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Summary  35 

Reactive oxygen species (ROS) accumulation is a cardinal feature of skeletal muscle 36 

atrophy. ROS refers to a collection of radical molecules whose cellular signals are vast, 37 

and it is unclear which downstream consequences of ROS are responsible for the loss 38 

of muscle mass and strength. Here we show that lipid hydroperoxides (LOOH) are 39 

increased with age and disuse, and the accumulation of LOOH by deletion of 40 

glutathione peroxidase 4 (GPx4) is sufficient to augment muscle atrophy. LOOH 41 

promoted atrophy in a lysosomal-dependent, proteasomal-independent manner. In 42 

young and old mice, genetic and pharmacologic neutralization of LOOH or their 43 

secondary reactive lipid aldehydes robustly prevented muscle atrophy and weakness, 44 

indicating that LOOH-derived carbonyl stress mediate age- and disuse-induced muscle 45 

dysfunction. Our findings provide novel insights for the role of LOOH in sarcopenia 46 

including a therapeutic implication by pharmacologic suppression.  47 
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Introduction 48 

Loss of muscle mass and function with age is detrimental to health and quality of life [1, 49 

2]. Sarcopenia, muscle atrophy and weakness with aging, is due to a combination of 50 

inactivity, injury, surgery, and biological consequences of aging [3, 4]. A pharmacologic 51 

therapy for muscle loss does not exist, and current diet or exercise therapeutic 52 

approaches are often ineffective or unfeasible. Oxidative stress has been implicated in 53 

muscle atrophy by accelerating proteolysis [5, 6], but the exact mechanism by which 54 

reactive oxygen species (ROS) contributes to the decrease in muscle mass and 55 

strength is not well understood. 56 

 57 

Lipid hydroperoxide (LOOH) is a class of ROS molecules that has been implicated in 58 

cell damage, particularly as a trigger to induce ferroptosis, a non-apoptotic form of 59 

regulated cell death [7, 8]. Lipid peroxidation is initiated by prooxidants such as 60 

hydroxyl radicals attacking the carbon-carbon double bond in fatty acids, particularly 61 

the polyunsaturated fatty acids (PUFAs) containing phospholipids [9]. Lipid radicals (L•) 62 

created by this reaction rapidly reacts with oxygen to form a lipid peroxy-radical which 63 

subsequently reacts with another lipid to produce L• and LOOH, the former propagating 64 

lipid peroxidation. LOOH is the primary product of lipid peroxidation that forms 65 

secondary reactive lipid aldehydes such as 4-hydroxynonenal (4-HNE) and 66 

malondialdehyde (MDA), inducing carbonyl stress with high reactivity against biological 67 

molecules to promote cellular toxicity. The intracellular level of LOOH is endogenously 68 

suppressed by glutathione peroxidase 4 (GPx4) that catalyzes the reaction by which 69 

LOOH is reduced to its nonreactive hydroxyl metabolite [10].  70 

 71 

Despite the evidence for the role of LOOH-mediated cell damage and cell death, the 72 

biological consequence of LOOH accumulation in skeletal muscle is not well 73 
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understood [11, 12]. Below we provide evidence that LOOH mediates the loss of 74 

muscle mass and function associated with sarcopenia. An increase in muscle LOOH 75 

was a common feature with aging and disuse, and accumulation of LOOH in vitro and 76 

in vivo augmented muscle atrophy. We further show that genetic or pharmacologic 77 

suppression of LOOH and their reactive lipid aldehydes is sufficient to prevent disuse-78 

induced muscle atrophy in young and old mice. 79 

 80 

Results 81 

We first evaluated the changes in skeletal muscle LOOH with aging. In humans and in 82 

mice, aging promoted a reduction in the expression of GPx4 in skeletal muscle (Fig. 83 

1A&B). To examine the changes in skeletal muscle LOOH landscape with age, we 84 

performed a comprehensive oxidolipidomic analysis in muscle samples from young (4 85 

months) and old (20 months) mice (Fig. 1C&D). We detected over 300 species of 86 

oxidized lipids with an effect distribution that was highly class-dependent. Among 87 

these, age had the most robust effect on oxidized phosphatidylethanolamine (Fig. 1C, 88 

red), a class of lipids that have been implicated as a potential lipid signal to induce 89 

ferroptosis [13]. Among the top ten oxidized lipid species whose abundance was most 90 

robustly increased with age, six of them were oxidized phosphatidylethanolamine 91 

(Figure 1D), and they were substantially more highly abundant compared to other 92 

oxidized lipids. LOOH can be indirectly assessed by quantifying lipid aldehyde adducts 93 

such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA). We confirmed 94 

increased muscle 4-HNE and MDA with age (Fig. 1E-G). 95 

 96 

Disuse promoted by inactivity, injury, or surgery is a major contributor to age-97 

associated decline in muscle mass and function. Disuse also promotes skeletal muscle 98 

atrophy that is likely contributed by ROS [5]. To model disuse atrophy, mice underwent 99 
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a hindlimb unloading (HU) procedure as previously described [14, 15] (Supplemental 100 

Fig. S1A-J). As expected, HU induced muscle atrophy and weakness (Supplemental 101 

Fig. S1D&E) concomitant to reduction in body and lean mass (Supplemental Fig. 102 

S1B&C). Disuse robustly elevated muscle LOOH levels (Supplemental Fig. S1F&G) 103 

without significant changes in mitochondrial bioenergetics (Supplemental Fig. S1H-J). 104 

An increase in muscle LOOH preceded atrophy (Supplemental Fig. S1D&F), consistent 105 

with the notion that LOOH may trigger mechanisms to promote loss of muscle mass. 106 

 107 

Next, we tested our hypothesis that LOOH contributes to muscle atrophy using C2C12 108 

myotubes (Fig. 2A). Lentivirus-mediated knockdown (KD) of GPx4 increased LOOH 109 

and markers of ferroptosis concomitant with a decrease in myotube diameter (Fig. 2B-110 

I). We also recapitulated these findings with erastin (a system Xc- inhibitor that 111 

suppresses glutathione synthesis) (Fig. 2B&C and Supplemental Fig. S2A-E) and 112 

RSL3 (GPx4 inhibitor) (Fig. 2B&C and Supplemental Fig. S2F-I), commonly used acute 113 

pharmacological interventions to elevate intracellular LOOH. These data support the 114 

idea that LOOH reduces myotube size in a cell-autonomous manner. 115 

 116 

We then translated these findings in vivo with global heterozygous GPx4 knockout 117 

mice (GPx4+/-). Germline deletion of GPx4 is embryonically lethal [16], but GPx4+/- mice 118 

appear normal and do not have an observable muscle phenotype at baseline [10, 17]. 119 

We studied 4 months (young) and 20 months (old) GPx4+/- and wildtype littermates with 120 

or without HU (Supplemental Fig. S3A-D). In young mice, GPx4 haploinsufficiency 121 

augmented the loss in muscle mass induced by HU (Fig. 3A and Supplemental Fig. 122 

S3E). However, muscle masses between old GPx4+/- and wildtype mice were not 123 

different. We interpret these findings to mean that disuse in old mice promotes an 124 

increase in LOOH that has already reached a maximally effective threshold with age 125 
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such that GPx4 deletion had no further effect. In support of this, we saw no differences 126 

in 4-HNE or MDA levels between old GPx4+/- and wildtype mice (Fig. 3B and 127 

Supplemental Fig. S3F&G). GPx4 haploinsufficiency did not alter force-generating 128 

capacity (Fig. 3C and Supplemental Fig. S3H-J). 129 

 130 

Because GPx4 is expressed globally, we also studied mice with skeletal muscle-131 

specific tamoxifen-inducible GPx4 knockout (GPx4-MKO) (Fig. 3D and Supplemental 132 

Fig. S4A) [18]. Consistent with GPx4+/- mice, GPx4-MKO mice were also more prone 133 

to developing disuse-induced skeletal muscle atrophy (Fig. 3E&F and Supplemental 134 

Fig. S4B-F) concomitant to elevated LOOH (Fig. 3G and Supplemental Fig. S4G&H), 135 

suggesting that loss of GPx4 in muscle augments atrophy in a cell-autonomous 136 

manner. Histological analyses revealed that reduced muscle mass was consistent with 137 

reduced cross-sectional area of myofibers regardless of fiber-type compositions (Fig. 138 

3H&I and Supplemental Fig. S4I&J). These data implicate that LOOH directly reduces 139 

muscle cell size in vivo. 140 

 141 

GPx4 primarily neutralizes LOOH but it also exhibits some activity towards other 142 

peroxides [19]. To confirm that the effects of GPx4 deletion to promote atrophy is 143 

specific to LOOH, we diminished the ability of cells to incorporate PUFAs into 144 

phospholipids by deleting lysophosphatidylcholine acyltransferase 3 (LPCAT3) [20-22]. 145 

LPCAT3 is an enzyme of Lands cycle that preferentially acylates lysophospholipids 146 

with PUFAs, and thus an essential component of ferroptosis [13]. Indeed, LPCAT3 KD 147 

rescued the increase in 4-HNE induced by GPx4 KD (Fig. 4A and Supplemental Fig. 148 

S5A). Remarkably, deletion of LPCAT3 KD completely restored the reduction in 149 

myotube diameter induced by GPx4 KD (Fig. 4D&E). Similarly, LPCAT3 deletion also 150 

prevented LOOH and cell death induced by erastin (Fig. 5F-H and Supplemental Fig. 151 
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S5B&C). These findings indicate that muscle atrophy induced by loss of GPx4 or 152 

erastin treatment is due to the accumulation of LOOH and not other peroxides. 153 

 154 

What is the mechanism by which LOOH promotes muscle atrophy? C2C12 myotubes 155 

were pretreated with Bafilomycin A1 (BafA1) or MG132 prior to erastin incubation to 156 

determine whether LOOH increases protein degradation in a lysosomal- or 157 

proteasomal-dependent manner, respectively. Erastin-induced reduction in myotube 158 

diameter was suppressed with BafA1, but not with MG132 (Fig. 5A&B and 159 

Supplemental Fig. S6A), suggesting that the lysosome mediates protein degradation by 160 

LOOH [23]. We also reproduced these findings with RSL3 treatment (Supplemental 161 

Fig. S6B&C). How does LOOH, a lipid molecule, promote lysosomal-degradation? 162 

Upstream of the lysosome, autophagosome formation is mediated by a lipidation of 163 

LC3 by ATG3 [24]. Thus, we hypothesized that LOOH may affect the lipidation of LC3. 164 

Indeed, GPx4 KD drastically reduced the protein content of p62, LC3-I and LC3-II (Fig. 165 

5C and Supplemental Fig. S6D-H), potentially suggesting that LOOH may accelerate 166 

lysosomal degradation by affecting LC3 lipidation. To test this possibility, we performed 167 

a targeted deletion of ATG3 in vitro. Indeed, ATG3 KD completely rescued the 168 

reduction in myotube diameter induced by GPx4 KD (Fig. 5D&E and Supplemental Fig. 169 

S6I-L). 170 

 171 

Leveraging these findings, we generated mice with skeletal muscle-specific tamoxifen-172 

inducible ATG3 knockout (ATG3-MKO) (Fig. 6A&B and Supplemental Fig. S7A&B) and 173 

studied them with or without HU (Supplemental Fig. S7C-E). Loss of muscle ATG3 was 174 

protective from disuse-induced atrophy (Fig. 6C and Supplemental Fig. S7F) and 175 

weakness (Fig. 6D and Supplemental Fig. S7G) which can be explained by greater 176 

myofiber cross-sectional area (Fig. 6E&D and Supplemental Fig. S7I). Thus, 177 
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suppression of autophagy is sufficient to attenuate disuse-induced muscle atrophy and 178 

weakness. 179 

 180 

We initially hypothesized that lysosomal-degradation mediates LOOH-induced protein 181 

degradation to contribute to muscle atrophy. However, further assessment of muscle 182 

LOOH illuminated a more complex interaction between the lysosome and LOOH [25, 183 

26]. Unexpectedly, quantification of 4-HNE revealed that inhibition of the autophagy-184 

lysosome axis by ATG3 deletion or BafA1 was sufficient to inhibit LOOH induced by 185 

GPx4 deletion, erastin, or RSL3 (Fig. 7A-D and Supplemental Fig. S8A-D). These 186 

findings suggest that the autophagy-lysosome axis is essential for LOOH amplification, 187 

in addition to its potential role in mediating protein degradation downstream. Indeed, 188 

immunofluorescence experiments revealed that 4-HNE is highly co-localized to LAMP2 189 

(Fig. 7E and Supplemental Fig. S8E), consistent with the notion that the lysosome is 190 

necessary for LOOH propagation. To support this idea, an increase in LOOH by 191 

hydrogen peroxide or carmustine (agents that increase pan oxidative stress without 192 

acting on GPx4 directly) was completely inhibited by lysosomal inhibition (Fig. 7F-H 193 

and Supplemental Fig. S8F&G). Together, these observations suggest that the 194 

propagation of LOOH may be mediated by the lysosome (Supplemental Fig. S8H). 195 

 196 

Inhibition of autophagy suppressed lysosomal-degradation and LOOH to attenuate 197 

muscle atrophy. We next tested whether suppression of LOOH would be sufficient to 198 

ameliorate skeletal muscle atrophy. We studied young (4 months) and old (20 months) 199 

global GPx4-overexpressing (GPx4Tg) mice [27] with or without HU (Supplemental Fig. 200 

S9A-E). Strikingly, both young and old GPx4Tg mice were resistant to disuse-induced 201 

muscle atrophy (Fig. 8A and Supplemental Fig. 9F&G). Perhaps even more impactful 202 

was the effect of GPx4 overexpression on skeletal muscle force-generating capacity 203 
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such that, in both young and old, GPx4 overexpression robustly protected mice from 204 

muscle weakness induced by HU (Fig. 8B and Supplemental Fig. S9H-J). These 205 

findings are in contrast to our experiments in GPx4+/- mice where muscle mass 206 

phenotype was only present in the young mice (Fig. 3A) and no phenotype on muscle 207 

strength (Fig. 3C). Consistent with the notion that GPx4 overexpression acts on LOOH, 208 

HU-induced increase in 4-HNE was completely suppressed in GPx4Tg mice (Fig. 8C 209 

and Supplemental Fig. S9K). We also found that the protection from muscle atrophy 210 

was explained by greater myofiber cross-sectional area regardless of fiber-type (Fig. 211 

8D&E and Supplemental Fig. S9L&M). 212 

 213 

Next, we explored opportunities to pharmacologically suppress LOOH to prevent 214 

muscle atrophy. Ferrostatin-1 inhibits the propagation of lipid peroxidation and is widely 215 

used to study LOOH [28, 29]. Indeed, incubation of cells with ferrostatin-1 was 216 

sufficient to suppress LOOH induced by GPx4 KD (Fig. 8F and Supplemental Fig. 217 

S10A) concomitant with protection from myotube atrophy (Fig. 8G&H and 218 

Supplemental Fig. S10B&C). Nevertheless, ferrostatin-1 is currently not an FDA 219 

approved drug with uncertainty surrounding safety. Thus, we tested L-carnosine, a 220 

dipeptide composed of beta-alanine and L-histidine that has the ability to scavenge 221 

reactive lipid aldehydes formed from LOOH [30, 31]. Rather than acting to suppress the 222 

lipid peroxidation process, L-carnosine binds to reactive lipid aldehydes to neutralize 223 

carbonyl stress. Similar to ferrostatin-1, L-carnosine was sufficient to suppress 4-HNE 224 

and rescue cell death induced by GPx4 KD (Supplemental Fig. S10D-F) or erastin 225 

(Supplemental Fig. S10G-I). Leveraging these data, we performed a preclinical trial for 226 

L-carnosine provided in drinking water ad lib (80 mM) in young wildtype C57BL6/J 227 

mice. L-carnosine treatment did not alter body mass, body composition, food intake, 228 

and water intake (Supplemental Fig. S11A-D), and successfully suppressed muscle 4-229 
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HNE induced by HU (Supplemental Fig. S11E&F). Remarkably, mice provided with L-230 

carnosine were partly protected from disuse-induced muscle atrophy (Supplemental 231 

Fig. S11G). 232 

 233 

In humans, L-carnosine is rapidly degraded by a circulating carnosinase [32] that may 234 

render oral carnosine treatment ineffective. In contrast, N-acetylcarnosine has a longer 235 

half-life and may be a more effective reagent in humans thus improving its translational 236 

potential. Similar to ferrostatin-1 and L-carnosine, N-acetylcarnosine also prevented 4-237 

HNE and cell death induced by GPx4 KD (Supplemental Fig. S12A-C) or erastin 238 

(Supplemental Fig. S12D-F). Thus, we proceeded with a preclinical trial for N-239 

acetylcarnosine in drinking water (80 mM, Fig. 9A) in young (4 months, C57BL6/J; Jax 240 

colony) and old (20 months, C57BL/6; NIA rodent colony) wildtype mice. Similar to L-241 

carnosine treatment, N-acetylcarnosine did not alter body mass, body composition, 242 

food intake, or water intake (Supplemental Fig. S13A-E), and successfully suppressed 243 

muscle 4-HNE (Fig. 9B and Supplemental Fig. S13F&G). Strikingly, similar to our 244 

findings in GPx4Tg mice, N-acetylcarnosine ameliorated muscle atrophy (Fig. 9C and 245 

Supplemental Fig. S13H) and weakness (Fig. 9D and Supplemental Fig. S13I-K) in 246 

both young and old mice. Protection from muscle atrophy was similarly explained by 247 

greater myofiber cross-sectional area regardless of fiber-type (Fig. 9E&F and 248 

Supplemental Fig. S13L&M).  249 

 250 

Discussion 251 

The current findings demonstrate a novel mechanism that indicate LOOH as the key 252 

downstream molecule by which oxidative stress promotes muscle atrophy and 253 

weakness. Skeletal muscle LOOH was robustly upregulated with aging and disuse, and 254 

genetic or pharmacologic neutralization of LOOH and their secondary reactive lipid 255 
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aldehydes was sufficient to rescue muscle atrophy and weakness. In particular, N-256 

acetylcarnosine treatment shows a potent effect in preserving muscle mass and 257 

strength with disuse in both young and old mice, informing the potential trial to utilize 258 

this compound to ameliorate loss of muscle function in humans.  259 

 260 

During the preparation of this manuscript, Van Remmen and colleagues published a 261 

complementary study demonstrating that liproxstatin-1 can suppress denervation-262 

induced skeletal muscle atrophy [33]. Denervation and HU elicits different but 263 

overlapping response in myofibers, and our studies demonstrate that their effects to 264 

drive skeletal muscle atrophy might converge on lipid peroxidation. Like ferrostatin-1, 265 

liproxstatin-1 acts to suppress the propagation of lipid peroxidation rather than acting 266 

directly on LOOH. Nevertheless, in vivo liproxstatin-1 treatment was highly effective in 267 

suppressing denervation-induced LOOH as well as reactive lipid aldehydes 4-HNE, 268 

suggesting that targeting lipid peroxidation is likely an equally effective strategy to 269 

suppress LOOH production in skeletal muscle. Conversely, our data with GPx4 270 

overexpression and N-acetylcarnosine treatment indicate that the effect of lipid 271 

peroxidation to promote muscle atrophy is mediated by LOOH and their lipid reactive 272 

aldehydes. Neither liproxstatin-1 nor ferrostatin-1 are currently FDA approved, but it is 273 

worthwhile to consider these drugs along with N-acetylcarnosine as potential 274 

therapeutics to treat muscle atrophy. 275 

 276 

Sarcopenia is an age-associated decline in muscle mass and strength, that occurs due 277 

to a combination of inactivity, injury, and/or surgery, in addition to the biological 278 

consequences of aging itself. In the current study, mice were studied at 4 or 20 months 279 

of age. While not statistically compared directly (these experiments were not performed 280 

side-by-side), skeletal muscle mass at 20 months of age was not significantly lower 281 
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compared to those at 4 months of age. Thus, the current data is unclear whether 282 

targeting LOOH prevents the loss of muscle mass due to the biological effect of aging 283 

in the absence of HU. We chose to study mice with 20 months of age for two reasons. 284 

First, mice greater than 20 months of age do not tolerate the HU intervention well, often 285 

resulting in their inability to consume food or water. Because disuse is an integral 286 

component of human aging, we wanted to study how muscles from old mice respond to 287 

disuse. This therefore compromised our ability to study sarcopenia without disuse. 288 

Second, while muscle mass was not diminished at 20 months of age, skeletal muscle 289 

force-generating capacity was lower in 20 months old mice compared to the 4 months 290 

old mice, particularly in the extensor digitorum longus (EDL) muscles. In GPx4Tg mice, 291 

age-associated decrease in muscle strength (in non-HU mice) appeared to be rescued, 292 

while short-term treatment with N-acetylcarnosine had no effect. We are currently 293 

following up on these results with a long-term treatment of N-acetylcarnosine in 24 294 

months old mice to see if such intervention might alleviate the loss of muscle mass and 295 

strength associated with age in absence of the HU intervention. 296 

 297 

We initially set out to investigate the role of LOOH in age- and disuse-induced skeletal 298 

muscle atrophy, while measuring force-generating capacity as a secondary outcome. 299 

However, in all experimental models in which accumulation of muscle LOOH was 300 

suppressed (young and old GPx4Tg mice, young and old mice with N-acetylcarnosine, 301 

and young ATG3-MKO mice), force-generating capacity (i.e., specific force normalized 302 

to cross-sectional area) was more robustly rescued compared to skeletal muscle mass. 303 

This suggests the role of LOOH to induce muscle weakness independent of muscle 304 

atrophy, and likely independent of muscle protein degradation. While out of the scope 305 

for the current study, it would be important to determine whether reactive lipid 306 

aldehydes induced by aging or disuse preferentially bind to enzymes of skeletal muscle 307 
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contraction to compromise their activities. As described in the previous paragraph, 308 

aging promoted muscle weakness prior to atrophy. Similarly, muscle atrophy induced 309 

by cancer cachexia is also preceded by muscle weakness [34]. Thus, these 310 

observations highlight the need to better study the mechanisms that regulate force-311 

generating capacity independent of muscle mass. 312 

 313 

In conclusion, we provide evidence that LOOH contributes to the loss of muscle mass 314 

and strength associated with age and disuse. Neutralization of LOOH, particularly their 315 

reactive lipid aldehyde byproducts, attenuates muscle atrophy and weakness. The 316 

mechanisms by which LOOH contributes to these phenotypes are not entirely clear, but 317 

they include protein degradation mediated by the autophagy-lysosomal axis, as well as 318 

loss in the force-generating capacity that is likely mediated by carbonyl stress. Last, but 319 

not least, these promising observations inform a potential clinical trial to test the 320 

efficacy of N-acetylcarnosine treatment in ameliorating muscle atrophy in humans.  321 
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Methods 322 

Key Resources 323 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
4-Hydroxynonenal (4-HNE) Abcam Ab48506 
Actin Millipore Sigma A2066 
Alexa Fluor 647-conjugated secondary (Goat Anti-
Mouse) 

Invitrogen A21242 

Alexa Fluor 568-conjugated secondary (Donkey Anti-
Mouse) 

Abcam Ab175472 

Alexa Fluor 555-conjugated secondary (Goat Anti-
Mouse) 

Invitrogen A21426 

Alexa Fluor 488-conjugated secondary (Donkey Anti-
Rabbit) 

Abcam Ab150073 

Alexa Fluor 488-conjugated secondary (Goat Anti-
Mouse) 

Invitrogen A21121 

GAPDH Cell Signaling 
Technology 

14C10 

GPx4 Abcam Ab125066 
Lamp-2 Novus NB300-591 
LC3B Cell Signaling 

Technology 
83506 

Myosin Heavy Chain Type I DSHB BA.D5 
Myosin Heavy Chain Type IIA DSHB SC.71 
Myosin Heavy Chain Type IIB DSHB BF.F3 
P62 Abcam Ab56416 
Biological samples 
Human Muscle Biopsy Samples Tanner et al. 2015 

Reidy et al. 2017  
N/A 

Chemicals, peptides, and recombinant proteins 
4% Paraformaldehyde Thermo J19943-K2 
Amplex Red Reagent Invitrogen A12222 
Auranofin Sigma Aldrich A6733 
ADP Sigma Aldrich A5285 
BaFA1 Millipore Sigma SML1661 
Bovine Serum Albumin Sigma Aldrich A7030 
Carmustine (BCNU) Sigma Aldrich C0400 
DAPI Invitrogen D1306 
ECL PerkinElmer 104001EA 
Erastin Millipore Sigma E7781 
Ferrostatin-1 Millipore Sigma SML0583 
Ketamine MWI Animal Health 501072 
L-carnosine Millipore Sigma C9625 
Malate Sigma Aldrich M7397 
Mini-PROTEAN TGX Gels BioRad 4561086 
Mouse IgG Blocking Reagent Vector Laboratories MKB-2213 
N-acetylcarnosine Cayman Chemical 18817 
Opti-MEM Gibco 31985 
Protease Inhibitor Cocktail Thermo Scientific 78446 
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Pyruvate Sigma Aldrich P2256 
RSL3 Millipore Sigma SLM2234 
Succinate Sigma Aldrich S3674 
Sunflower Oil Sigma Aldrich S5007 
SYBR Green Thermo Scientific A25776 
Tamoxifen Sigma Aldrich T5648 
Trypan Blue Sigma Aldrich T8154 
TRIzol Thermo Scientific 15596018 
Triton X-100 Sigma Aldrich A16046-AE 
Xylazine MWI Animal Health 510024 
Critical commercial assays 
Pierce BCA Protein Assay Kit Thermo Scientific 23227 
iScript cDNA Synthesis Kit BioRad 1708891 
MDA Lipid Peroxidation Assay Abcam Ab118970 
Deposited data 
   
Experimental models: Cell lines 
C2C12 Myoblasts ATCC CRL-1772 
HEK293T ATCC CTRL-3216 
Experimental models: Organisms/strains 
Mouse: male and female wild-type C57BL/6J The Jackson 

Laboratory 
000664 

Mouse: GPx4 heterogeneous KO (GPx4+/-) Yant et al. 2003.  
Mouse: GPx4 overexpression (GPx4Tg) Ran et al. 2004.  
Mouse: GPx4 conditional KO (GPx4 cKO+/+) The Jackson 

Laboratory 
027964 

Mouse: ATG3 conditional KO (ATG3 cKO+/+) Cai et al. 2018.  
Mouse: HSA-MerCreMer +/- McCarthy et al. 2012.  
Oligonucleotides 
Mouse GPx4 shRNA Millipore Sigma TRCN0000076552 
Mouse LPCAT3 shRNA Millipore Sigma TRCN0000121437 
Mouse ATG3 shRNA Millipore Sigma TRCN0000247442 
Packaging Vector psPAX2 Addgene 12260 
Envelope Vector pMD2.G Addgene 12259 
Scrambled shRNA plasmid Addgene 1864 
Mouse GPx4 Fwd Primer: 
GCTGAGAATTCGTGCATGG 

U of U Genomics Core  

Mouse GPx4 ReV Primer: 
CCGTCTGAGCCGCTTACTTA 

U of U Genomics Core  

Mouse ATG3 Fwd Primer: 
ACACGGTGAAGGGAAAGGC 

U of U Genomics Core  

Mouse ATG3 Rev Primer: 
TGGTGGACTAAGTGATCTCCAG 

U of U Genomics Core  

Mouse CHAC1 Fwd Primer: 
CTGTGGATTTTCGGGTACGG 

U of U Genomics Core  

Mouse CHAC1 Rev Primer: 
CCCCTATGGAAGGTGTCTCC 

U of U Genomics Core  

Mouse PTGS2 Fwd Primer: 
TGAGCAACTATTCCAAACCAGC 

U of U Genomics Core  

Mouse PTGS2 Rev Primer: 
GCACGTAGTCTTCGATCACTATC 

U of U Genomics Core  
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Mouse LPCAT3 Fwd Primer: 
GGCCTCTCAATTGCTTATTTCA 

U of U Genomics Core  

Mouse LPCAT3 Rev Primer: 
AGCACGACACATAGCAAGGA 

U of U Genomics Core  

Software and algorithms   
GraphPad Prism 9.3 GraphPad N/A 
ImageJ NIH N/A 

 324 

 325 

Animal models 326 

GPx4+/- and GPx4Tg mice were generated previously [16, 27]. Conditional GPx4 327 

knockout (GPx4cKO+/+) mice were acquired from Jackson Laboratory (Stock No: 328 

027964) [18]. Conditional ATG3 knockout (ATG3cKO+/+) mice were previously 329 

described [35]. GPx4cKO+/+ mice or ATG3cKO+/+ mice were then crossed with 330 

tamoxifen-inducible, skeletal muscle–specific Cre recombinase (HSA-MerCreMer+/-) 331 

mice [36] to generate GPx4cKO+/+; HSAMerCreMer-/- (control) and GPx4cKO+/+; 332 

HSA-MerCreMer+/- (skeletal muscle–specific GPx4 knockout; GPx4-MKO) mice or 333 

ATG3cKO+/+; HSAMerCreMer-/- (control) and ATG3cKO+/+; HSA-MerCreMer+/- 334 

(ATG3-MKO) mice. Tamoxifen-injected (7.5 μg/g body mass, 5 consecutive days) 335 

littermates were used. Mice were maintained on a 12-hour light/12-hour dark cycle in a 336 

temperature-controlled room. Body composition measurements were taken 337 

immediately before terminal experiments with a Bruker Minispec MQ20 nuclear 338 

magnetic resonance (NMR) analyzer (Bruker, Rheinstetten, Germany). All mice were 339 

bred onto C57BL/6J background and were born at normal Mendelian ratios. Body mass 340 

were measured every day during HU. All protocols were approved by Institutional 341 

Animal Care and Use Committees at the University of Utah.  342 

 343 

Hindlimb unloading 344 

Mice underwent 1, 7, or 14 days of HU (2 mice/cage) using a previously described 345 
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protocol [14, 15] based on the traditional Morey-Holton design to study disuse atrophy 346 

in rodents. Along with daily monitoring of body mass, food intake was monitored every 347 

other day to ensure that the mice did not experience excessive weight loss due to 348 

malnutrition or dehydration. Following 1, 7, or 14 days of HU, mice were fasted for 4 h 349 

and given an intraperitoneal injection of 80 mg/kg ketamine and 10 mg/kg xylazine, 350 

after which tissues were harvested. Extensor digitorum longus (EDL), and soleus 351 

(SOL) were carefully dissected for weight measurements. 352 

 353 

Muscle force generation 354 

Force-generating properties of soleus and EDL muscles were measured as previously 355 

described [37, 38]. Briefly, soleus/EDL muscles were sutured at each tendon, and 356 

muscles were suspended at optimal length (Lo), which was determined by pulse 357 

stimulation. After Lo was identified, muscles were stimulated (0.35 seconds, pulse 358 

width 0.2 milliseconds) at frequencies ranging from 10 to 200 Hz. Muscle length and 359 

mass were measured to quantify cross-sectional area for force normalization. 360 

 361 

Quantitative reverse transcription PCR 362 

Samples were homogenized in TRIzol reagent (Life Technologies) to extract total RNA. 363 

One microgram RNA was reverse-transcribed using an IScript cDNA synthesis kit (Bio-364 

Rad). Reverse transcription PCR (RT-PCR) was performed with the Viia 7 Real-Time 365 

PCR System (Life Technologies) using SYBR Green reagent (Life Technologies). All 366 

data were normalized to ribosomal L32 gene expression and were normalized to the 367 

mean of the control group. Primers were based on sequences in public databases. 368 

 369 

Western blot 370 

Whole muscle or cells were homogenized, and western blots were performed as 371 
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previously described [14]. Protein homogenates were analyzed for abundance of 372 

phosphorylated 4-hydroxynonenal (4-HNE; ab48506; Abcam), GPx4 (ab125066, 373 

Abcam), actin (A2066, MilliporeSigma), GAPDH (14C10, Cell Signaling Technology), 374 

p62 (ab56416, Abcam), LC3B (83506, Cell Signaling Technology). 375 

 376 

Mass spectrometry 377 

Oxidolipidomics samples were analyzed on the SCIEX 7500 system coupled with 378 

ExionLC (SCIEX, Concord, Canada) using multiple reaction monitoring (MRM) 379 

analysis. Mobile phase A is composed of 93:7 acetonitrile:dichloromethane containing 380 

2mM ammonium acetate and mobile phase B is composed of 50:50 acetonitrile:water 381 

containing 2mM ammonium acetate. A Phenomenex Luna® NH2 3 µm particle size 382 

(4.6x150mm) was used for separation and column temperature was kept at 40°C. The 383 

total flow rate is 0.7 mL/min with a total run time of 17-minutes. Samples were 384 

extracted using the Bligh & Dyer method. Lower layer was collected, dried down and 385 

resuspended in mobile phase A.  386 

 387 

Cell culture 388 

C2C12 myoblasts were grown and maintained in high-glucose Dulbecco’s modified 389 

Eagle’s medium (DMEM), with 10% fetal bovine serum (FBS), and 0.1 % 390 

penicillin/streptomycin. Once 90 to 100% confluent, C2C12 cells were differentiated 391 

into myotubes with low-glucose DMEM, with l-glutamine and 110 mg/L sodium 392 

pyruvate; supplemented with 2% horse serum, and 0.1% penicillin-streptomycin. For 393 

experiments with erastin (E7781, MilliporeSigma), Ferrostatin-1 (SML0583, 394 

MilliporeSigma), and RSL3 (SML2234, MilliporeSigma), C2C12 myotubes were 395 

incubated with either 10 μM erastin/10 µM Ferrostatin-1/5 μM RSL3/ or equal-volume 396 

DMSO directly dissolved into medium. For experiments with L-carnosine (C9625, 397 
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MilliporeSigma), and N-acetylcarnosine (18817, Cayman), C2C12 myotubes were 398 

incubated with 10 mM of L-carnosine/N-acetylcarnosine directly dissolved into medium.  399 

 400 

Lentivirus-mediated knockdown of GPx4/LPCAT3/ATG3 401 

Lentivirus-mediated knockdown of experiments were performed as previously 402 

described [15, 21, 39]. Vectors were decreased using pLKO.1 lentiviral-RNAi system. 403 

Plasmids encoding short hairpin RNA (shRNA) for mouse GPx4 (shGPx4: 404 

TRCN0000076552), mouse LPCAT3 (shLPCAT3: TRCN0000121437), and mouse 405 

ATG3 (shATG3: TRCN0000247442) were obtained from MilliporeSigma. Packaging 406 

vector psPAX2 (ID 12260), envelope vector pMD2.G (ID 12259), and scrambled 407 

shRNA plasmid (SC: ID 1864) were obtained from Addgene. HEK293T cells in 10 cm 408 

dishes were transfected using 50 μL 0.1% polyethylenimine, 200 μL 0.15 M sodium 409 

chloride, and 500 μL Opti-MEM (with HEPES, 2.4 g/L sodium bicarbonate, and l-410 

glutamine; Gibco 31985) with 2.66 μg of psPAX2, 0.75 μg of pMD2.G, and 3 μg of 411 

either scrambled or GPx4/LPCAT3/ATG3 shRNA plasmids. After 48 hours, growth 412 

medium was collected, filtered using 0.22 μm vacuum filters, and used to treat 413 

undifferentiated C2C12 cells for 48 hours. To ensure that only cells infected with 414 

shRNA vectors were viable, cells were selected with puromycin throughout 415 

differentiation. 416 

 417 

Measurements of myotube diameter 418 

Images of myotubes were visualized at ×20 magnification using an inverted light 419 

microscope and captured with a camera (DP74, Olympus). Myotube diameter was 420 

measured for at least 100 myotubes from 5 random fields in each group using ImageJ 421 

software. The average diameter per myotube was calculated as the mean of ten short-422 

axis measurements taken along the length of the myotube. 423 
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 424 

Assessment of cell death 425 

Cell death levels were examined by counting the numbers of cells with trypan blue 426 

staining. The cells were trypsinized and stained with 0.2% trypan blue for 5 min. 427 

Stained and non-stained cells were counted under a microscope using a 428 

hemocytometer. 429 

 430 

Immunofluorescence 431 

C2C12 myotubes were fixed with 4% paraformaldehyde for 10 min and permeabilized 432 

with 0.2% Triton X-100 for 15 min. After blocking with bovine serum albumin, 433 

immunocytochemistry was performed with anti-HNE (ab48506, Abcam), anti-lysosome 434 

associated membrane protein 2 (Lamp-2) (NB300-591, Novus), and Alexa Fluor-435 

conjugated secondary antibodies Alexa Fluor® 568 (ab175472, abcam), Alexa Fluor® 436 

488 (ab150073, abcam), and DAPI (D1306, Invitrogen). Images were captured using a 437 

63× 1.4 NA oil immersion objective on a Leica SP5 confocal system (Leica). For an 438 

experiment, C2C12 myotubes incubated with erastin with or without pretreatment of 439 

BaFA1 (SML1661, MilliporeSigma). Soleus muscles were embedded in optimal cutting 440 

temperature (OCT) gel and sectioned at 10 µm with a cryostat (Microtome Plus). The 441 

sections underwent blocking for 1 hr with M.O.M. mouse IgG Blocking Reagent (Vector 442 

Laboratories, MKB-2213), 1 hr with primary antibodies (BA.D5, SC.71, BF.F3 all at 443 

1:100 from DSHB). Sections were then probed with the following secondary antibodies: 444 

Alexa Fluor 647 (1:250; Invitrogen, A21242), Alexa Fluor 488 (1:500; Invitrogen, 445 

A21121), and Alexa Fluor 555 (1:500; Invitrogen, A21426).  Negative stained fibers 446 

were considered to be IIx. Slides were imaged with an automated wide-field light 447 

microscope (Nikon Corp.) using a 10x objective lens. Cross-sectional area and fiber 448 

type composition was then quantified utilizing ImageJ software.  449 
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 450 

Mitochondrial respiration measurements 451 

Mitochondrial O2 utilization was measured using the Oroboros O2K Oxygraphs, as 452 

previously described [14, 15]. Isolated mitochondria were added to the oxygraph 453 

chambers containing buffer Z. Respiration was measured in response to the following 454 

substrate concentrations: 0.5 mM malate, 5 mM pyruvate, 2 mM ADP, 10 mM 455 

succinate, and 1.5 μM FCCP. 456 

 457 

Mitochondrial H2O2 measurements 458 

Mitochondrial H2O2 production was measured using the Horiba Fluoromax-4, as 459 

previously described [14, 15]. Briefly, skeletal muscle was minced in mitochondria 460 

isolation medium (300 mM sucrose, 10 mM HEPES, 1 mM EGTA) and subsequently 461 

homogenized using a Teflon glass system. Homogenates were then centrifuged at 800 462 

g for 10 min, after which the supernatant was taken and centrifuged at 12,000 g for 10 463 

min. The resulting pellet was carefully resuspended in mitochondria isolation medium. 464 

JH2O2 was measured in buffer Z (MES potassium salt; 105 mM, KCl 30 mM, KH2PO4 465 

10 mM, MgCl2 5 mM, and BSA 0.5 mg/ml) supplemented with 10 μM Amplex UltraRed 466 

(Invitrogen) and 20 U/mL CuZnSOD in the presence of the following substrates: 10 mM 467 

succinate, 100 μM 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU/carmustine), and 1 μM 468 

auranofin. The appearance of the fluorescent product was measured with 469 

excitation/emission at 565/600 nm. 470 

 471 

Administration of L-carnosine/N-acetylcarnosine in vivo. 472 

Carnosine was administered as previously described [31]. Briefly, young (4-month-old) 473 

or old (20-month-old) C57BL/6J mice were supplemented with 80 mM carnosine 474 

dissolved in drinking water (pH 7.5) for 2 weeks (1 week of pretreatment and 1 week 475 
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during HU). Bottles were refreshed two times a week (L-carnosine, C9625, 476 

MilliporeSigma), and or everyday (N-acetyl carnosine, 18817, Cayman). 477 

 478 

MDA quantification 479 

MDA content was quantified in fresh gastrocnemius muscles using a lipid peroxidation 480 

assay kit (ab118970, Abcam) according to the manufacturer’s instruction. Rates of 481 

appearance of MDA-thiobarbituric acid adduct were quantified colorimetrically at 532 482 

nm using a spectrophotometer. 483 

 484 

Statistical analyses 485 

Data are presented as means ± s.e.m. Statistical analyses were performed using 486 

GraphPad Prism 7.03. Independent sample t-tests (two-sided) were used to compare 487 

two groups. For multiple comparisons, one- or two-way analysis of variance (ANOVA) 488 

were performed followed by appropriate post-hoc tests corrected for multiple 489 

comparisons. For all tests P < 0.05 was considered statistically significant.  490 
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Figure legends 610 

Fig. 1 | LOOH increases with age in skeletal muscle. (A,B) GPx4 mRNA levels in 611 

skeletal muscle biopsy samples from young and old humans (n = 9 for young, n = 18 612 

for old) (A) or skeletal muscles from young and old mice (n = 8 for young, n = 7 for old) 613 

(B). (C,D) Oxidized phospholipid content in skeletal muscle from young and old mice (n 614 

= 8 per group). (E,F,G) Immunoblotting (E) and quantification (F) of 4-HNE proteins (n 615 

= 5 per group) and MDA levels (G) (n = 3 per group). Data are shown as the mean ± 616 

SEM. Statistical analyses in (A,B,C,D,F) and (G) were performed with an unpaired two-617 

tailed t-test. 618 

 619 

Fig. 2 | Elevated LOOH is sufficient to promote atrophy in cultured myotubes. (A) 620 

A schematic of how pathways that regulate LOOH may promote muscle atrophy. 621 

PUFA: phospholipids containing polyunsaturated fatty acids. (B,C) Representative 622 

images (B) and quantification (C) of myotube diameter (n = 104 for scrambled: SC, n = 623 

107 for GPx4 KD, n = 117 for Vehicle, n = 120 for erastin, n = 104 for Vehicle, n = 110 624 

for RSL3). Scale bar, 100 μm. (D) GPx4 mRNA levels in C2C12 myotubes with or 625 

without GPx4 knockdown (GPx4 KD) (n = 6 per group). (E,F,G) Immunoblotting of 4-626 

HNE, GPx4, and actin (E), quantification of 4-HNE (F) proteins and MDA levels (G) (n = 627 

3 per group). (H) mRNA levels for CHAC1 and PTGS2, markers of ferroptosis (n = 6 628 

per group). (I) cell death levels in GPx4 KD myoblast or myotubes (n = 3 independent 629 

repeats). Data are shown as the mean ± SEM. Statistical analyses in (C,D,F,G) and (I) 630 

were performed with an unpaired two-tailed t-test. Statistical analyses in (H) were 631 

performed with a two-way ANOVA and Tukey’s multiple comparison test. 632 

 633 

Fig. 3 | Elevated LOOH is sufficient to augment disuse-induced muscle atrophy 634 

in young and old mice. (A) Soleus muscle mass from young or old WT or GPx4+/- 635 
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mice with or without HU (n = 8-11 per young group, n = 4-8 per old mice group). (B) 636 

Immunoblotting of 4-HNE from old WT or GPx4+/- mice. (C) Force-frequency curve from 637 

old WT or GPx4+/- mice (n = 4-7 per group). (D) mRNA levels of GPx4 from young 638 

control or GPx4-MKO mice (n = 4 per group). (E,F) Soleus muscle mass (E) (n = 7-8 639 

per group) or force-frequency curve (F) from young control or GPx4-MKO mice (n = 4-7 640 

per group). (G) Immunoblotting of 4-HNE and GPx4 from young GPx4-MKO. (H,I) 641 

Representative images of MHC immunofluorescence (H) and muscle fiber CSA by fiber 642 

type (I) for soleus muscles in young control or GPx4-MKO mice with HU (n = 4 per 643 

group). Scale bar, 100µm. Data are shown as the mean ± SEM. Statistical analyses in 644 

(D) were performed with an unpaired two-tailed t-test. Statistical analyses in (A,C,E,F) 645 

and (I) were performed with a two-way ANOVA and multiple comparisons were 646 

performed using Tukey’s (C,E,F,I) or Sidak’s (A) multiple comparisons tests.   647 

 648 

Fig. 4 | Suppression of PUFA incorporation prevents LOOH-induced myotube 649 

atrophy. (A) mRNA levels of LPCAT3 in C2C12 myotubes with or without LPCAT3 KD 650 

(n = 3 per group). (B) Immunoblotting of 4-HNE, GPx4 and Actin protein in C2C12 651 

myotubes with or without GPx4 KD and/or LPCAT3 KD. (C) Quantification of 4-HNE 652 

proteins in C2C12 myotubes with or without LPCAT3 KD and/or GPx4 KD (n = 3 per 653 

group). (D,E) Representative images (D), and quantification of myotube diameter (E) 654 

from C2C12 myotubes with or without GPx4 KD and/or without LPCAT3 KD (n = 104-655 

114 per group). Scale bar, 100 μm. (F,G) Immunoblotting (F) and quantification (G) of 656 

4-HNE from C2C12 myotubes with or without LPCAT 3 KD and/or erastin (n = 3 per 657 

group). (H) Representative images from C2C12 myotubes with or without LPCAT3 KD 658 

and/or erastin (n = 3 independent repeats). Scale bar, 100 μm. Data are shown as the 659 

mean ± SEM. Statistical analyses in (A) were performed with an unpaired two-tailed t-660 

test. Statistical analysis in (C) and (G) were performed with a two-way ANOVA and 661 
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multiple comparisons were performed using Tukey’s multiple comparisons tests. 662 

Statistical analyses in (E) was performed with a one-way ANOVA with Dunnett’s 663 

multiple comparisons test. 664 

 665 

Fig. 5 | Suppression of autophagy-lysosome axis prevents LOOH-induced 666 

myotube atrophy. (A,B) Representative images (A), and quantification of myotube 667 

diameter (B) from erastin-stimulated C2C12 myotubes with proteasomal inhibitor 668 

MG132 or lysosomal inhibitor BaFA1. (n = 21-120 per group). Scale bar, 100 µm. (C) 669 

Autophagic flux analyses immunoblotting for LC3-I, LC3-II, p62, and actin in SC or 670 

GPx4 KD C2C12 myotubes with or without BafA1. (D,E) Representative images (D) 671 

and quantification of myotube diameter (E) from C2C12 myotubes with or without GPx4 672 

KD and/or ATG3 KD) (n = 104-121 per group). Data are shown as the mean ± SEM. 673 

Statistical analyses in (B,E) were performed with a one-way ANOVA with Dunnett’s 674 

multiple comparisons test. 675 

 676 

Fig. 6 | Muscle-specific ATG3 deletion attenuates disuse-induced atrophy and 677 

weakness. (A) mRNA levels of ATG3 (n = 8-32 per group) from young control or 678 

ATG3-MKO mice. (B) Immunoblotting of p62, LC3, and GAPDH proteins from skeletal 679 

muscles from control and ATG3-MKO mice. (C) Soleus muscle mass from control or 680 

ATG3-MKO mice (n = 10-12 per group). (D) Force-frequency curve from young control 681 

or ATG3-MKO mice (n = 9-12 per group). (E,F) Representative images of MHC 682 

immunofluorescence (E) and muscle fiber CSA by fiber type (F) of soleus muscles in 683 

young control or ATG3-MKO mice with HU (n = 6 per group). Data are shown as the 684 

mean ± SEM. Statistical analyses in (A) were performed with an unpaired two-tailed t-685 

test. Statistical analyses in (C,D) and (F) were performed with a two-way ANOVA and 686 

multiple comparisons were performed using Tukey’s multiple comparisons tests. 687 
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 688 

Fig. 7 | Inhibition of autophagy-lysosome axis prevents accumulation of LOOH. 689 

(A,B) Immunoblotting (A) and quantification (B) of 4-HNE, GPx4, and actin in C2C12 690 

myotubes with or without GPx4 KD and/or ATG3 KD. (C,D) Immunoblotting (C) and 691 

quantification (D) of 4-HNE protein from C2C12 myotubes with or without erastin and/or 692 

BaFA1 (n = 3 per group). (E) Confocal fluorescence microscope images of erastin-693 

stimulated myotubes with or without BaFA1. Scale bar, 10µm. Boxed regions are 694 

shown enlarged at far right. Scale bar, 2.5 µm. (F,G,H) Representative images (F), 695 

immunoblotting of 4-HNE and actin (G), and quantification (H) of H2O2 or BCNU-696 

stimulated C2C12 myotubes with or without BaFA1. Scale bar, 100 µm. Data are 697 

shown as the mean ± SEM. Statistical analyses in (B,D) and (H) were performed with a 698 

two-way ANOVA and Tukey’s multiple comparison test. 699 

 700 

Fig. 8 | Overexpression of GPx4 ameliorates disuse-induced muscle atrophy and 701 

weakness in young and old mice. (A) Soleus muscle mass from young or old WT or 702 

GPx4Tg mice with or without HU (n = 6-11 per young group, n = 7 per old group). (B) 703 

Force-frequency curve from old WT or GPx4Tg mice (n = 5-7 per group). (C) 704 

Immunoblotting of muscle 4-HNE from old WT or GPx4Tg mice. (D,E) Representative 705 

images of MHC immunofluorescence (D) and muscle fiber CSA by fiber type (E) for 706 

soleus muscles in old WT or GPx4Tg mice with HU (n = 4-6 per group). (F) 707 

Immunoblotting of 4-HNE, and actin in C2C12 myotubes with or without GPx4 KD 708 

and/or Ferrostatin-1. (G,H) Representative images (G), and quantification of myotube 709 

diameter (H) from C2C12 myotubes with GPx4 KD and/or Ferrostatin-1 treatments (n = 710 

102-110 per group). Scale bar, 100 μm. Data are shown as the mean ± SEM. 711 

Statistical analyses in (H) was performed with a one-way ANOVA with Dunnett’s 712 

multiple comparisons test, and statistical analyses in (A,B) and (E) were performed 713 
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with a two-way ANOVA and were performed using Tukey’s (B,E) or Sidak’s (A) multiple 714 

comparisons tests. 715 

 716 

Fig. 9 | Pharmacologic suppression of carbonyl stress ameliorates muscle 717 

atrophy and weakness in young and old mice. (A) Schematic illustration of the 718 

protocol for administration of N-acetylcarnosine in vivo. (B) Immunoblotting of muscle 719 

4-HNE from N-acetylcarnosine treatment in old mice. (C) Soleus muscle mass from 720 

young or old mice with or without N-acetylcarnosine treatment (n = 6-8 per young 721 

group, n = 7 per old group). (D) Force-frequency curve from N-acetylcarnosine study in 722 

old mice (n = 4-5 per group). (E,F) Representative images of MHC 723 

immunofluorescence (E) and muscle fiber CSA by fiber type (F) for soleus muscles (n = 724 

3-4 per group) in old mice from the N-acetylcarnosine study. Data are shown as the 725 

mean ± SEM. Statistical analyses in (C,D) and (F) were performed with a two-way 726 

ANOVA and were performed using Tukey’s (C,F) or Sidak’s (D) multiple comparisons 727 

tests.  728 
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Supplemental Figures 729 

Supplemental Fig. S1 | Disuse promotes LOOH in skeletal muscle. (A,B,C) Body 730 

mass (A), body composition (B), food intake (C), following 1, and 7-days of HU from 731 

young WT C57BL/6J mice (n = 4 for sham, n = 6 for 1-day HU, n = 6 for 7-days HU). 732 

(D,E) Soleus muscle mass (D), force-frequency curve (E) in soleus muscle following 1- 733 

and 7-days of HU from young WT C57BL/6J mice (n = 4 for sham, n = 6 for 1-day HU, 734 

n = 6 for 7-days HU). (F,G) Immunoblotting (F), and quantification (G) of 4-HNE 735 

following 1-day and 7-days of HU (n = 3 per group). (H) Rates of oxygen consumption 736 

measured in isolated skeletal muscle mitochondria with Krebs cycle substrates (n = 4 737 

for sham, n = 5 for 1-day HU, n = 5 for 7-days HU). ADP, adenosine diphosphate; 738 

FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Mal, malate; Pyr, 739 

pyruvate. (I) Rate of mitochondrial H2O2 production in response to succinate or 740 

Aurorafin/BCNU (n = 4 for sham, n = 5 for 1-day HU, n = 5 for 7-day HU). BCNU, 1,3-741 

bis[2-chloroethyl]-1-nitrosourea. (J) Percentage of electron leak in muscle mitochondria 742 

(n = 4 for sham, n = 5 for 1-day HU, n = 5 for 7-days HU). Data are shown as the mean 743 

± SEM. Statistical analyses in (A,B,C,D,G) and (J) were performed with a one-way 744 

ANOVA and Dunnett’s multiple comparisons tests. Statistical analyses in (E,H) and (I) 745 

were performed with a two-way ANOVA and Tukey’s multiple comparison test. 746 

 747 

Supplemental Fig. S2 | Elevated LOOH is sufficient to promote atrophy in 748 

cultured myotubes. (A,B,C,D,E) Quantification of 4-HNE (A), immunoblotting of 4-749 

HNE (B) proteins, MDA levels (C), mRNA levels for CHAC1 and PTGS2, markers of 750 

ferroptosis (D), and cell death levels (E) in erastin-stimulated C2C12 myotubes (n = 3 751 

independent repeats). (F,G,H,I) mRNA levels of GPx4 (F), immunoblotting of GPx4 and 752 

actin (G), quantification of GPx4 (H), CHAC1 and PTGS2, markers of ferroptosis (I) in 753 

RSL3-stimulated C2C12 myotubes (n = 6 per group). Data are shown as the mean ± 754 
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SEM. Statistical analyses in (C,D,E,F,H,I) and  were performed with an unpaired two-755 

tailed t-test. Statistical analyses in (A) were performed with a one-way ANOVA and 756 

Dunnett’s multiple comparisons tests. 757 

 758 

Supplemental Fig. S3 | Additional data from GPx4+/- mice. (A) Body mass from 759 

young and old WT or GPx4+/- mice. (B,C) body composition from young (n = 9 for WT 760 

sham, n = 8 for GPx4+/- sham, n = 7 for WT HU, n = 6 for GPx4+/- HU) (B) and old (n = 761 

4 for WT sham, n = 5 for GPx4+/- sham, n = 8 for WT HU, n = 6 for GPx4+/- HU) (C) WT 762 

or GPx4+/- mice. (D) Food intake during hindlimb unloading (HU) in young (n = 7 for 763 

WT, n = 6 for GPx4+/-) and old (n = 8 for WT, n = 6 for GPx4+/-) WT or GPx4+/- mice. (E) 764 

EDL muscle mass from young (n = 9 for WT sham, n = 8 for GPx4+/- sham, n = 7 for 765 

WT HU, n = 6 for GPx4+/- HU) and old (n = 9 for WT sham, n = 8 for GPx4+/- sham, n = 766 

7 for WT HU, n = 6 for GPx4+/- HU) WT or GPx4+/- mice. (F) Quantification of muscle 4-767 

HNE from old mice (n = 3 per group). (G) MDA levels from old mice (n = 3 per group). 768 

(H) Force-frequency curve from soleus muscle from young WT or GPx4+/- mice (n = 5 769 

for WT sham, n = 5 for GPx4+/- sham, n = 7 for WT HU, n = 5 for GPx4+/- HU). (I,J) 770 

Force-frequency curve in EDL muscle from young (n = 5 for WT sham, n = 5 for GPx4+/- 771 

sham, n = 7 for WT HU, n = 5 for GPx4+/- HU) (I) and old (n = 3 for WT sham, n = 4 for 772 

GPx4+/- sham, n = 6 for WT HU, n = 6 for GPx4+/- HU) (J) WT or GPx4+/- mice. Data are 773 

shown as the mean ± SEM. Statistical analyses in (A,B,C,D,E,F,G,H,I,J) were 774 

performed with a two-way ANOVA and using Tukey’s multiple comparisons tests. 775 

 776 

Supplemental Fig. S4 | Additional data from GPx4-MKO mice. (A) Genotyping gel 777 

for GPx4cKO+/+ mice crossed with HSA-MerCreMer+/- mice to yield GPx4cKO+/+; 778 

HSA-MerCreMer+/- (GPx4-MKO) mice. Control littermates (GPx4cKO+/+; HSA-779 

MerCreMer-/-) were used for experiments. (B,C) Body mass (B), and body composition 780 
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(C) (n = 7 for Ctrl sham, n = 4 for GPx4-MKO sham, n = 7 for Ctrl HU, n = 8 for GPx4-781 

MKO HU). (D) Food intake during HU (n = 7 for Ctrl, n = 8 for GPx4-MKO). (E,F) EDL 782 

muscle mass (n = 6 for Ctrl sham, n = 4 for GPx4-MKO sham, n = 7 for Ctrl HU, n = 8 783 

for GPx4-MKO HU) (E) and force-frequency curve from young mice (n = 6 for Ctrl 784 

sham, n = 4 for GPx4-MKO sham, n = 6 for Ctrl HU, n = 7 for GPx4-MKO HU) (F). (G) 785 

Quantification of western blotting for 4-HNE from young mice (n = 3 per group). (H) 786 

mRNA levels of CHAC1 and PTGS2 in skeletal muscles (n = 4 per group). (I,J) Mean 787 

muscle fiber CSA (i) and fiber type composition (J) for soleus muscles following HU (n 788 

= 4 per group). Data are shown as the mean ± SEM. Statistical analyses in (D) and (I) 789 

were performed with an unpaired two-tailed t-test. Statistical analyses in (B,C,E,F,G,H) 790 

and (J) were performed with a two-way ANOVA and Tukey’s multiple comparison test. 791 

 792 

Supplemental Fig. S5 | Additional data from LPCAT3KD. (A) mRNA levels of GPx4 793 

and LPCAT3 in C2C12 myotubes with or without GPx4 and LPCAT3 double KD (n = 3 794 

per group). (B) mRNA levels of LPCAT3 from erastin-stimulated myotubes (n = 3 per 795 

group). (C) Cell death levels from C2C12 myotubes with or without LPCAT3 KD and/or 796 

erastin (n = 3 independent repeats). Data are shown as the mean ± SEM. Statistical 797 

analyses in (A) and (B) were performed with an unpaired two-tailed t-test. Statistical 798 

analyses in (C) were performed with a two-way ANOVA and Tukey’s multiple 799 

comparison test. 800 

 801 

Supplemental Fig. S6 | Autophagy-lysosome axis in LOOH-induced myotube 802 

atrophy. (A) Cell death levels in erastin-stimulated myotubes with MG132 or BaFA1 (n 803 

= 3 independent repeats). (B,C) Representative images (B) and cell death level (C) in 804 

RSL3-stimulated myotubes with BaFA1 (n = 3 independent repeats). (D,E) 805 

Immunoblotting (D) and quantification (E) of LC3-I, LC3-II, p62 (all static 806 
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measurements without BafA1), and actin protein from C2C12 myotubes with or without 807 

GPX4 KD (n = 4 per group). (F,G,H) quantification of western blotting for LC3-I (F), 808 

LC3-II (G), and p62 (H) protein from GPx4 KD myotubes with or without BaFA1 (n = 3 809 

per group). (I) mRNA levels of ATG3 in C2C12 myotubes with or without (n = 3 per 810 

group). (J) mRNA levels of GPx4 and ATG3 from C2C12 myotubes with double 811 

knockdown for ATG3 and GPx4 (n = 3 per group). (K,L) Immunoblotting (K) and 812 

quantification (L) of LC3, p62, and GPx4 protein from C2C12 myotubes with or without 813 

ATG3 KD (n = 3 per group). Data are shown as the mean ± SEM. Statistical analyses 814 

in (C,I) and (L) were performed with an unpaired two-tailed t-test. Statistical analyses in 815 

(A) were performed with a one-way ANOVA and Tukey’s multiple comparison test. 816 

Statistical analyses in (E,F,G,H,I), and (J) were performed with a two-way ANOVA and 817 

Tukey’s multiple comparison test. 818 

 819 

Supplemental Fig. S7 | Additional data from ATG3-MKO mice. (A) Genotyping of 820 

ATG3cKO+/+ mice crossed with HSA-MerCreMer+/- mice to yield ATG3cKO+/+; HSA-821 

MerCreMer+/- (ATG3-MKO) mice. Control littermates (ATG3cKO+/+; HSA-MerCreMer-822 

/-) were used for experiments. (B) Quantification of LC3-II/I ratio in muscles from 823 

control and ATG3-MKO mice (n = 8 per group). (C,D,E) Body weight (C), lean mass 824 

(D), and fat mass (E) from control and ATG3-MKO mice (control sham n = 9, ATG3-825 

MKO sham n = 10, control HU n = 10, ATG3-MKO HU n = 10). (F) EDL muscle mass 826 

(control sham n = 10, ATG3-MKO sham n = 12, control HU n = 10, ATG3-MKO HU n = 827 

10). (G) Force frequency curve for EDL muscle (control sham n = 9, ATG3-MKO sham 828 

n = 8, control HU n = 10, ATG3-MKO HU n = 9). (H) Fiber type composition for SOL 829 

muscle (control HU n = 6, ATG3MKO HU n = 6). Data are shown as the mean ± SEM. 830 

Statistical analyses in (B,C,D,E,F,G) and (H) were performed with a two-way ANOVA 831 

and Tukey’s multiple comparison test. 832 
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 833 

Supplemental Fig. S8 | Inhibition of autophagy-lysosome axis prevents 834 

accumulation of LOOH. (A,B) Immunoblotting (A) and quantification (B) of 4-HNE 835 

protein from C2C12 myotubes with or without erastin and/or ATG3 KD (n = 3 per 836 

group). (C,D) Immunoblotting (C) and quantification (D) of 4-HNE protein from C2C12 837 

myotubes with or without erastin and/or BaFA1 (n = 3 per group). (E) Confocal 838 

immunofluorescence of LAMP2 (lysosome) and 4-HNE in erastin-stimulated C2C12 839 

myotubes with or without BaFA1. Scale bar, 10µm. (F,G) Immunoblotting (F) and 840 

quantification (G) of 4-HNE protein from BCNU-stimulated C2C12 myotubes with or 841 

without BafA1. (H) A novel role of lysosome in amplifying LOOH. Data are shown as 842 

the mean ± SEM. Statistical analyses in (B,D) and (G) were performed with a two-way 843 

ANOVA and Tukey’s multiple comparison test. 844 

 845 

Supplemental Fig. S9 | Additional data from GPx4Tg mice. (A) Quantification of 846 

GPx4 proteins from WT or GPx4Tg with or without HU (n = 3 per group). (B) Body 847 

mass from young (n = 9 for WT, n = 8 for GPx4Tg) and old (n = 7 for WT, n = 7 for 848 

GPx4Tg) mice. (C,D) body composition from young mice (C) and old mice (D). (E) 849 

Food intake during HU from young and old mice. (F,G) EDL muscle mass from young 850 

(n = 6 for WT sham, n = 8 for GPx4Tg sham, n = 9 for WT HU, n = 8 for GPx4Tg HU) 851 

(F) and old (n = 7 per group) (G) mice. (H) Force-frequency curve in soleus muscle 852 

from young mice (n = 5 for WT sham, n = 6 for GPx4Tg sham, n = 9 for WT HU, n = 8 853 

for GPx4Tg HU). (I,J) Force-frequency curve in EDL muscle from young mice (n = 5 for 854 

WT sham, n = 7 for GPx4Tg sham, n = 9 for WT HU, n = 8 for GPx4Tg HU) (I) and old 855 

(n = 5 for WT sham, n = 5 for GPx4Tg sham, n = 5 for WT HU, n = 6 for GPx4Tg HU) 856 

(J) mice. (K) Quantification of muscle 4-HNE proteins from old mice (n = 3 per group). 857 

(L,M) Mean muscle fiber CSA (L) and fiber type composition (M) for soleus muscles 858 
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from old mice following HU (n = 6 for WT, n = 4 for GPx4Tg). Data are shown as the 859 

mean ± SEM. Statistical analyses in (L) were performed with an unpaired two-tailed t-860 

test. Statistical analyses in (A-M) were performed with a two-way ANOVA and Tukey’s 861 

multiple comparison test. 862 

 863 

Supplemental Fig. S10 | Effects of ferrostatin-1 or L-carnosine treatment in vitro. 864 

(A,B,C) Quantification of 4-HNE proteins (n = 2 per group) (A), cell death level (n = 3 865 

independent repeats) (B), and mRNA levels of CHAC1 and PTGS2 with or without 866 

GPx4 KD and/or Ferrostatin-1 (n = 6 for SC, n = 5 for GPx4 KD) (C) in C2C12 867 

myotubes. (D,E,F) Immunoblotting (D) and quantification (E) of 4-HNE, and actin (n = 3 868 

per group) and cell death level (n = 3 independent repeats) (F) with or without erastin 869 

and/or L-carnosine in C2C12 myotubes. (G,H,I) Immunoblotting (G) and quantification 870 

(H) of 4-HNE, and actin (n = 3 per group), and (I) cell death level (n = 3 independent 871 

repeats) in C2C12 myotubes with or without GPx4 KD and/or L-carnosine. Data are 872 

shown as the mean ± SEM. Statistical analyses in (E), and (F) were performed with a 873 

one-way ANOVA and Tukey’s multiple comparison test. Statistical analyses in 874 

(A,B,C,H) and (I) were performed with a two-way ANOVA and Tukey’s multiple 875 

comparison test. 876 

 877 

Supplemental Fig. S11 | L-carnosine treatment partly ameliorates disuse-induced 878 

muscle atrophy. (A,B,C,D,E,F,G) Body mass (A), body composition (n = 6 for vehicle 879 

sham, n = 7 for L-carnosine sham, n = 12 for vehicle HU, n =  13 for L-carnosine HU) 880 

(B), food intake (C), water intake (n = 6 for vehicle sham, n = 6 for L-carnosine sham, n 881 

= 6 for vehicle HU, n = 7 for L-carnosine HU) (D), immunoblotting (E) and quantification 882 

(F) of 4-HNE (n = 3 per group), and soleus muscle mass (n = 6 for vehicle sham, n = 7 883 

for L-carnosine sham, n = 12 for vehicle HU, n = 13 for L-carnosine HU) (G). Data are 884 
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shown as the mean ± SEM. Statistical analyses in (A,B,C,D,F) and (G) were performed 885 

with a two-way ANOVA and Tukey’s multiple comparison test. 886 

 887 

Supplemental Fig. S12 | Effects of N-acetylcarnosine treatment in vitro. (A,B,C) 888 

Immunoblotting (A) and quantification (B) for 4-HNE, GPx4 and actin (n = 3 per group) 889 

and cell death level (n = 3 independent repeats) (C) from C2C12 myotubes with or 890 

without GPx4 KD and/or N-acetylcarnosine. (D,E,F) Immunoblotting (D) and 891 

quantification (E) of 4-HNE and actin (n = 3 per group) and cell death level (n = 3 892 

independent repeats) (F) in C2C12 myotubes with or without erastin and/or N-893 

acetylcarnosine. Data are shown as the mean ± SEM. Statistical analyses in (B) and 894 

(C) were performed with a two-way ANOVA and Tukey’s multiple comparison test. 895 

Statistical analyses in (E) and (F) were performed with a one-way ANOVA and Tukey’s 896 

multiple comparison test. 897 

 898 

Supplemental Fig. S13 | Additional data from N-acetylcarnosine treatment in 899 

vivo. (A,B,C) Body mass (A), body composition from young mice (B) and old mice (C). 900 

(D,E,F,G) Food intake (D), water intake (E), immunoblotting (F) and quantification (G) 901 

of 4-HNE (n = 3 per group). (H) EDL muscle mass from young mice and old mice. (I) 902 

Force-frequency curve in soleus muscle from young mice (n = 5 for vehicle sham, n = 6 903 

for N-acetylcarnosine sham, n = 5 for vehicle HU, n = 5 for N-acetylcarnosine HU). 904 

(J,K) Force-frequency curve in EDL muscle from young mice (n = 7 for vehicle sham, n 905 

= 7 for N-acetylcarnosine sham, n = 6 for vehicle HU, n = 7 for N-acetylcarnosine HU) 906 

(J) and old mice (n = 6 for vehicle sham, n = 7 for N-acetylcarnosine sham, n = 6 for 907 

vehicle HU, n = 6 for N-acetylcarnosine HU) (K). (L,M) Average of muscle fiber CSA (l) 908 

and fiber type composition (M) for soleus muscles from old mice following HU (n = 3 for 909 

vehicle, n = 4 for N-acetylcarnosine). Data are shown as the mean ± SEM. Statistical 910 
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analyses in (L) were performed with an unpaired two-tailed t-test. Statistical analyses in 911 

(A,B,C,D,E,G,H,I,J,K) and (M) were performed with a two-way ANOVA and Tukey’s 912 

multiple comparison test. 913 
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Figure 2
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Figure 3
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Figure 4
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Figure 5

0

10

20

30

40

0

10

20

30

40
GPx4 KD

A
TG

3
K

D

SC

S
C

SC GPx4
KD

SC GPx4
KD

SC

GPx4
KD

GPx4
KD

+ATG3 KD
(kDa)

<0.0001

M
yo

tu
be

 d
ia

m
et

er
 (µ

m
)

M
yo

tu
be

 d
ia

m
et

er
 (µ

m
)

<0.0001

Erastin
MG132

BafA1

-
-

--- +
+

+ ++
- -

Erastin

+
B

af
A

1
- B

af
A

1
- M

G
13

2
+

M
G

13
2

Vehicle

BafA1 - - + +

37

50
75
10
15

p62

Actin

A B C D E

LC3-I
LC3-II

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 18, 2022. ; https://doi.org/10.1101/2021.12.17.473200doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.17.473200
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6
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Figure 7
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Figure 8
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Figure 9
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Supplemental Figure S2 
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Supplemental Figure S3 
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Supplemental Figure S4 
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Supplemental Figure S5 
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Supplemental Figure S6 
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Supplemental Figure S7
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Supplemental Figure S8
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Supplemental Figure S9 
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Supplemental Figure S10 
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Supplemental Figure S11 
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Supplemental Figure S12
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Supplemental Figure S13 
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