polyunsaturated fatty acid (PUFA)-derived lipid mediators such as

prostaglandins, leukotrienes, lipoxins, resolvins, and protectins play diverse roles in

initiation, self-limitation, and active resolution of inflammation [1, 2]. These locally

produced chemical signals orchestrate the host response of immune, circulatory,

respiratory, gastrointestinal, reproductive, and skeletal muscle systems. Comprehensive

analysis of lipid mediators using liquid chromatography—tandem mass spectrometry (LC-

MS/MS)-based lipidomics enables simultaneous and quantitative measurements of many

lipid mediators [1]. As a source of these mediators, membrane phospholipid PUFAs

including arachidonic acid (AA, 20:4 n-6), eicosapentaenoic acid (EPA, 20:5 n-3), and

docosahexaenoic acid (DHA, 22:6 n-3) are metabolized by PUFA-oxidizing enzymes

such as cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450.

Locally produced lipid mediators modulate skeletal muscle inflammation

resulting from physical exercise, denervation, various muscular diseases, and critical

illness [2, 3]. The roles of AA metabolites including prostaglandins D> (PGD»), E2, Faq,

and I and thromboxane B> in exercise-induced skeletal muscle injury, together with

details of receptors and mechanisms, have been reviewed in detail [4]. A decrease in the

concentration of pro-resolving mediators resolvin D1 (RvD1), resolvin E3 (RvE3), and



maresin 1 during maladaptive tissue remodeling in aged mouse muscle was reported, and

intraperitoneal injection of RvD1 was shown to control them [5].

Skeletal muscle atrophy occurs in two thirds of patients with sepsis or systemic

inflammatory response syndrome [6]. Acquired weakness is a serious complication that

significantly worsens the prognosis for patients in intensive care [7]. A rapid loss of

muscle mass and strength primarily results from excessive protein breakdown and is

accompanied by reduced protein synthesis as a catabolic effect of critical illness [7].

Transcription of genes encoding ubiquitin ligases, such as muscle atrophy F-box (also

known as atrogin-1) and muscle RING finger-1 (MuRF1), or encoding autophagy-related

transcription factors, such as those in the forkhead box O (FoxO) family and

BCL2 interacting protein 3 (Bnip3), account for protein breakdown mediated by ubiquitin

proteasomal and autophagic/lysosomal pathways, respectively [8]. A recent in vivo study

suggested that lipid mediator control, notably a reduction in prostaglandin E> (PGE>)

signaling, plays a significant role in muscle atrophy in sarcopenia with muscle atrophy F-

box/atrogin-1 overexpression [9].

Based upon their contractile function, skeletal muscle fibers are often classified

as type I, slow oxidative (SO) or type II, fast oxidative glycolytic (FOG) and fast

glycolytic (FG) fibers [10, 11]. The degree of muscle wasting can vary among skeletal



muscle subtypes [12], with FG fibers being more vulnerable than SO fibers. Although the

differences among phospholipid fatty acids in muscle fiber types could affect their

physiological functions and metabolic properties, including contractile function and

oxygen efficiency, with varying contributions of subcellular lipid membranes,

sarcoplasmic reticulum content, and mitochondrial content [13], no comprehensive

within-species study has been reported to determine the fatty acid composition of

different lipid mediator-producing skeletal muscle types in a critical illness animal model.

Acute muscle atrophy has been reported in critically ill endotoxemic rats [14-

16], the model indicates high responsibility and accumulated knowledge in detailed that

pathophysiology [14-18]. The model we used is characterized by a very high

concentration of tumor necrosis factor-a (TNF-a) in plasma (24094 pg/mL) 1.5 h after

intraperitoneal injection of 10 mg/kg lipopolysaccharide (LPS), with an 87.5% survival

rate 24 h post injection [17, 18].

We hypothesized that LPS alters the concentrations of lipid mediators and free

fatty acids (FFA) in skeletal muscle. In this study, changes in lipid mediator

concentrations in LPS-induced muscle injury were therefore analyzed using LC-MS/MS.

Two functionally dissimilar muscles, rat soleus slow muscle, being mainly SO, and

extensor digitorum longus (EDL) fast muscle, being mainly FG and FOG, were analyzed



to compare the production of lipid mediators in different skeletal muscle types. Rats are

an ideal model because the skeletal muscle profiles of soleus and EDL fibers are

surrogates for type I and type II fibers, respectively [10, 11, 19].



Materials and Methods

Animals

Male Wister rats (CLEA Japan, Tokyo, Japan) aged eight weeks and weighing

140-160 g were kept at 22°C under a 12 h light/dark cycle and provided with food and

water ad libitum. The day before the experiment, animals (n = 3-5) were provided only

with water until they were sacrificed. They were injected intraperitoneally with 10 mg/kg

body weight of Escherichia coli O111:B4 LPS (Sigma-Aldrich, St. Louis, MO, USA) or

saline. Soleus and EDL muscle tissues were collected 0, 6, and 24 h after LPS injection.

Although sampling at 24 h has typically been used as to characterize acute inflammation

[17, 18], we hypothesized that the earliest changes can be detected 6 h after LPS challenge

because MuRF-1 and atrogin-1 are unchanged after 4 h but higher after 8§ h [15] and

markers of acute inflammation are also changed after 6 h[17, 18]. All procedures for LPS

injection, sampling, and sacrifice were performed under anesthesia induced by 1 mg/mL

medetomidine (Domitor; Nippon Zenyaku Kogyo, Fukushima, Japan), 5 mg/mL

midazolam (Dormicum; Astellas Pharma, Tokyo, Japan), and 5 mg/mL butorphanol

(Vetorphale; Meiji Seika Pharma, Tokyo, Japan). This study was approved by the

Institutional Animal Care and Use Committee of Kobe University and performed

according to the Kobe University Animal Experimentation Regulations (P101208).



Lipid mediator lipidomics

Lipid mediator lipidomics analysis was performed as described previously [20].

Deuterium (d)-labeled internal standards, ds-5S-hydroxy-eicosatetraenoic acid (5-HETE),

ds-LTB4, ds-lipoxin A4, ds-PGE>, and ds-RvD2 in ice-cold methanol were added to

facilitate the quantification of sample recovery. All samples for lipid mediator lipidomics

were extracted using C18 solid-phase extraction columns and subjected to LC-MS/MS.

The LC-MS/MS system QTrap 6500 (AB Sciex, Tokyo, Japan) was equipped with a

Nexera X2 HPLC system (Shimadzu Corporation, Kyoto, Japan). An Agilent Eclipse Plus

C18 column (100 mm x 4.6 mm X 1.8 pum) was used with a gradient of

methanol:water:acetic acid from 55:45:0.01 (v:v:v) t0 98:2:0.01 at a 0.4 mL/min flow rate.

To monitor and quantify the levels of targeted lipid mediator, a multiple-reaction

monitoring (MRM) method was devised with signature ion fragments for each molecule.

Identification was conducted using published criteria using LC retention times, specific

fragmentation patterns, and at least six diagnostic fragmentation ions. Quantification was

performed based on the peak area of the MRM transition, and linear calibration curves

were obtained using an authentic standard for each compound.



Free fatty acid analysis

FFA composition was analyzed using gas chromatography—mass spectrometry

(GC-MYS). Briefly, total lipids were extracted using the Bligh and Dyer method and FFAs

were selectively derivatized to methyl-FAs using trimethylsilyldiazomethane (Tokyo

Chemical Industry Co., Tokyo, Japan). Noadecanoic acid (C19:0) was used as an internal

standard. Fatty acid methyl esters were analyzed using a GC-MS system (QP2010;

Shimadzu, Kyoto, Japan). The capillary column used for fatty acid separation was SP-

2650 (100 mxan inner diameter of 0.25 mmxmembrane thickness of 0.20 um; Sigma-

Aldrich). The column temperature was maintained at 140°C for 5 min and then increased

gradually by 4°C/min to 240°C and held there for 20 min. The sample was injected in

split mode with split ratio of 1:5. Each fatty acid methyl ester was detected in selected ion

monitoring mode. All results were normalized to the peak height of the C19:0 internal

standard.

Total RNA extraction and real-time PCR

Muscle tissues were harvested 0, 6, and 24 h after LPS injection and stored at

—80°C until use. Total RNA was extracted from the tissues using TRIzol reagent

(Invitrogen, Carlsbad, CA, USA), and 1 mg of extracted total RNA was reverse-
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transcribed to yield single-stranded cDNA using an iScript cDNA synthesis kit (Bio-Rad,

Hercules, CA, USA). Real-time quantitative PCR analysis (SYBR Green Real time

Master Mix; Toyobo, Osaka, Japan) was carried out using a MyiQ detection system (Bio-

Rad). The expression levels of mRNAs encoding members of the ubiquitin—proteasome

system (atrogin-1 and MuRF1), autophagy-related transcription factors (FoxO1, FoxO3,

and Bnip3), and inflammatory cytokines (TNF-a and inducible nitric oxide synthase

[INOS]) were measured. The primer sequences used were: atrogin-1 forward primer 5'-

GAACATCATGCAGAGGCTGA-3'

GTAGCCGGTCTTCACTGAGC-3';

ACATCTTCCAGGCTGCCAAT-3'

GTTCTCCACCAGCAGGTTCC-3

CACACAGCTGGGTGTCAGGCTA-3’

GGGGTGAAGGGCATCTTT-3

CGGCTCACTTTGTCCCAGAT-3'

TCTTGCCAGTCCCTTCGTTC-3';

CAGAGCGGGGAGGAGAAC-3'

GAAGCTGGAACGCTGCTC-3

CATCTTCTCAAAACTCGAGTGACAA-3'

and

MuRF1

and

FoxOl1

and

FoxO3

and

Bnip3

and

TNF-a
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TGGGAGTAGATAAGGTACAGCCC-3; iINOS forward primer 5'-

AACCCAAGGTCTACGTTCAAG-3' and reverse primer 5'-

AAAGTGGTAGCCACATCCCG-3";  glyceraldehyde-3-phosphate  dehydrogenase

forward primer 5'-GGCACAGTCAAGGCTGAGAATG-3" and reverse primer 5'-

ATGGTGGTGAAGACGCCAGTA-3'.

Relative expression levels of genes were calculated using the AACt method after

normalization to the expression level glyceraldehyde-3-phosphate dehydrogenase and

quoted as a fraction of the level immediately prior to LPS injection.

Fiber cross-sectional area (CSA)

Frozen soleus and EDL muscles were cut into 10 pm cross-sections using a

cryostat at —20°C. Sections were subjected to myosin ATPase staining at pH 10.4. In this

staining (pH 10.4), type I fibers are stained light and type II fibers are dark [21]. The

cross-sectional areas of 350 fibers were measured at x200 magnification using Image J

[22].

Statistical analysis
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Statistical analysis was performed using Statcel2 software (OMS Publishing Inc.,

Saitama, Japan). Two-way ANOVA was performed, followed by Tukey—Kramer post hoc

analysis. For volcano plots, the fold change of each lipid mediator (soleus/EDL) was

calculated and Student's #-test was used to evaluate the difference between the abundance

of each lipid mediator in soleus and EDL muscles. All parameters are expressed as mean

+ standard error of the mean (SEM), and a p value < 0.05 was considered statistically

significant.

13



Results

Lipid mediators and pathway markers

Analyses included a range of n-6 and n-3 PUFA metabolites derived from COX

and LOX enzymes (Figure 1). Concentrations of AA metabolites were in the 10—60 pg/mg

range, and metabolites of EPA and DHA were detected at relatively lower concentrations.

Before and after LPS injection, concentrations of all measured lipid mediators

were higher in soleus muscle than in EDL muscle. The concentrations of pro-

inflammatory PGE>, an AA metabolite, were 9.52 pg/mg in soleus muscle and 2.58

pg/mg in EDL muscle and increased 4.4-fold to 42.28 pg/mg in soleus muscle 6 h after

LPS injection and 5.2-fold to 13.54 pg/mg in EDL muscle 24 h post injection (p < 0.01,

Figure 1).The concentrations of leukotriene B4, a LOX-derived metabolite of AA, were

0.38 pg/mg in soleus muscle and 0.02 pg/mg in EDL muscle (p < 0.05) and decreased

after LPS injection in soleus muscle (NS, Figure 1). There were no notable changes in

thromboxane B, concentration. AA-derived pathway markers lipoxin B4 and 5-, 12-, and

15-HETEs in soleus muscle were higher than their respective values in EDL muscle

before and after LPS injection (p < 0.05, Figure 1). Concentrations of anti-inflammatory

RvE3, an EPA metabolite, were 0.04 pg/mg in soleus muscle and 0.00 pg/mg in EDL

muscle (NS, Figure 2). Concentrations of EPA-derived pathway markers 5-, 12-, 15-, and

14



18-hydroxy-eicosapentaenoic acids (HEPEs) were also higher in soleus muscle than in

EDL muscle (p < 0.01-0.05, Figure 2). DHA-derived anti-inflammatory lipid mediators

resolvin D5 (RvDS5) (0.18 pg/mg) and protectin D1 (0.04 pg/mg) were detected in soleus

muscle but below the detection limit in EDL muscle (Figure 3). The concentrations of

DHA-derived pathway markers 7-, 14-, and 17 hydroxy-docosahexaenoic acids (HDHAs)

were higher in soleus muscle before and after LPS injection (p < 0.05, Figure 3).

Volcano plots were used to analyze lipid mediator concentrations and showed

that they were higher in soleus muscle than in EDL muscle at 0, 6, and 24 h after LPS

injection, the largest difference being measured 6 h post injection (Figure 4).

Free fatty acids

Before LPS injection, almost all FFA concentrations were higher in soleus

muscle than in EDL muscle (Figure 5, Table 1), especially those of total fatty acids (2.9-

fold, p < 0.01), PUFAs (3.6-fold, p < 0.01), AA (5.5-fold, p < 0.01), EPA (4.8-fold, p <

0.01), DHA (3.1-fold, p < 0.05), saturated fatty acids (SFAs; 2.0-fold, p < 0.01) and

monounsaturated fatty acids (2.7-fold, p < 0.01). After LPS injection, the concentrations

of the above FFAs decreased, with those of AA, EPA, and DHA decreasing more in

soleus muscle than in EDL muscle (p < 0.01-0.05, Figure 5, Table 1).
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Skeletal muscle mass, CSA, TNF-o, ubiquitin—proteasome proteins, and autophagy-
related transcription factors

EDL muscle mass decreased from 0.43 + 0.01 mg/g body weight to 0.38 + 0.00
mg/g 24 h after LPS injection (p < 0.05, Figure 6A). However, soleus muscle mass (0.40
+ 0.01 mg/g) was not significantly decreased 24 h post injection compared with that
before LPS treatment (0.43 + 0.02 mg/g). The mean CSA of EDL muscle (type II fibers)
decreased from 2436.9 + 16.3 um? to 1468.6 + 221.2 pm? 24 h after LPS injection (p <
0.01, Figure 6B, C). In contrast, the CSA of soleus muscle fibers was the same before
(type I, 1949.8 = 70.4 um?; type 11, 1332.4 £ 135.2 um?) and 24 h after (type I, 1866.3 +
119.5 um?; type II 1332.0 = 81.6 um?) LPS injection. The CSA of EDL (type II) muscle
fibers was larger than that of soleus (type I and II) muscle fibers before LPS injection (p
<0.01, Figure 6B).

Higher expression of TNF-a mRNA was measured in soleus muscle and EDL
muscle 6 h and 24 h, respectively, after LPS treatment (NS, Figure 7). Atrogin-1 and
MuRF1 mRNAs in the ubiquitin—proteasome system were upregulated in EDL muscle 6
h and 24 h after LPS injection, whereas their respective expression levels in soleus muscle

were unchanged and significantly lower than those in EDL muscle (p < 0.05, Figure 8).
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Expression levels of mRNAs encoding autophagy-related transcription factors FoxOl1,

FoxO3, and Bnip3 were upregulated in soleus muscle 6 h post LPS injection (NS, Figure

8) and returned to their pre-treatment levels after 24 h. Upregulation of Bnip3 mRNA in

soleus muscle was higher than that in EDL muscle 6 h post LPS injection, but the

difference was not significant.
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Discussion

To our knowledge, this is the first study to comprehensively investigate changes

in concentrations of lipid mediators and FFAs in two functionally dissimilar skeletal

muscle fibers, soleus (slow-twitch, type I oxidative) and EDL (fast-twitch, type II

glycolytic) muscle fibers, before and after LPS injection. FFA concentrations were higher

in soleus muscle than in EDL muscle, consistent with higher concentrations of lipid

mediators, especially pro-inflammatory PGD,, PGE; and the specialized pro-resolving

mediators (SPMs) E-series HEPE and D-series HDHA, a key finding in this study.

Concentrations of AA, EPA, and DHA, a precursor pool for lipid mediators, decreased in

soleus muscle after LPS injection in accordance with increased lipid mediator

concentrations. After LPS injection, muscle CSA decreased and expression of mRNA

encoding ubiquitin ligase atrogin-1 was upregulated in EDL muscle but not in soleus

muscle.

Our finding that the constitutive PGE> concentration in soleus muscle is higher

than that in EDL muscle is in agreement with some reports. Only one human study found

that concentrations of PGE> and PGE,/COX pathway enzymes and receptors are higher

in soleus muscle than in vastus lateralis (type II) fast muscle fibers [23]. Regarding the

effect of FFA on lipid mediators, SFAs upregulate skeletal muscle COX activity in C2C12
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cell culture [24] and thus the 2-fold higher SFA in soleus muscle might likewise

upregulate COX activity and PGE> concentration in this muscle. FFAs are the energy

source in oxidative soleus muscle because of metabolic requirements in type I muscle

[13]. Soleus muscle has a higher capillary volume and capillary-to-fiber ratio than in EDL

muscle [25]. Capillary endothelium synthesizes lipoprotein-lipase, and a larger capillary

volume results in a larger contribution of lipoprotein-lipase activity to the supply of fatty

acids and their oxidation in response to energy demand in soleus muscle [26]. Thus,

sufficient FFA is essential to form fatty acid-derived bioactive lipid mediators [27], which

is in accordance with our finding that concentrations of source PUFAs consisting of AA,

EPA, and DHA decreased commensurately with an increase in lipid mediator

concentrations in soleus muscle after LPS injection.

As for LPS-induced changes in pro-resolving mediators, the concentration of

RvE3, an omega-3 PUFA-derived SPM, was significantly higher than that in EDL muscle

at 24 h, while those of RvD5 and PD1, omega-6 PUFA-derived SPMs, were suspected to

be higher in soleus muscle. The concentration of 18-HEPE, a pathway marker for the

formation of anti-inflammatory E-resolvins [28], was significantly higher in soleus

muscle. The concentration of DHA-derived D-series resolvin pathway marker 17-HDHA

and maresin precursor 14-HDHA [29] were also significantly higher in soleus muscle
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compared with EDL muscle. Some concentrations were constitutively higher, whereas

some were higher after LPS injection. As far as we know, the in vivo changes of SPMs in

skeletal muscle have not previously been reported, but their anti-inflammatory, pro-

resolving, microbial clearing, anti-thrombotic, and organ-protective actions in soleus

muscle could be useful and contribute to muscle damage prevention. The above measured

changes in lipid mediators and FFAs provide support for their role in skeletal muscle

pathophysiology during critical illness.

Our results of muscle atrophy agrees with many reports on critical illness

induced by LPS or TNF-a injection in rats [14-16]. Protein synthesis is not changed in

the early phase after LPS challenge, and no change after 24 h in the anabolic molecule

mTOR in gastrocnemius type II fibers was reported [30]. At first, we hypothesized that a

higher pro-inflammatory lipid mediator concentration would evoke acute muscle atrophy

[2], but we obtained the opposite result, with less muscle atrophy being measured in

soleus muscle than in EDL muscle 24 h after LPS injection. Our finding that greater

upregulation of atrogin-1 occurs in EDL muscle than in soleus muscle is in accordance

with the assertion that type II fibers atrophy more than type I fibers with sepsis [12]. In

addition, PGE,, a typical pro-inflammatory lipid mediator, is involved in muscle

regeneration but not atrophy signaling [5, 31]. Also, the characteristics of soleus muscle

20



as a slow or antigravity muscle [32] may affect its tolerance to pro-inflammatory factors,

including lipid mediators. A study of fiber type-specific atrophy indicated that oxidative

soleus muscle has higher iNOS and antioxidant enzyme activities and greater protection

against muscle atrophy than white vastus lateralis, a type II glycolytic muscle similar to

EDL muscle [33]. Furthermore, increased PGE> might contribute to muscle regeneration

longer time after LPS injection. Further research is required to understand lipid mediator

control of acute muscle atrophy induced by sepsis or systemic inflammatory response

syndrome.

Regarding lipid mediators in other pathophysiologic conditions, muscle atrophy

due to cachectic stimulation [33], a reduction in PGE: signaling was found to be a major

contributor to chronic muscle atrophy in aged mice during a one-month period of skeletal

muscle repair and regeneration [10]. Lipid signaling mediators contribute to skeletal

muscle myogenesis, repair, and regeneration [34]. Changes in the concentration of

receptors and parent enzymes of dynamic lipid mediators occur during skeletal muscle

regeneration after cardiotoxin injury, and RvD2 increases the number of immune cells in

skeletal muscle [35]. An acute bout of resistance exercise in human vastus lateralis leads

to a transient increase in many lipid mediators [36]. However, the magnitude of the

increase (2.8 pg/mg of PGE:> during exercise) is much lower than that measured in this
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study (40 pg/mg). Moreover, the increase in PGE: concentration peaked 2 h after exercise

and then returned to the resting value after 4 h, but it peaked 6 h after LPS injection and

remained high after 24 h. A persistently high PGE; concentration in skeletal muscle during

the latter septic condition would lead to prominent and characteristic effects.

A limitation of this study is that we did not elucidate a detailed mechanism

underpinning the changes in lipid mediator concentrations during acute illness. Lipid

mediators come from LPS-stimulated resident immune cells, including monocyte-

macrophages, and neutrophils in this acute illness model then affect muscle cells [37].

Detailed and specific analysis in those cross-talk will be required for future research

including newly discovered SPMs to understand skeletal muscle pathophysiology [27].

Long-term follow-up after acute muscle atrophy with muscle regeneration, resolution

phase in lipid mediator production, has not been evaluated in this experimental model

[27]. Identification of changes in lipid mediator concentrations in skeletal muscle is

expected to lead to the elucidation of the pathogenesis of secondary muscle atrophy and

development of new prevention and treatment strategies. These strategies may include:

1) control of lipid mediators by exogenous SPM administration [5] or inhibition of

specific enzymes [10]; 2) nutritional interventions using omega-3 PUFA, EPA, and/or

DHA, which can change skeletal muscle phospholipid fatty acids and their functional
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response [38-40]; 3) introduction of fiber type-specific COX-inhibiting drugs that exploit

the fundamentally different contractile and metabolic characteristics of each fiber type

[41].

Conclusion

Constitutively higher FFAs concentrations in soleus type I oxidative muscle fiber

than in EDL type II glycolytic muscle fiber were revealed, suggesting a metabolic

requirement in slow muscle for an energy source. Sufficient FFA is essential to form fatty

acid derived bioactive lipid mediators and source PUFAs were decreased with increase of

lipid mediators after LPS injection in soleus muscle. LPS injection rapidly increased

concentrations of pro-inflammatory mediators and SPMs in soleus muscle but not in EDL

muscle. However, muscle atrophy, with upregulation of autophagy-related transcription

factors, was observed in EDL but not soleus muscle, suggesting lipid mediators did not

induce muscle regeneration in this very early phase of acute illness. Future lipid

metabolite research is required in pathophysiology of skeletal muscle fibers.
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Figure Legends

Figure 1. AA-derived lipid concentrations (pg/mg) in soleus (closed squares, dashed line)
and EDL (diamonds, solid line) muscles 0, 6, and 24 h after LPS injection.

Values represent the mean = SEM of 4 animals per group at each time point. “p < 0.05,
#p < 0.01 versus soleus muscle at 0 h; “p < 0.05, “p < 0.01 soleus muscle versus EDL
muscle. P values indicated the results of two-way ANOVA with time (0, 6, 24 h) and
group (soleus versus EDL) as factors. Individual data points are shown (soleus muscle,
open circles; EDL muscle, open squares). AA, arachidonic acid; EDL, extensor digitorum
longus; LPS, lipopolysaccharide; PGD», prostaglandin D»; PGE», prostaglandin Ey;
PGF,, prostaglandin Fao; PGHa, prostaglandin H»; TxB,, thromboxane B>; COX-2,
cyclooxygenase-2 ; LOX, lipoxygenase; ETE, eicosatetraenoic acid; HETE, hydroxy-
eicosatetraenoic acid; HpETE, hydroperoxyeicosatetraenoic acid; LTA4, leukotriene A4;

LTBg4, leukotriene B4; LX A4, lipoxin As; LXB4, lipoxin Ba.

Figure 2. EPA-derived lipid mediator concentrations (pg/mg) in soleus (closed squares,
dashed line) and EDL (diamonds, solid line) muscles 0, 6, and 24 h after LPS injection.
Values represent the mean = SEM of 4 animals per group at each time point. “p < 0.05,

*p < 0.01 soleus muscle versus EDL muscle. P values indicated the results of two-way
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ANOVA with time (0, 6, 24 h) and group (soleus versus EDL) as factors. Individual data
points are shown (soleus muscle, open circles; EDL muscle, open squares). EPA,
eicosapentaecnoic  acid; HEPE,  hydroxy-eicosapentaenoic  acid;  HpEPE,
hydroperoxyeicosapentaenoic acid; P450, cytochrome P450; RvE1, resolvin E1; RvE2,

resolvin E2; RvE3, resolvin E3.

Figure 3. DHA-derived lipid mediator concentrations (pg/mg) in soleus (closed squares,
dashed line) and EDL (diamonds, solid line) muscles 0, 6, and 24 h after LPS injection.

Values represent the mean + SEM of 4 animals per group at each time point. p < 0.05
soleus muscle versus EDL muscle. P values indicated the results of two-way ANOVA
with time (0, 6, 24 h) and group (soleus versus EDL) as factors. Individual data points are
shown (soleus muscle, open circles; EDL muscle, open squares). DHA, docosahexaenoic
acid; HDHA, hydroxy-docosahexaenoic acid; HpDHA, hydroperoxydocosahexaenoic
acid; RvD1, resolvin D1; RvD2, resolvin D2; RvD3, resolvin D3; RvD5, resolvin D5;

PD1, protectin D1; MaR 1, maresin 1.
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Figure 4. Volcano plots summarizing the magnitude and statistical significance of
differences between soleus and EDL muscle concentrations of individual lipid mediators
0, 6, and 24 h after LPS injection.

The horizontal axis shows the logy-fold difference between soleus and EDL muscle
concentrations and the vertical axis shows the value of —logiop. As the threshold, the
vertical lines indicate fold change =2 or 0.5 and the horizontal lines indicate —logiop = 1

(p = 0.1). Red dots indicate fold changes > 2 with p <0.1.

Figure 5. Free fatty acid concentrations (pmol/mg) in soleus (closed squares, dashed line)
and EDL (diamonds, solid line) muscles 0, 6, and 24 h after LPS injection.

Values represent the mean = SEM of 4 animals per group at each time point. “p < 0.05,
#p < 0.01 versus soleus muscle at 0 h; “p < 0.05, “p < 0.01 soleus muscle versus EDL
muscle. P values indicated the results of two-way ANOVA with time (0, 6, 24 h) and
group (soleus versus EDL) as factors. Individual data points are shown (soleus muscle,
open circles; EDL muscle, open squares). AA, arachidonic acid; EPA, eicosapentaenoic

acid; DHA, docosahexaenoic acid.

Figure 6. Time-dependent effects of LPS on muscle mass and CSA.
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A) Muscle mass. B) CSA. C) Density plot of the CSA. D) ATPase staining (pH 10.4) of
soleus and EDL muscle fibers (type I fibers are appear light, and type II fibers appear
dark). Scale bar: 100 um. Values represent the mean = SEM of 3-4 animals per group at
each time point. $p < 0.05 versus EDL muscle at 0 h; ““p < 0.01 soleus muscle versus EDL
muscle. P values indicated the results of two-way ANOVA with time (0, 6, 24 h) and
group (soleus versus EDL) as factors. Individual data points are shown (soleus muscle,
open circles; EDL muscle, open squares). CSA, cross-sectional area; I, type I slow

oxidative fibers; II, type II fast oxidative glycolytic and fast glycolytic fibers.

Figure 7. Relative expression of mRNAs encoding TNF-a and iNOS in soleus (closed
squares, dashed line) and EDL (diamonds, solid line) muscles 0, 6, and 24 h after LPS
injection.

Values represent the mean = SEM of 3-5 animals per group at each time point. P values
indicated the results of two-way ANOVA with time (0, 6, 24 h) and group (soleus versus
EDL) as factors. Individual data points are shown (soleus muscle, open circles; EDL
muscle, open squares). TNF-a, tumor necrosis factor-a; iNOS; inducible nitric oxide

synthase.
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Figure 8. Relative expression of mRNAs encoding members of the ubiquitin—proteasome
system and autophagy transcriptional factors in soleus (closed squares, dashed line) and
EDL (diamonds, solid line) muscles 0, 6, and 24 h after LPS injection.

Values represent the mean + SEM of 3-5 animals per group at each time point. $p < 0.05
versus EDL muscle at 0 h; “p < 0.05 soleus muscle versus EDL muscle. P values indicated
the results of two-way ANOVA with time (0, 6, 24 h) and group (soleus versus EDL) as
factors. Individual data points are shown (soleus muscle, open circles; EDL muscle, open
squares). FoxOl1, forkhead box O1; FoxO3, forkhead box O3; MuRF1, muscle RING

finger-1; Bnip3, BCL2 interacting protein 3.

36



Figure 1

pg/mg Time: p =0.025 pg/mg Time: p <0.001 pg/mg Timezp:0,042 pg/mg Time:.pi().‘)23
100 1 PGDy cunrsom Nop s PGE, | cwrcom ™30~ PGRyq | sowrcver 73075 TXBy - cuns o
(]
80 A *k 80 - %k
%%
* #H# - ]l o
60 - é 60 - ol #20 o 20 0
/ ~ % -
40 1 ? 0 o 407 ) o 'i 10 - @ o 10 - =S 3
4 - -~ - =
20 - 2 20 { *%7° g, - ~
/H w _"Q_z A A
O T T 1 O = T 0 = T T 1 0 T T 1
0 6 24 h 0 6 24 h 0 6 24 h 0 6 24 h
pg/mg 1 T T
40 - 12-HETE |
Time: p=0.139
30 4 Imerca;crflgizizg.ggg PGH2
- m -0 Soleus
20 - w« COX-2 4, EDL
T~ f 12/15-LOX
109 - ~. . <«—I2S-HpETE
0 T T
0 6 24 12/15-LOX
pg/mg Time: p=0.914 g/mg
2 1 S_HETE Inter(;crg«giigg% 5-1LOX v 10 IS-HETE o 001
- Group: p <0.001
15 8 G — SS—HpETE < ISS_HpETE 8 - o Interaction: p = 0.719
Q
- - - 5-LOX 6
11 + E- g v %
0s | o 15S-hydroxy- > 4] - -8 _ é
T —A—4 5(6)-epoxy-ETE 2 1 §
o LT
pg/mg 6 4 b pg/mg 0 6 24
1 LQ[B4 0.3 5 LXBy 0
Time: p =0.293 Time: p =0.016
O 8 _ (e} Group: p =0.002 | Grqupfpfg,SIO;
. -« Interaction: p = 0.261 LTA4 hydrolase LXA4 0 2 | Ontcmctlon.p— .45
0.6 < ' - - _é
] (0]
04 % o1 9.7
02 N W
0 | T 0 T 'ﬁ\ T 1

h



Figure 2

pg/mg
3 12-HEPETime:p:0.118
Grqup: p =0.006
25 N o) Interaction: p = 0.214
2 o
I RN + HpEPE
05 T S - -~
0 FQ—.
06 2 b paspox
\ 4
15S-HpEPE
y \ 4
pg/mg
3 o 15S-HEPE _
‘T!mc:'[j : 0.177
25 T 0 Intcr(;:)igi;ﬁ7=g:ggg
2
15 - }
1 )
0.5 1 ¥

pg/mg

03 _ 18—HEPE Tilnc:[}i0.177
. Group: p =0.002
0 Interaction: p = 0.329
0 o
02 1 o %* - m o Soleus
0.1 - e
——
0 5 8 . Bttt
O 6 24 h pgl % RVE3 Interacuon:po:0.655
0 12/15-LOX ™
18-HpEPE —> 18-HEPE — > (3 -
e %
5-LOX 0.06 - __
5-hydroperoxy-18R-HEPE 0% ] é’ °
5-LOX ydroperoxy 0.0n | A
: a A
5S-HpEPE 0 : :
5(6)-epoxy-18R-HEPE 0 6 24 h
A 4
05" 5-HEPE l
05 1 - Time: p = 0.566 RVEI RVE2
Group: p <0.001
04 1 o Interaction: p = 0.553
0.3 A
é*f\ O% 8%
0.2 A »-- o
o o
0.1 ﬁ g
O T T 1
0 6 24 h



Figure 3

¥ RVDS

0.3 -

0 - } .
~
0.1 - i-.@

(0]
0 T
0 6 24
/m
s PD1
0.08

P 17 HDHA

Time: p = 0.447
Group: p <0.001
Interaction: p = 0.634

L

7-hydroperoxy, 17S-HpDHA ——»

17S-HDHA

5-LOX

pg/mg pg/mg
0.6 1 4-HDHA 0.3
Time: p =0.031
Group: p =0.021
04 | Interaction: p = 0.393 02 i
e s
0.2 1 -~_os’ 0.1
A
0 0
0 6 24 h

0
0
4 -
*_
RvD2 , | +
A 0
RvD1 «— 7(8)-epoxy- 0
17S-HDHA
5-LOX

a

12/15-LOX

4S-H1pDHA 7S-HpDHA

7-HDHA

12/15-LOX

RvD3
A
4(5)-epoxy- —m -0 Soleus
17S-HDHA
A —4-, EDL
5-LOX
4-hydroperoxy- y
1 7S-HDHA pgll(l)lg- 1 4-HDHATime: p=0.396
1 84 o Interction p— 0534
(¢]
6 - -
14S-HpDHA— 41 ® - -8
24 o ‘g
0 & ; é ; "“—.
0 6 24

\

MaR1

<

O Time: p=0.013
Group: p =0.002
Interaction: p = 0.312




Figure 4

51 1 1 1
- 1 1 - !
>  Oh | 6 h 5 ' 24 hi
' ' 1 1 1 '
. . 1 1 1 |
4 | | 41 | | A | L e
. i 5-HETE 12-HETE - 1 15-HEPE

. ' ! ! ® o L] ' !

! ! I I g, 14-HDH AP 2-HEPE I ' @ 17-HDHA
~ 1 [} [} R [} 1 PGD
EER - : 3 1 ! \sagep. ISTEPE ! L ® & pia
= 1 1 ! 15-HETE
S . | pGE 1 1 1 \ PGEZ

g N . % 2 ! 1 PG ! 1 12-HEPE
E"/ 1 1 : :18 GF,, : | 5-HWE.
- 12-HETE
b% 2 4 : : PG 2 A 1 1 D 2 4 1 :18-H
S-HEPE 1 1 2 ] HGF,,
3 : : PGD, 17-HDHA 1 1 .1 5-HETE 1 1 5-HETE
: ! | S HEELS-HE JEHDHA : o : ) ®
i ek - 7-HDHA 7-HDHAI® LTB,
l-q----------- r‘7—'H'DHK‘i'HE&' “®-14B,- |~ ----------- bo---- e l-q========-=--- - ——-- Bixg, "o
1@
4-HDHA 2= 1 1 !
! I TxB, | i o' o 1 7xp,®! 4-HDHA
' ! 15-HEPE 1 4-HDHA® | TxB, 1 N
1 1 1
0 ! ! H ! ! 0 T t t T 1 0 T v IF T
-5 -3 -1 1 3 5 -5 3 -1 1 3 5 -5 -3 -1 1 3

Log, Fold Change Log, Fold Change Log, Fold Change



Figure 5

pmol/mg tissue

400

300

[\
S
o

—
S
(=)

—® o Soleus
—4—» EDL
_ AA 60 - EPA 6 DHA _
Time: p = 0.004 Time: p <0.001 8 Time: p=0.012
o} Group: p <0.001 Group: p <0.001 Group: p <0.001
Interaction: p < 0.001 50 A Interaction: p < 0.001 50 Interaction: p = 0.006
? So 04 40 DAY
N
N N
- o N ? - 30 _ &. 30 s N N # O#
. ~<_ ## ~ A | g-————-g
~ o
] wx 8 20 - } SN @ 20 ] «
N # A
T A | A %% ? _____ %
10 1 % 10
— :
1 1 O A 1 1 1 O 1 1
0 6 24 0 6 24 0 6 24
After LPS injection (h) After LPS injection (h) After LPS injection (h)



>

Muscle mass/body weight

C

Figure 6 B s
0.5 - - ® o Soleus 3000 - | , O Oh
—o—2EDL o m 24h
o Time: p =0.003 2500 A Time: p = 0.005
0.45 - o Group: p =0.010 o Group: p < 0.001
Interaction: p = 0.233 o 0 Interaction: p = 0.004
_______ 2000 A
+ S - E A
~ - o " 3
&D [0} = -~ - ~ 0
gh 0.4 - 8 - <¢ 1500 - 0
g 8 n
~ @) (¢]
A $ 1000 A
0.35 -
= 500 A
0.1 1
0 T T 1 0
0 6. . 24 EDL (11 Soleus (I Soleus (II
After LPS injection (h) I @ a
0.002 - Sol
oleus
2 0.0015 - __,I O}ﬁ Type 11
z I 24 EDL Typel\l Soleus ' Yb®
A 0.001 A —1II Oh P g {
— I 24h :
0.0005 A
0
0.002 0 1000 2000 3000 4000 5000
EDL
> 0.0015 1 =1  Oh
g 0.001 4 —II 24h
0.0005 A
0
0 1000 2000 3000 4000 5000

CSA (um2)



Figure 7

TNF-a iNOS =g ¢ Soleus
25 A . 25 - —4— 1 EDL
Time: p =0.028 Time: p=0.411

20 - Group: p =0.676 Group: p =0.090
e Interaction: p =0.093 20 1 Interaction: p = 0.553
o
2
o 15 A 15 A
o
> A
O
g 10 A 10 A
=
2 5 5 -

0 ) 0 )

0 6 24
After LPS injection (h) After LPS injection (h)



Figure 8

10 - FoxO1 5 - FoxO3
Time: p = 0.006 0 Time: p = 0.005
g Y Group: p =0.502 Group: p =0.366
g ©  Interaction: p=0.450 4 - Interaction: p =0.376
%
561
(¥
o
)
) 4
E
~—
3
9
0 , , , 0 . . =m0 Soleus
0 6 24 0 6 24 ——, EDL
5 - Atrogin-1 10 - MuRF1 0 - Bnip3
A
Time: p=0.014 Time: p=0.114 Time: p = 0.442
4 $ Group: p=0.003 8 Group: p =0.012 g Group: p =0.449
g g Interaction: p =0.131 Interaction: p = 0.232 Interaction: p = 0.036
g .
2 6 6 1 o
a,
S
277 * 4 % 2
=
— [ ~
2 1 2 2 - e S e
< o
- ~
0 T T 1 O

After LPS injection (h)

After LPS injection (h)

24
After LPS injection (h)



Table 1. Free fatty acid concentrations (pmol/mg) in soleus and EDL muscles. Data show mean + SEM (n =4)

Time after LPS injection
Oh 6h 24h p value
EDL Soleus EDL Soleus EDL Soleus Time  Group Interaction
Methyl laurate;12:0 37408 11.5£8.0 1.0£0.5 1.0+04 0.8+04 45+2.6 0179 0227 0.583
Methyl myristate;14:0 87+1.7 20.5+4.7 53+£0.7 11.0+3.1 7.9+£0.5 192+4.1 0.103  0.002 0.570
Methyl palmitate;16:0 168.4+20.0 305.6+33.0™" 130.7+5.0 197.5+202# 191.1+£9.8 23894227 0011  <0.001 0.114
Methyl palmitoleate;(Z)16:1n-7 102+14 34147 9.6+0.6 27.0+4.8 124+15 256+50 0.542  <0.001 0.350
Methyl stearate;18:0 89.7+11.6 199.5+ 174 689+42 134.6+5.0 # 1220442 140.5+13.0 0.004 <0.001 0.002
Methyl elaidate;(E)18:1n-9 0.6+0.1 13£0.8 0.5+0.1 14+05 0.6+0.1 04+04 0.443 0.235 0451
Methyl oleate;(Z)18:1n-9 775+8.7 204.1 34,6 619+25 1250+ 14.6 1125+10.8 161.0+£13.3 0.033  <0.001 0.095
Methyl linolelaidate;(E)18:2n-6 0.04=£0.01 031+ 0.10** 0.06+0.02 0.25+0.02 0.08+£0.00 0.22+0.02 0.827  <0.001 0443
Methyl linoleate;(Z)18:2n-6 170.9+35.0 5602954 129.3+£16.8 353.9+434 258.1+£22.1 42124412 0.067 <0.001 0.100
Methyl arachisate;20:0 0.7+0.1 15£02** 0.5+0.1 0.8+0.0 # 06+0.0 1202 0009 <0.001 0.275
Methyl ganma-linolenate;(Z)18:3n-6 0.8+0.1 43411 0.6+0.1 23+02 0.7+0.1 1.6+0.1 0.025 <0.001 0.036
Methyl cis-11-icosenoate;(Z)20:1n-9 1.7+03 24+05 1.3+0.1 22402 29+04 33402 0.002 0.041 0.701
Methyl linolenate;(Z)18:3n-3 99+12 329+78 - 73409 225+3.7 112+1.6 223+3.0 0273 <0.001 0.329
Methyl cis-11,14-icosadienoate;(Z)20:2n-6 29+04 63+1.0 ** 26+0.1 43+04 48+0.6 54+02 0.035 0.001 0.067
Methyl behenate;22:0 03+0.0 08+0.1"" 02+00 0.5+ 0.0ﬁ# 02+0.0 06+ 0.1** 0.001  <0.001 0.120
Methyl eicosa-8,11,14-trienoate;20:3n-6 36+09 122415 ** 35+05 8.6+ 0.6%* 64+02 72+ 0.4# 0.108 <0001  <0.001
Methyl erucate;22:1n-9 39+10 7.7+ 0.6:: 39+0.6 83+ 0.7’;# 73+03 3 73+03 0075  <0.001 0.006
Methyl cis-11,14,17-icosatrienoate;(Z)20:3n-3 04+0.0 13+02 03+00 0.5+0.0 0.5+0.0 06+00 <0001 <0001 <0001



Methyl cis-13,16-docosadienate;(Z)22:2n-6 0.14£0.0 04401 ** 0.1£0.0 02400 03+0.0 03+00 0001 0002 0006
Methyl lignocerate;24:0 03+00 12401 ™ 03+0.0 07+01 03+0.0 09+0.1% <0001 <0001 0011
Methyl cis-7,10,13,16,19-docosapentacnoate;(Z)22:5n-3  152.5+433 4988577 12744354 352.6420.2 %+ 25324104 2875+637 0073 <0001 <0001
Saturated fatty acids (SFAS) 2718340 5406+545 2069460 34604278 P 30204140 4058+373 0005 <000 0040
Monounsaturated fatty acids 93.9+11.0 2497 +384" 773425 163.9+193 13574125 19754179 0054 <0001 0094
Polyunsaturated fatty acids (PUFAS) 41314994 14763+ 1781 336.6+69.4 977.4+783 65144369 92924424 0034 <0001  0.003
n-6 Polyunsaturated fatty acids 23034505 $703411132 1883+31.6 561.8+546 % 35784257  5786+453# 0041 <0001 0011
n-3 Polyunsaturated fatty acids 182.8£48.9 606.0+69.2** 14834379 41564260 #, 20364129  3506+42%# 0040 <0001 0001
n-6/n-3 ratio 1340.1 14+0.1 13401 14+0.1 12+0.1 17£01% 0485 0018 0092
PUFA/SFA ratio 15402 27402 164023 28402 ** 20+00 23401 0649 <0001 0017
total 778.8+143.0 2266642563 6208673 14873£1209% 11009627 1532529697 0019 <0001 0,006

$ p<0.05 versus EDL muscle at 0 h; # p < 0.05, ## p < 0.01 versus soleus muscle at 0 h; * p <0.05, ** p <0.01 soleus muscle versus EDL muscle, p values indicated the results of two-way ANOVA with time (0, 6, 24 h)
and group (soleus versus EDL) as factors.
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