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ABSTRACT

Our previous studies support a key role for mitochondrial lipid hydroperoxides as important contributors to denervation-related muscle atrophy, including muscle
atrophy associated with aging. Phospholipid hydroperoxide glutathione peroxidase 4 (GPX4) is an essential antioxidant enzyme that directly reduces phospholipid
hydroperoxides and we previously reported that denervation-induced muscle atrophy is blunted in a mouse model of GPX4 overexpression. Therefore, the goal of the
present study was to determine whether GPX4 overexpression can reduce the age-related increase in mitochondrial hydroperoxides in skeletal muscle and ameliorate
age-related muscle atrophy and weakness (sarcopenia). Male C57B16 WT and GPX4 transgenic (GPX4Tg) mice were studied at 3 to 5 and 23-29 months of age. Basal
mitochondrial peroxide generation was reduced by 34% in muscle fibers from aged GPX4Tg compared to old WT mice. GPX4 overexpression also reduced levels of
lipid peroxidation products: 4-HNE, MDA, and LOOHs by 38%, 32%, and 84% respectively in aged GPX4Tg mice compared to aged WT mice. Muscle mass was
preserved in old GPX4 Tg mice by 11% and specific force generation was 21% higher in old GPX4Tg versus age matched male WT mice. Oxylipins from lipoxygenases
(LOX) and cyclooxygenase (COX), as well as less abundant non-enzymatically generated isomers, were significantly reduced by GPX4 overexpression. The expression
of cPLA2, 12/15-LOX and COX-2 were 1.9-, 10.5- and 3.4-fold greater in old versus young WT muscle respectively, and 12/15-LOX and COX-2 levels were reduced by
37% and 35%, respectively in muscle from old GPX4Tg mice. Our study suggests that lipid peroxidation products may play an important role in the development of

sarcopenia, and their detoxification might be an effective intervention in preventing muscle atrophy.

1. Introduction

Sarcopenia is characterized by a progressive degeneration in skeletal
muscle, including loss of both mass and strength. Age-related loss of
muscle function leads to falls, weakness and consequently secondary
illnesses and increased mortality, which makes sarcopenia a major fac-
tor contributing to deterioration in the quality of life in the elderly
[1-4]. Effective prevention of sarcopenia still remains a challenge due to
the limited understanding of the biochemical and molecular mecha-
nisms underlying age-related muscle atrophy [1,5].

One of the hallmarks of aging cells, including skeletal muscle fibers,
is an increase in oxidative stress and damage [6-9]. Our previous studies
have shown that increased mitochondrial production of hydroperoxides
is associated with muscle atrophy in a variety of conditions related to
neurogenic atrophy [8,10,11]. Hydroperoxides produced in response to
denervation are predominately LOOHs rather than HyO, generated by

the electron transport chain, and are associated with activation of
phospholipase A2 (cPLA2) [12-14]. Peroxide production is reduced in
the presence of the cPLA2 inhibitor (arachidonyl trifluoromethyl ketone;
AACOCF3) associated with a reduction in the amount of muscle loss due
to denervation [12,13]. cPLA2 releases mainly arachidonic acid (AA),
but also releases eicosapentaenoic (EPA), and linoleic acid (LA) from
membrane phospholipids, if they are present at substantial levels. Free
fatty acids can be further metabolized to generate many lipid oxidation
products [15]. An excess and accumulation of these products in a cell
disturb its normal function and can lead to a number of deleterious
outcomes, including a form of cell death called ferroptosis [16].

Lipid hydroperoxides (LOOHSs) are the primary products of peroxi-
dation of polyunsaturated fatty acids (PUFA), cholesterol, and to a
smaller extent, monounsaturated fatty acids (MUFA) [17-19]. Another
important product of this process is oxylipins. These are signaling
molecules generated from PUFA via activity of lipoxygenases (5-LOX,
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12-LOX, and 12/15-LOXcyclooxygenases (COX-1 and COX-2), and cy-
tochrome P450 (CYP) enzymes, as well as non-enzymatic pathways [20,
21]. Oxylipins are elevated in various pathological conditions in a va-
riety of cells and tissues [21-24]. Chain propagation caused by uncon-
trolled lipid peroxidation also leads to formation of secondary products
that might have negative biological effects. For example, PUFA frag-
mentation by-products such as malondialdehyde (MDA) and 4-hydroxy-
nonenal (4-HNE) cause cytotoxicity including mitochondrial damage
characterized by reduced respiration, ROS generation, reduced enzyme
activity, and protein modification [25-27].

Phospholipid hydroperoxide glutathione peroxidase 4 (GPX4) is an
intracellular antioxidant enzyme, that can directly reduce phospholipid,
fatty acid, and cholesterol hydroperoxides [19,28]. We previously re-
ported that GPX4 overexpression reduces denervation-induced muscle
loss [12]. We hypothesize that lipid oxidation products such as LOOHs
and oxylipins are key factors in the loss of muscle mass and strength in
aging mice. Thus, the goal of the present study is to investigate whether
the neutralization of oxidized lipids by GPX4 can inhibit sarcopenia in
older mice. Here we used young and old transgenic mice overexpressing
GPX4 to study the effects of detoxifying oxidized lipids in aging muscle
as well as major pathways of lipid metabolism.

2. Materials and methods
2.1. Mice

GPX4 transgenic mice overexpressing GPX4 (GPX4Tg) were previ-
ously generated using a genomic clone containing the human GPX4
gene, and are described in detail by Ran et al. [29]. Male mice were kept
on a 12:12 h light-dark cycle, and had access to standard rodent chow
and water. 3-5 and 23-29 month old wild type (WT) and GPX4Tg male
mice were used for all experiments. All procedures were approved by the
Institutional Animal Care and Use Committees at Oklahoma Medical
Research Foundation.

2.2. Tibialis anterior cross-sectional area

We sectioned Tibialis Anterior muscle after sacrifice, mounted in
optimum cutting temperature compound (OCT), and flash frozen in
liquid nitrogen-cooled isopentane. We cut sections (10 pm), mounted,
and stained the sections with laminin. Briefly, we blocked sections with
10% normal goat serum and 2% bovine serum albumin in Phosphate
Buffered Saline (PBS) for 1 h. We then stained sections overnight with
laminin antibody (Sigma L9393) diluted in PBS with 1% BSA. The next
day we washed the sections in PBS 3 times for 5 min followed by in-
cubation with a FITC conjugated secondary antibody. We washed sec-
tions in PBS 3 times for 5 min. We visualized and captured images with
Zeiss Axiovert 200 M microscope, Zeiss Axiocam MRC camera, and Zeiss
AxioVision software V4.8.2.0 (Carl Zeiss AG, Oberkochen, Germany) at
10x magnification. We then measured the cross-sectional area of the
muscle fibers using an ImageJ automated analysis as previously
described [30].

2.3. Western blot

Proteins were isolated from gastrocnemius of wild-type and GPX4Tg
male mice using RIPA buffer (50 mM Tris (pH 7.5), 140 mM NaCl, 1%
IGEPAL (v/v; Sigma Aldrich, 18896), 1 mM EDTA (pH 8.0), 0.5 mM
EGTA, 50 mM NAF, 1 mM NaO vandate) with 1% (v/v) protease in-
hibitor (Protease Inhibitor Cocktail Set III, EDTA-Free, Millipore,
539134). After centrifugation and collecting the supernatants, protein
concentrations was determined using Bio-Rad protein assay dye reagent
(Bio-Rad, 5000006) as stated in the manufacturer’s instructions. Sam-
ples were prepared using Laemmli sample buffer (Bio-Rad, 1610737)
and 20-30 pg of protein was resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
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nitrocellulose membrane. Bound proteins were blocked with 1% nonfat
dry milk in Tris-buffered saline with 1% Tween 20 (TBS-T), incubated
with specific primary antibodies (4HNE: Abcam, ab46545; cPLA2: Cell
Signaling, 2832; iPLA2 (PLA2G6): Thermo Fisher, PA5-27945; 12/15-
LOX: Santa Cruz, sc-133085; COX-2: Cell Signaling, 4842), washed
with TBS-T and incubated with horseradish peroxidase-conjugated
secondary antibody (Cell Signaling Technology). Protein bands were
detected by ECL reagent using G-Box (Syngene), and the band intensity
was measured using Image Studio™ Lite Quantification software.

2.4. Fiber permeabilization

Approximately 2-4 mg of red gastrocnemius muscle was dissected,
and fibers were mechanically separated along their striations in cold
buffer X (pH 7.1; 7.23 mM K3EGTA, 2.77 mM CaK3EGTA, 20 mM
imidazole, 0.5 mM DTT, 20 mM taurine, 5.7 mM ATP, 14.3 mM PCr,
6.56 mM MgCl,-6H»0, 50 mM K-MES). The fiber bundle was per-
meabilized using saponin (30 pg/ml) in buffer Z (pH 7.1; 30 mM KCl, 10
mM KHyPOy, 0.6 mg/ml BSA, 5 mM MgCly-6H50, 1 mM EGTA, 105 mM
K-MES) with 1 mM EGTA (wash buffer) for 30 min. Next, the fibers were
washed 3 times using wash bulffer.

2.5. Measurement of respiration and hydroperoxide production

Permeabilized red gastrocnemius muscle fiber bundles were used for
simultaneous measure of oxygen consumption rates (OCR) and hydro-
peroxide generation using the Oroboros Oxygraph-2k machine (O2k,
OROBOROS Instruments, Innsbruck, Austria). OCR was determined
using an oxygen probe, while the hydroperoxide production rate was
determined using O2k-Fluo LED2-Module Fluorescence-Sensor Green.
Measurements were performed at 37 °C in buffer Z containing 1 mM
EGTA, 22.7 mM creatine monohydrate, 10 pM Amplex® UltraRed
(Thermofisher, A36006), 1 U/ml horseradish peroxidase (HRP), and 25
pM blebbistatin. The assay chambers were hyper-oxygenated and the
substrate-inhibitor titration protocol was used as follows: 10 mM
glutamate and 2 mM malate, 5 mM ADP, 10 mM succinate, 1 pM rote-
none, and 1 pM Antimycin A. OCR measurements were normalized to
levels obtained with antimycin A addition to account for non-
mitochondrial oxygen consumption. Hydroperoxide generation was
determined using calibration curve for HyOs. All the results were
normalized to wet tissue weights.

2.6. Force generation

Force generation was measured as previously described [31,32].
Briefly, EDL muscle was suspended on a dual-mode muscle lever system
(300C-LR, Aurora Scientific Inc, Aurora, Canada) and a hook in Krebs
buffer (137 mM NaCl, 5 mM KCl, 1 mM NaH2PO4, 1 mM MgS04, 24 mM
NaHCO3, 2 mM CaCl2). Muscles were placed at optimal length and
allowed 10 min of thermoequilibration at 32 °C. A supramaximal cur-
rent (600-800 mA) of 0.25 ms pulse duration was delivered through a
stimulator (701 C, Aurora Scientific Inc.), while train duration for iso-
metric contractions was 300 ms. Data were recorded and analyzed using
commercial software (DMC and DMA, Aurora Scientific). Specific force
(N/cm2) of EDL muscles were multiplied to the ratio of fiber length to
muscle length published previously [33].

2.7. Reduced (GSH) and oxidized (GSSG) glutathione levels

GSH and GSSG were separated by Thermoscientific Dianox Ultimate
3000 HPLC-ECD system using a reverse-phase Accucore RP-MS
(150%2.1 mm) column obtained from Thermoscientific (Waltham,
MA). LC conditions include mobile phase of 25 mM Sodium Phosphate,
0.5 mM 1-octanesulfonic acid and 4% acetonitrile adjusted to pH 7 using
85% phosphoric acid, temperature at 35° and flow rate 0.5 ml/min.
Gastrocnemius samples were homogenized in ice-cold antioxidant
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buffer (50 mM potassium phosphate buffer, pH 7.4, containing 2 mM
EDTA and 0.1 mM butylated hydroxytolune in tissue lyzer (Rebrin and
Sohal., 2004). The samples were briefly centrifuged at 1000 g for 1min
at 4°. An aliquot in duplicate was taken to estimate total protein by BCA
method according to manufacturer’s instructions (Pierce, Rockford, IL,
USA). 10% ice-cold MPA was added to the crude homogenized samples,
incubated for 30min on ice. Then, the homogenates were centrifuged for
20min at 14000 g at 4°. The acidified supernatant was then transferred
to HPLC autosampler vials for separation of GSH and GSSG. The system
was equilibrated well enough to maintain the baseline stability before
the samples were injected.

ECD detection: Clean cell potential of 1900 mV for 10s was applied
after every run. In order to filter the electrochemically active com-
pounds that could possibly interfere with GSH and GSSG, we used a
conditioning coulometric OMNI cell (6020RS, Thermoscientific) before
the BDD (Boron doped diamond) electrode. The GSH and GSSG peak
were eluted at 1.26min and 2.25min at 500 mV and 1500 mV for OMNI
and BDD respectively. The oxidation potential for GSH and GSSG was
performed every time the electrode is replaced to avoid the changes due
to cell difference. The peaks were quantified using Thermo Scientific
Chromeleon CDS Chromatography software.

2.8. Cytosolic phospholipase A2 (cPLA2) activity

cPLA2 activity was assessed using the Cytosolic Phospholipase A2
Assay Kit (Abcam; ab133090) according to the manufacturer’s in-
structions. Proteins were isolated from gastrocnemius muscle using 500
pL homogenization buffer (pH 7.4; 50 mM HEPES, 1 mM EDTA). Sam-
ples were centrifuged at 10,000xg for 15 min, then the supernatant was
filtered using membrane filter with a molecular weight cut-off of 30 kDa
(Amicon; UFC503024) at 14,000 xg for 10 min to remove sPLA2. Protein
concentration was estimated using Bio-Rad protein assay dye reagent
(Bio-Rad, 5000006) as stated in the manufacturer’s instructions. Sam-
ples were incubated with 5 pM bromoenol lactone for 15 min at room
temperature to inhibit iPLA2. 100 pg protein (15 pL) and 200 pL of
Arachidonoyl Thio-PC (as a substrate) were added to wells. After 60 min
at RT, 10 pL mixture of 25 mM DTNB and 475 mM EGTA in 0.5 M Tris-
HCl was added to stop enzyme catalysis. Absorbance was read at 414 nm
and converted to enzyme activity using the manufacturer’s calculations.

2.9. Malondialdehyde (MDA) level

20 mg of gastrocnemius was homogenized in 250 pL of 7.5% tri-
chloroacetic acid (TCA). After centrifugation and filtration, supernatants
were added to equal volume of the mixture containing 10% TCA and
0.5% TBA. Samples were boiled for 30 min in a dry thermoblock and
cooled down. The absorbance for TBA-MDA complex was read at 532
nm and corrected for non-specific absorbance at 600 nm. Concentration
of MDA was calculated using the molar extinction coefficient of MDA
equal to 155 mM~ ! em™L

2.10. Lipid hydroperoxide level

The concentration of lipid hydroperoxides was assessed using the
Lipid Hydroperoxide Assay Kit (Abcam; ab133085) according to the
manufacturer’s instructions. Lipids were isolated from gastrocnemius
muscle using 500 pL of ultra-pure water. 500 pL of methanol solution of
extract R and 1 ml of cold chloroform were added to the homogenate.
Samples were mixed and centrifuged at 3000xg for 5 min. The bottom
chloroform layer was collected and used for the assay. 450 pL of
chloroform-methanol solvent (2:1) and 50 pL of chromogen were added
to 500 pL of chloroform extract. After 5 min at RT, absorbance was read
at 500 nm and the amount of LOOHs was calculated on the basis of a
calibration curve.
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2.11. Lipid extraction and oxylipin quantitation using LC/MS/MS

Lipids were extracted from gastrocnemius muscle and processed as
previously described in Brown et al. [30]. Tissue samples were ho-
mogenized with ceramic beads in 1 ml anti-oxidation buffer containing
100 pM diethylenetriaminepentaacetic acid (DTPA) and 100 pM butyl-
ated hydroxytoluene (BHT) in phosphate buffered saline using a Bead
Ruptor Elite for 1 x 30 s interval at 6 m/s, under cooled nitrogen gas
(4 °C). Samples were spiked with 2.1-2.9 ng of 12-HETE-d8,
15-HETE-d8, 13-HODE-d4, standards (Cayman Chemical) and 10 ng of
15:0-18:1(d7) PE (Avanti) prior to homogenization. Lipids were
extracted from the lysates by adding a 2.5 ml solvent mixture (1 M acetic
acid/isopropanol/hexane; 2:20:30, v/v/v) to 1 ml homogenate in a glass
extraction vial and vortexed for 60 sec. 2.5ml hexane was then added to
samples and after vortexing for 60 s, tubes were centrifuged (500 g for 5
min at 4 °C) to recover lipids in the upper hexane layer (aqueous phase),
which was transferred to a clean tube. Aqueous samples were
re-extracted as above by addition of 2.5 ml hexane, and upper layers
were combined. Lipid extraction from the lower aqueous layer was then
completed according to the Bligh and Dyer technique. Specifically, 3.75
ml of a 2:1 ratio of methanol:chloroform was added followed by vor-
texing for 60 s. Subsequent additions of 1.25 ml chloroform and 1.25 ml
water were followed with a vortexing step for 60 s, and the lower layer
was recovered following centrifugation as above and combined with the
upper layers from the first stage of extraction. Solvent was dried under
vacuum and lipid extract was reconstituted in 100 pul HPLC grade
methanol. For oxylipin analysis, lipids were separated by liquid chro-
matography (LC) using a gradient of 30-100% B over 20 min (A: Water:
Mob B 95:5 + 0.1% Acetic Acid, B: Acetonitrile: Methanol — 80:15 +
0.1% Acetic Acid) on an Eclipse Plus C18 Column (Agilent), and
analyzed on a Sciex QTRAP® 6500 LC-MS/MS system. Source condi-
tions: TEM 475 °C, IS -4500, GS1 60, GS2 60, CUR 35. Lipids were
detected using MRM monitoring with the following parent to daughter
ion transitions: 12-HETE [M — H]™ 319.2/179.1, 15-HETE [M — H]"
319.2/219.1, 13-HODE [M — H] 295.2/195.1, 15-HETtE [M — HJ
321.2/221.1, 15-HEPE [M — H] 317.2/219.1, 14-HDOHE [M — HJ
343.2/205.1, 17-HDOHE [M — H]  343.2/201.1, 13-HOTE [M — HI
293.2/195.1. Deuterated internal standards were monitored using
parent to daughter ions transitions of: 12-HETE-d8 [M — HJ
327.2/184.1, 15-HETE-d8 [M — H] 327.2/226.1 and 13-HODE-d4 [M
— HJ] 299.2/198.1. Chromatographic peaks were integrated using
Multiquant 3.0.2 software (Sciex). The criteria for assigning a peak was
signal:noise of at least 5:1 and with at least 7 points across a peak. The
ratio of analyte peak areas to internal standard was taken and lipids
quantified using a standard curve made up and run at the same time as
the samples. Each oxylipin was then standardized per mg of tissue. For
oxPL measurements, lipids were separated by liquid chromatography
(LC) using a gradient of 50-100% B over 10 min, followed by 30 min at
100% B (A: methanol:acetonitrile:water, 1 mM ammonium acetate,
60:20:20. B: methanol, 1 mM ammonium acetate), with a flow rate of
0.2 ml/min on a Luna C18 column (15 cm x 2 mm, 3 pm) (Phenom-
enex), and analyzed on a Sciex QTRAP® 6500 LC-MS/MS system. Source
conditions: TEM 500 °C, IS -4500, GS1 40, GS2 30, CUR 35. Lipid were
detecting using MRM monitoring with the following parent to daughter
ion transitions: 18:0a/20:4(0)-PE and 16:0a/20:4(0)-PC [M — H]
782.6/319.2, 18:0p/20:4(0)-PE [M — H] 766.6/319.2, 18:1p/20:4
(O)-PE [M — HI 764.6/319.2, 16:0p/20:4(0)-PE [M — HI
738.6/319.2 and 18:0a/20:4(0)-PC [M — H] 810.7/319.2.15:0-18:1
(d7) PE internal standard was monitored using parent to daughter ion
transition of: [M — H]™ 709.5/288.2. Chromatographic peaks were in-
tegrated using Analyst 1.7 software (Sciex). The criteria for assigning a
peak was signal:noise of at least 5:1 and with at least 7 points across a
peak. These MRM transitions gave rise to multiple peaks which were
integrated as a group. This method was used since MS/MS data showed
these peaks to be a mixture of oxidized PLs (not isolated to HETE-PL’s,
but also other oxidized FA containing PL’s), however it was not possible
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to assign individual IDs to each peak. The ratio of analyte peak areas to
internal standard was taken and displayed as relative values.

2.12. Targeted quantitative mass spectrometry

Targeted quantitative mass spectrometry was utilized to measure
protein abundance as previously described [30,34-36]. Briefly,
gastrocnemius  samples were homogenized in a radio-
immunoprecipitation assay buffer containing 10 mM Tris-Cl (pH 8.0), 1
mM EDTA, 1% Triton X-100 (v/v), 0.1% sodium deoxycholate (w/v),
0.1% sodium dodecyl sulfate (w/v), 140 mM NaCl, and 1 mM phenyl-
methylsulfonyl fluoride, with protease inhibitor cocktail (Calbiochem
Set III, EDTA-free; EMD Millipore; Billerica, MA, USA), and Bradford
assay was used to determine protein concentration. Targeted proteomic
analysis with LC-tandem mass spectrometry was done in the Oklahoma
Nathan Shock Center Multiplexed Protein Analysis Laboratory as pre-
viously described [30]. Briefly, 60 pg protein was taken for analysis,
mixed with 1 pg of BSA as an internal standard, and processed to reduce,
alkylate and digest with trypsin. The digest was analyzed by selected
reaction monitoring (SRM) on a Thermo Scientific TSQ Quantiva using
methods that were developed and validated previously for each protein
target. Data was analyzed using Skyline [37] to find and integrate the
appropriate chromatographic peak.

2.13. Statistical analyses

Prior to statistical analyses, the results were tested for equal vari-
ances and normal distribution to establish the appropriate statistical
test. All data were presented as mean values + SEM, and comparisons
among different groups were performed with ordinary one-way or two-
way ANOVA, with post hoc multiple comparisons test, or t-test (for
oxylipins), taking p < 0.05 using GraphPad Prism 9.3.0 (GraphPad
Sofware, La Jolla, CA).

3. Results

Mouse model. Young (3-5 month) and old (23-29 month old male

GPx4
Transgenic

Wild type
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C57Bl6/J wildtype (WT) and transgenic (Tg) mice were used to study
the effect of GPX4 overexpression on mitochondrial function, oxylipin
production, metabolism, and muscle mass and function. The presence of
the human GPX4 transgene in the GPX4Tg mice was verified using a PCR
method (Fig. 1A). Further, mass spectrometry-based protein analysis
confirmed elevated expression of this enzyme in muscle from GPX4Tg
mice (3.2 -fold, p = 0.0038 in young mice and 3.9 fold change (p =
0.0009) in old transgenic mice compared to aged matched WT mice
(Fig. 1B).

Lipid peroxidation products and redox status. GPX4 is a GSH-dependent
enzyme. LOOHs reduction generates not only a lipid hydroxide but also
selenic acid, which has to be reduced by two glutathione molecules [38].
Therefore, both the GSH level and the ratio of GSH to its oxidized form
GSSG were measured in gastrocnemius muscle. As shown in Fig. 2A,
GSH levels were 52% higher in muscle from young GPX4Tg mice and
62% higher in old GPX4Tg mice versus muscle from age matched
wildtype (WT) mice. Oxidized glutathione levels (GSSG) were not
different among the groups (Fig. 2B). The GSH/GSSG ratio showed
changes similar to GSH, although these results did not reach statistical
significance (Fig. 2C). Because LOOHs are an important component of
hydroperoxides in denervation-related loss of muscle mass [12,13], we
measured lipid peroxidation products in muscle from young and old WT
and GPX4 Tg mice. LOOH levels in muscle from old WT mice are 3.7-fold
higher (p < 0.0001) than LOOH production in muscle from young WT
mice. GPX4 overexpression blunted this increase by 84%; the LOOH
concentration was 2.915 nM/mg of tissue in old WT mice vs 0.473
nM/mg of tissue in old GPX4Tg mice, p < 0.0001 (Fig. 3A). The con-
centration of by-products of lipid oxidation also increased with age. For
example, the level of 4-HNE and MDA (commonly used as markers of
lipid peroxidation) increased 5.3 fold (p < 0,0001) and 2.2 fold (p =
0.0006) in WT animals, respectively. The amounts of these substances
were reduced in the muscles from GPX4 mice by 38% (p = 0.0288) for
4-HNE and 32% (p = 0.0430) for MDA (Fig. 3B and C).

Muscle mass and function. To investigate the effect of GPX4 over-
expression on age-related loss of muscle function, we measured body
and muscle weights, as well as contractile function in the extensor dig-
itorum longus (EDL) muscle. As shown in Fig. 4, despite approximately
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0.05, one-way ANOVA), n = 3-5. Data are presented as mean value + SEM.

10% higher bodyweight in old WT and GPX4Tg mice compared to the
young mice in each group, the gastrocnemius muscle weight decreased
by an average of 26% (Fig. 4B and C). GPX4 overexpression does not
affect the bodyweight (Fig. 4A) but increases both absolute and relative
gastrocnemius mass in old mice by 11%; 0.264 vs 0.294 mg, p = 0.0287
(Figs. 4B) and 0.753 vs 0.839 mg/bwt, p = 0.0454 (Fig. 4C). EDL mass
was not different between groups (Fig. 4D). However, EDL maximal
force was reduced by 30% while specific force by 35% in old WT versus
young WT mice (Fig. 4E and F). Specific force (force expressed relative
to muscle mass) was rescued by GPX4 overexpression by 21%; 15.913 vs

19.315 N/cmz, p = 0.008 (Fig. 4F). Fiber cross sectional area measured
in tibialis anterior (TA) muscle was 50% lower in muscle from aged
versus young wildtype mice; 1548.71 vs 767.05, p < 0.0001 (Fig. 4G). In
addition, fiber cross sectional area was 30% greater in TA muscle from
aged GPX4Tg mice when compared to aged wildtype mice; 1001.29 vs
767.05, p < 0.0001 (Fig. 4G). Representative CSA images are in Fig. 4H.

Mediators of oxylipin generation induced by denervation. Our previous
work has shown induction of the activity of ¢cPLA2 and 12/15 lip-
oxygenase (12/15 LOX) enzymes in response to denervation and in
aging muscle. As shown in Fig. 5A, fatty acids, including arachidonic
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Fig. 4. Muscle mass and Function. (A) Body mass, (B) absolute gastrocnemius weight, and (C) gastrocnemius wet mass normalized to body weight in young and old

wildtype and GPX4 transgenic mice. *Significant difference between the groups (p <

0.05, one-way ANOVA), n = 5-16. (D) Mass of extensor digitorum longus (EDL)

used for contractile function experiments mass. (E) Maximum and (F) specific force measured for EDL muscle. (G)Tibialis anterior muscle cross sectional area
analysis. (H) Representative images for tibialis anterior muscle cross sectional area analysis. The scale bar in the images displayed in (H) is 100 pm *Significant
difference between the groups (p < 0.05, one-way ANOVA), n = 5-8.4 mice per group was used for tibialis anterior cross sectional area analysis. Data are presented

as mean value + SEM.

acid, (AA) are released by the activity of phospholipase A2 (cPLA2). AA
released by cPLA2 and other PUFAs are oxidized by COX, LOX and CYP
family members as well as non-enzymatically to LOOHs and oxylipins.
GPX4 reduces LOOHs (including some oxylipins) to the chemically less
reactive lipid hydroxide (LOH) [21,28] (Fig. 5A). In order to determine
the enzymatic pathways associated with lipid peroxidation in sarcope-
nia, we measured several key enzymes involved in generating LOOHs
and oxylipin formation using whole gastrocnemius muscle homogenates
by western blotting. Expression of cPLA2 (95 kDa) was approximately
2-fold higher in muscle from old mice. There was no difference between
WT and GPX4Tg mice in the expression of this protein, but cPLA2 ac-
tivity was 26% lower for old GPX4Tg when compared with age matched
WT (Fig. 5B). There were no changes between groups in the amount of

the mitochondrial iPLA2 (Fig. 5C). The expression of both 12/15-LOX
(~75 kDa) and cyclooxygenase-2 (COX-2) (~69 kDa) was increased
10.5-fold (p < 0.0001) and 3.4-fold (p = 0.0001) in old versus young WT
muscle and reduced by 37% (p = 0.0355, Figs. 5D) and 35% (p =
0.0237, Fig. 5E), respectively in muscle from old GPX4Tg mice.
Mitochondrial function. Mitochondrial dysfunction is commonly
associated with muscle atrophy conditions [39]. To assess the effect of
GPX4 overexpression on mitochondrial function in young and old
skeletal muscle, we measured mitochondrial respiration (OCR), respi-
ratory control ratio (RCR) and hydroperoxide production in per-
meabilized muscle fibers from the red portion of the gastrocnemius
muscle. We measured respiration from electron transport chain from
complex I + II (in response to glutamate malate, ADP, and succinate).
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mogenates from young and old wildtype and GPX4 transgenic mice *Significant difference between the groups (p < 0.05, one-way ANOVA), n = 4-7. Data are

presented as mean value + SEM.

Maximally stimulated OCR and RCR are reduced in fibers from old WT
mice when compared to young WT (Fig. 6A and B). There were no dif-
ferences between WT and GPX4Tg mice. State 1 (mitochondria respiring
without addition of external substrate) hydroperoxide production was
2.2 times higher in muscle fibers from old WT mice versus young WT (p
= 0.0019). This was reduced by GPX4 overexpression by 50%j; 3.587 vs
1.795 pM/(min*mg), p = 0.002 (Fig. 6C). We noticed the same trend for
the production of hydroperoxides with complex I, and complex I + II
stimulated respiration: 2 and 2.2 fold increased for old WT group

compared to young and reduction by 26 and 42% in old GPX4Tg muscle,
however, the differences were not statistically significant (data not
shown).

Oxylipin and oxidized phospholipids (0xPL) levels. The concentration of
oxylipins and oxPLs were measured in gastrocnemius muscle of young
WT, as well as old WT and GPX4Tg mice. Four of the 27 identified
oxylipin species were significantly elevated with age, i.e., 10-, 16- and
20-HDoHE and 17,18 -diHETE (Fig. 7). Conversely, 16 out of 27 iden-
tified oxylipins were significantly reduced (p = 0.0023-0.0484) in the
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Fig. 7. Oxylipins elevated in muscle from aging wildtype mice. Four of 28 detected oxylipins were significantly elevated in aging muscle: 10-hydroxydocosa-

47,77,11Z,13Z,16Z,19Z-hexaenoic acid (10-HDoHE),

16-Hydroxydocosa-4Z,7Z,10Z,13Z,17Z,19Z-hexaenoate

(16-HDoHE), 20-Hydroxydocosa-

47,72,10Z,13Z,16Z,18Z-hexaenoate (20-HDoHE), and 17,18-dihydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid (17,18-DiHETE). *Significant difference between the

groups (p < 0.05, t-test), n = 9-12.

muscles from old GPX4Tg mice when compared to old WT mice (Fig. 8).
Oxylipin levels (pg/mg tissue) were reduced more than 50% for 7 out of
12 detected species generated enzymatically by the activity of lip-
oxygenase from arachidonic acid (AA): 5- and 15-HETE [40,41], linoleic
acid (LA): 13-HODE [40], alpha linoleic acid (ALA): 9- and 13-HOTrE
[42,43], dihomo gamma linoleic acid (DGLA): 15-HETrE [44], eicosa-
pentaenoic acid (EPA): 15-HEPE [45], and docosahexaenoic acid (DHA):
14-HDoHE [46]. Likewise, 11 detected oxylipins generated by COX or
CYP activity or non-enzymatically, including 11-HETE, PGD2, PGE2,
PGF2u (AA metabolites) [41], 9,10-DiHOME (LA metabolite) [47], 17,
18-DiHETE (EPA metabolite) [40], 10-, 13-, 14-16-, 20-HDoHE (DHA
metabolites) [46], and 9-HODE (LA metabolite) [48], were also reduced
by GPX4 overexpression in aging muscle. A number of other oxylipins
followed the same pattern but the changes were not statistically signif-
icant. Levels of oxidized phosphatidylcholines (PC) 16:0a_20:4(0), and
18:0a_20:4(0) were decreased in muscle from old GPX4Tg mice by 49%
(p = 0.0173), and 45% (p = 0.0230) respectively, when comparing to
old WT muscle. Oxidized phosphatidylethanolamines (PE) 16:0p_20:4
(0), 18:0p_20:4(0), and 18:0a_20:4(0) were reduced by 25, 32, and
36%, respectively (changes not statistically significant).

Metabolic Alterations. To determine whether there were changes in
the metabolic profile in old WT and GPX4Tg gastrocnemius muscle, we
measured key metabolic proteins involved in the TCA cycle, beta
oxidation and glycolysis, as well as antioxidant related proteins. The
greatest up-regulation was evident in proteins involved in the oxidative
stress response and beta oxidation, while the levels of proteins involved
in glucose metabolism tended to be reduced. Transgenic mice showed an
up-regulation of most proteins when compared to WT animals (Fig. 9A).
The significantly upregulated antioxidants (p = 0.0001-0.0181, Fig. 9B)
for both old groups were: ALDH1A1 (~2 fold change), and two members
of heat shock proteins family: HSP90p (~2 fold increase), and HSPAS

(3.4 fold change). There was a tendency for age-related down-regulation
in the expression of some of the glutathione S-transferases and perox-
iredoxins (Fig. 9B) for WT mice: GSTA4 and GSTP1 by 22%, PRDX1 by
28%, PRDX2 by 23%, and PRDX3 by 19% (statistically insignificant).
Their expression was rescued in GPX4Tg by 94% (p = 0.0053), 50% (p
=0.0198), 30% (p = 0.0419), 42% (p = 0.0405) and 40% (statistically
insignificant), respectively. As shown in Fig. 9C, among the proteins
involved in beta oxidation, only LONP1 expression was slightly
decreased (by 9%, non-significant), GPX4 overexpression increased it by
67% (p = 0.0081). The largest increase for old WT group was noted for
two fatty-acid-binding proteins: FABP3 by 72% (p = 0.0673) and FABP4
by 46% (p = 0.0165), it was reduced in muscle from GPX4Tg mice by
50% (p = 0.0433) and 41% (p = 0.005), respectively. The amount of
many proteins involved in glycolysis and gluconeogenesis was signifi-
cantly reduced in aged WT compared to young mice (Fig. 9D). Proteins
the most affected by GPX4 overexpression were ENO3 (increase by 41%
in old GPX4Tg versus old WT, p = 0.0315) and PFKM (increase by 35%,
p = 0.0384). There were no statistically significant differences between
the groups in the Krebs cycle proteins (Fig. 9E).

4. Discussion

The mechanisms underlying oxidative stress and the age-related
decline in muscle quantity and quality are still unclear. Based on our
previous results tying LOOH generation to denervation induced atrophy,
we hypothesized that an increase in LOOH production likely contributes
to the phenotypes associated with sarcopenia. Further, and by extension,
reducing their level may have a positive effect on maintaining muscle
function in elderly. To test this hypothesis, we utilized a transgenic
mouse with global overexpression of GPX4 to improve the ability of
muscle cells to reduce LOOHs. We measured changes in muscle mass and
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Fig. 8. Oxylipins detected in skeletal muscle from old wildtype and old GPX4 transgenic mice with their precursor lipids and the most probable way of formation in
the presented model. Note that some oxylipins may be produced by multiple enzymes and we have done only a general categorization. Oxylipins delivered from
lipoxygenases thru various fatty acid precursors are shown in Panel (A). Arachidonic acid (AA): 5-hydroxyeicosatetraenoic acid (5-HETE), 12-Hydroxyeicosatetrae-
noic acid (12-HETE), 15-Hydroxyeicosatetraenoic acid (15-HETE); Linoleic acid (LA): 13-Hydroxyoctadecadienoic acid (13-HODE), 9-ox0-10E,12Z-octadecadienoic
acid (9-0xoODE), 13-Ox0-9E,11E-octadecadienoic acid (13-0xoODE); dihomo-y-linolenic acid (DGLA): 15-Hydroxy-(8Z,11Z,13E)-eicosatrienoic acid (15-HETrE);
eicosapentaenoic acid (EPA): 12-hydroxyeicosapentaenoic acid (12-HEPE), 15-hydroxyeicosapentaenoic acid (15-HEPE); docosahexaenoic acid (DHA): 14-hydroxy-
47,7Z,10Z,12E,16Z,19Z-docosahexaenoic acid (14-HDoHE); a-linolenic acid (ALA): 9-Hydroxy-(10E,12Z,15Z)-octadecatrienoic acid (9-HOTrE), 13-hydroxy-
(9Z,11E,15Z)-octadecatrienoic acid (13-HOTrE). Panel (B)- oxylipins generated by cyclooxygenase from: arachidonic acid (AA):11-Hydroxy-5,8,12,14-eicosate-
traenoic acid (11-HETE), Prostaglandin D2 (PGD2), Prostaglandin E2 (PGE2), prostaglandin F2a (PGF2a), and from EPA: 11-hydroxy-(5Z,8Z,12E,14Z,17Z)-eicosa-
pentaenoic acid (11-HEPE). Panel (C)- oxylipins generated through cytochrome p450 from: linoleic acid (LA): 9,10-Dihydroxy-12Z-octadecenoic acid (9,10-
DiHOME), 12,13-dihydroxy-9Z-octadecenoic acid (12,13-DiHOME), 9,10-epoxy-(12Z)-octadecenoic acid (9(10)-EpOME), 12(13)epoxy-(9Z)-octadecenoic acid (12
(13)-EpOME); and from eicosapentaenoic acid (EPA): 17,18-dihydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid (17,18-DiHETE). Panel (D)- oxylipins generated non-
enzymatically from: docosahexaenoic acid (DHA): 10-hydroxydocosa-4Z,77,11Z7,13Z,16Z,19Z-hexaenoic acid (10-HDoHE), 13-hydroxy-4Z,7Z,10Z,14E,16Z,19Z-do-
cosahexaenoic acid (13-HDoHE), 16-Hydroxydocosa-4Z,7Z,10Z,13Z,17Z,19Z-hexaenoate (16-HDoHE), 20-Hydroxydocosa-4Z,7Z,10Z,13Z,16Z,18Z-hexaenoate (20-
HDoHE), and from linoleic acid (LA): 9-hydroxy-10E,12Z-octadecadienoic acid (9-HODE). Panel (E)- Oxidized phospholipids (OxPLs): phosphatidylethanolamines
(PE) 16:0p_20:4(0), 18:0p_20:4(0), and 18:0a_20:4(0); phosphatidylcholines (PC) 16:0a_20:4(0), and 18:0a_20:4(0). *Significant difference between the groups (p
< 0.05, t-test), n = 5-12.

force generation, the amount of lipid oxidation products (LOOHs, oxy- biological membranes and thus protect skeletal muscles mass and
lipins, 4-HNE, and MDA) and proteins in major metabolic pathways, as functions.
well as mitochondrial function. The novel findings presented in this GPX4 overexpression lowers the concentration of many oxylipins
study show that reducing lipid hydroxides by GPX4 overexpression present in aged muscle. The oxylipin literature in muscle is less extensive
ameliorates the majority of muscle atrophy and weakness phenotypes than other tissues. The concentration of individual oxylipins increases in
present in mouse models of sarcopenia. muscles after exercise and injury, which plays an important role in the
We have previously shown that LOOH production is higher in sur- inflammatory response, repair, and muscle growth [63-67]. However,
gically denervated muscle when compared to sham control intact muscle the function of oxylipins in skeletal muscle aging is unknown. In tissues
[12,13]. Spendiff et al. also reported elevated production of LOOHs in other than muscle, elevated levels of oxylipins in age-related pathologies
skeletal muscle from humans older than 75 years compared to that of is associated with accelerated senescence [68-72]. More research is
younger muscle tissue [49]. However, a causative role for LOOHs and needed to understand how oxylipins may trigger muscle atrophy and
other lipid oxidation products in triggering age-related loss of muscle weakness. In the current study, we have shown that overexpression of
strength and mass and the mechanisms by which this occurs have not GPX4 reduces oxylipin content in aged muscle which is associated with
been defined. In agreement with previous studies, here we showed that improved contractile function, mitochondrial function, and increased
lipid oxidation and its products (LOOHs, 4-HNE, and MDA) are greater muscle mass. It is interesting to note that the pattern of oxylipins
in muscles from old wildtype mice when compared to young wildtype detected in skeletal muscle is highly represented by oxylipin species
mice. generated by 12/15 lipoxygenase and prostaglandins generated by
The biological effect of many lipid peroxidation products depends on cyclooxygenase. Both of these enzymes are highly elevated with age, yet
both their concentration and the conditions of the intracellular and this is not reflected by an increase in these oxylipins with age. The po-
extracellular environment. For example, oxylipins may be toxic or pro- tential significance of this discrepancy is uncertain at this point.
tective, anti-inflammatory or pro-inflammatory [50,51]. However, the In our previous studies, we have shown that denervation-related
accumulation of most oxylipins disrupts the proper functioning of cells hydroperoxides were produced downstream of cPLA2 and that 12/15-
at various levels. Specifically, lipid peroxidation can modify the struc- LOX knockout mice were protected from muscle mass loss after dener-
ture of cell membranes and proteins, disrupting their proper func- vation [12,13,73]. We hypothesize that enzymes downstream of cPLA2
tioning, and is involved in the pathogenesis of many various diseases may be involved in oxylipin and other LOOHs generation during aging,
such as degenerative disease of the brain, liver cirrhosis, atherosclerosis and may contribute to age-related decline in muscle mass and function.
[52-58]. Aldehydes (such as MDA and 4-HNE) formed as secondary or Muscle from aged mice had increased level of cPLA2 but not iPLA2
decomposition products of lipid peroxidation are highly reactive and (Ca®*-independent PLA2) proteins. We also noticed a significant in-
easily interact with proteins, DNA, and phospholipids. 4-HNE, the level crease in the amount of enzymes responsible for the metabolism of
of which is elevated over 5 times in muscle from old WT mice, reacts PUFAs in aged mice such as: 12/15-LOX and COX-2. GPX4 over-
directly with thiol groups of amino acids generating pathogenic adducts expression does not decrease the amount of cPLA2 protein but does
and induces apoptosis of various cell types [51,59]. Furthermore, decrease its activity in old mice. Many oxylipins are hydroperoxides
accumulation of LOOHs can be fatal and induce ferroptosis: formed by the action of LOX, COX and CYP, which are further converted
iron-dependent, non-apoptotic cell death [60,61]. In support of this, a into their reduced forms; for example by enzymes from the GPx family
recent report by Eshima et al. [62] demonstrated that elevated LOOH [58]. A decrease in reduced forms of oxylipins, as well as 12/15-LOX and
and their reactive lipid aldehyde byproducts are effectors of muscle at- COX-2 enzymes in GPX4Tg mice may indicate a reduced amount of
rophy and weakness in a disuse atrophy model. It is reasonable to initial substrates, including fatty acids released by cPLA2. LOX and COX
conclude that the toxic effects of lipid peroxidation products might enzymatic activity requires oxidation, thus, the effect of GPX4 in
contribute to the observed decrease in muscle mass and force generation reducing redox tone may also contribute to suppressing LOX and COX
in old WT mice. activities directly [74]. Given the relative amounts of individual lipids in
GPX4 is the only mammalian enzyme able to reduce esterified our analysis, we see that the most abundant are oxylipins that are likely

phospholipids and cholesterol hydroperoxides directly in cell mem- to be generated by leukocyte 12/15-LOX (i.e., 12-HETE, 12-HEPE,
branes [60]. Its overexpression reduced the amount of LOOHs by 84% 13-HODE). The levels of these oxylipins in particular are greatly reduced

and the amount of total hydroperoxides by 50% (basal state) in the suggesting a lower activity of this enzyme. This could be due to a
muscles from old mice. We also noticed a decrease in secondary lipid decrease in expression of 12/15-LOX or lower activity of either
peroxidation products: 4-HNE and MDA by 38 and 32%, respectively. 12/15-LOX or cPLA2. We also see significantly reduced amounts of
This effect may contribute to the reduction of oxidative modification of prostaglandins, which suggests that there may be reduced amount or
proteins as well as prevent structural and functional modification of activity of cyclooxygenase (either COX-1 or COX-2). Another possibility

10
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Fig. 9. Targeted proteomic analysis of key metabolic and antioxidant proteins. (A) Volcano plot of the proteins showing the Log2 fold changes plotted against
corresponding —1log10 p-value for wildtype old mice versus young, and GPX4Tg versus wildtype old. Data points in the upper right (ratio >1.5) and upper left (ratio
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<0.67, 1.5- fold decrease) sections with P > 0.05 represent proteins that are significantly changed. (B) Heatmap representing the log2 fold change in the levels of
antioxidant proteins and theconcentration of selected proteins from the antioxidant panel: Aldehyde dehydrogenases (ALDH): ALDH1A1 and ALDH2; Glutathione S-
transferases (GST): GSTA3, GSTA4, GSTP1, and GSTM1; Heat shock proteins (HSP): HSP90pB, HSPAS5, HSPA1A, HSP9, HSPD1; Peroxiredoxins (PRDX): PRDXI1,
PRDX2, PRDX3, PRDX4, PRDXS5. (C) Heatmap representing the log2 fold change values of proteins level and the concentration of selected proteins from the (C) beta
oxidation panel: fatty acid binding protein 3 (FABP3), fatty acid binding protein 4 (FABP4) and lon peptidase 1 (LONP1); (D) glycolysis/gluconeogenesis panel:
enolase 3 (ENO3) and phosphofructokinase muscle-type (PFKM) and (D) heatmap for krebs cycle panel. *Significant difference between the groups (p < 0.05, one-
way ANOVA), n = 4-6.

C. Beta oxidation
1
Tg young= . ,
Wt old- . 0
Tg old _ |
|| || 1 1 || 1 || || || | 1 1 1 || || | | 1 1 || 1 _1
Y Qv SRR\ AR VY A N NN XN D on o DR N
FO TNV SR FRXERLTTLR SRS
YrYerysed ¥ Qb A R C O RN LTI PSSO &F
R A O S AR A A FITFIrS Vo%\,o“'
FABP3 EABES LONP1
5 * * 1.5 * - 010 —
'§4 . E 5 008 :
33 8 I ° H = é" 0.06 . o |
E o . =g osd [e® ° Eg- oo [T]]°
&1 ° |;"| = &o.oz
0 T T T T 0 0. T 1 T
Wt Tg Wt Tg Wt Tg Wt Tg Wt Tg Wt Ty
young old young old young old
D. Glycolysis/Gluconeogenesis
1
Tg young+

Tg old =

Wt old- [ | 0
1

] I I 1 ] ] ] ] ] 1 ] 1 1 I 1 I I ] ] 1 ] ] _1
F PO LD P IFIRLAI QTS OSSN
O O Q 3 ol S G S & aF KL
FEETF S & T FFEEELE S @ €A1
DN (€) QY R Qov' )
ENO3 PFKM
50 P . 25 /;.‘. *
'640 s e L] o ?20 e :
‘gi-so . . ° s ‘8_1.5 .. ©
<=>zu =c.'.'1u °
£ D £
‘510 &05
0 T T T T o T T T
- ‘younng = oldT : - (younrg“ = old‘r -
E. Krebs cycle

Wt old=

o o o
| | I ] ] 1 ] 1 | I ] I I -1
N oN

Tg young= }

1 | | | 1 || | |
QAN RN V¥ P D IR DRI L N D@
O P P M e R RN RS XXX N O o
& T Y OO FFFE L FTE S S S 9T
%V

Fig. 9. (continued).

12



A. Czyzowska et al.

is an overall reduction of oxidative stress through the actions of GPX4 on
other pathways of lipid peroxidation and consequently reduction of a
need for some of the lipid signaling molecules.

It is well known that both LOX and COX enzymes leak off small
amounts of lipid radicals from their active sites which can in turn
mediate chain propagation that appears as “non-enzymatic” oxidation.
Overall, the levels of non-enzymatically generated oxylipins in our study
are very small and may just reflect the lower levels of LOX and COX
found in the GPX4 transgenic mice. as a side product of the enzymatic
activities. The levels of oxPL are also lower, and although they were
mixed isomers, they could also be formed as a side product of LOX (e.g.
through chain propagation of leaked radicals), which would account for
the reduced levels in the GPX4 Tg mice.

We have shown that mitochondria are the primary source of LOOHs;
therefore, we checked the mitochondrial function by measuring oxygen
consumption and calculating the respiratory control ratio. Old mice
exhibit a reduction in mitochondrial respiration and it does not change
in GPX4Tg mice. Targeted proteomics was used to better understand the
changes the content of metabolic and antioxidant proteins occurring in
muscle during aging and the effect of GPX4 overexpression on these
changes. There is a global change in the content of many proteins con-
tent of antioxidant, beta oxidation, glycolysis and gluconeogenesis en-
zymes. GPX4 overexpression has no effect on upregulated antioxidants
but rescues downregulated proteins. It can improve the overall oxidative
status of old muscle cells and specifically the ability of old muscles to
detoxify active aldehydes by GSTs and LOOHs by PRDXs enzymes.
Maintenance of the antioxidant status can be effective in preventing the
degradation of muscle cells due to oxidative stress.

Among the changes in the metabolic proteins content, fatty acid-
binding protein 3 and 4 content increases in the muscle of old mice,
while overexpression of GPX4 in aged muscle prevents the increase of
FABP3 and 4 in aged muscle. FABP3 expression can lead to pathological
lipid remodeling and disrupt muscle homeostasis [75,76]. Furthermore,
old mice with FABP3 knockdown exhibited increased protein synthesis,
improved muscle recovery and retained a lipid composition similar to
that of young muscle [75]. Reduced FABP3 content in aged muscle with
GPX4 overexpression may be one of the reasons for the improvements in
muscle mass and force generation.

In summary, our study shows that lipid hydroperoxides may play an
important role in the development of sarcopenia. Reducing LOOHs by
GPX4 overexpression ameliorates aged-related loss of both skeletal
muscle mass and strength. We have shown that mice with increased
content of GPX4 are characterized by a reduced amount of lipid per-
oxidation products including LOOHs, oxylipins, 4-HNE, and MDA.
Further, GPX4 overexpression alters the content of many proteins
involved in the metabolism of lipid oxidation products towards the
young-like content. Collectively, we suggest that reduction of lipid hy-
droperoxides and GPX4 modulation can be a valuable target for inter-
vention of sarcopenia.
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