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Skeletal muscle atrophy is characterized by the progressive loss of muscle mass and function, driven 
by multifactorial processes such as inflammation, mitochondrial dysfunction, and oxidative stress. 
Among these mechanisms, excessive generation of reactive oxygen species (ROS) represents a 
central pathogenic event that disrupts redox homeostasis and contributes to muscle degeneration. 
In this study, we primarily aimed to the feasibility of using the ROS-targeted PET radiotracer, [¹⁸F]
ROStrace, as a non-invasive imaging tool for visualizing ROS accumulation in skeletal muscle. The 
association between [18F]ROStrace uptake and molecular or histological changes related to oxidative 
stress and atrophy was analyzed to biologically validate the imaging signal. Cellular uptake of [¹⁸F]
ROStrace increased in a time-dependent manner in LPS-treated myotubes, reaching 18.0 ± 3.4%ID 
at 120 min. Uptake was significantly higher in LPS-treated myotubes (9.7 ± 0.4%ID) compared to 
antioxidant-pretreated cells (7.2 ± 0.4%ID, N-acetylcysteine), while oxidative stress-enhanced 
cells (piperlongumine-pretreated cells, 10.1 ± 1.3%ID) showed similar uptake to the LPS group. In 
vivo, LPS-treated mice exhibited markedly increased [¹⁸F]ROStrace uptake in hindlimb muscles 
compared to controls (2.2 ± 0.3 vs. 0.9 ± 0.2%ID/g, p < 0.001), reflecting elevated oxidative burden. 
The PET signal was associated with molecular and histological markers of redox imbalance, including 
upregulation of MuRF-1 and Atrogin-1 mRNA (~ 13-fold and ~ 10-fold, respectively), reduced muscle 
fiber cross-sectional area, and a two-fold increase in dihydroethidium (DHE) fluorescence. Collectively, 
these findings demonstrate that [¹⁸F]ROStrace PET imaging enables sensitive, in vivo assessment 
of oxidative stress in skeletal muscle, providing a foundation for early diagnosis and therapeutic 
monitoring of redox-associated muscle disorders.
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Skeletal muscle atrophy, defined as the progressive decline in muscle mass and strength, results from complex 
molecular mechanisms including inflammation, mitochondrial dysfunction, and oxidative stress1–9. Among 
these, oxidative stress plays an central role by generating excessive reactive oxygen species (ROS) that disrupt 
cellular redox balance, impair mitochondrial function, and activate proteolytic signaling10–15. Importantly, ROS 
elevation precedes structural loss, representing an early biochemical signature of muscle degeneration rather 
than atrophy itself.

Prolonged oxidative stress accelerates muscle protein breakdown through activation of the ubiquitin–
proteasome system (UPS), leading to upregulation of the E3 ligases MuRF-1 and Atrogin-1, hallmark markers 
of muscle wasting14–17. Concurrently, mitochondrial dysfunction and redox-sensitive transcriptional pathways 
such as NF-κB and MAPK amplify inflammatory signaling and compromise muscle regeneration15,18–21. While 
these biological processes provide mechanistic context, they are distinct from the primary objective of the 
present study, which is to visualize ROS generation directly in skeletal muscle using PET imaging.
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Current diagnostic approaches, including biopsy, MRI, and CT, can detect morphological or volumetric 
changes but fail to capture oxidative stress in vivo7. In contrast, positron emission tomography (PET) with 
ROS-sensitive radiotracers allows quantitative visualization of redox dynamics at the molecular level22–26. Such 
imaging provides a mechanistic window into oxidative injury before overt muscle loss, offering potential for 
early detection and therapeutic evaluation.

Several ROS-targeted probes have been developed to detect specific species such as superoxide and 
hydrogen peroxide18,19. Among them, [18F]ROStrace—a dihydroethidium-based radiotracer—demonstrates 
high selectivity for superoxide, favorable in vivo kinetics, and reproducible synthesis27–30. Compared with other 
radiotracers, it provides superior stability and low background in normal muscle, enhancing contrast for redox 
imaging.

In the present study, we investigated the feasibility of [18F]ROStrace PET as a non-invasive imaging tool 
to visualize ROS accumulation in skeletal muscle, using a lipopolysaccharide (LPS)-induced murine model to 
mimic oxidative conditions associated with skeletal muscle inflammation and early atrophy gene expression. 
Both In vitro and in vivo experiments were designed to confirm that the observed [¹⁸F]ROStrace signal reflects 
ROS generation, with mitochondrial and molecular indices serving as supportive validation.

Results
Radiochemistry
The ROS-targeting radiotracer [¹⁸F]ROStrace was synthesized via nucleophilic aliphatic substitution of a tosylate 
precursor (2-(4-(3,8-bis((tert-butoxycarbonyl)amino)-5-methyl-5,6-dihydrophenanthridin-6-yl)phenoxy)ethyl 
4-methylbenzenesulfonate) using [¹⁸F]fluoride and tetrabutylammonium as a phase-transfer catalyst. The non-
decay-corrected radiochemical yield, based on the radioactivity trapped on the QMA cartridge, was 13.6 ± 
4.9% (n = 22). The radiochemical purity exceeded 99% as determined by analytical HPLC (UV absorbance at 
254 nm). The molar activity (Aₘ) was 129 ± 42 GBq/µmol at the end of synthesis. The entire synthesis process 
was completed within 107.0 ± 6.2 min on average (Table 1). In the present system, the oxidized form, ox-[¹⁸F]
ROStrace, was produced as the predominant product after labeling and was efficiently reduced to [¹⁸F]ROStrace 
using NaBH4

27,29. The resulting tracer remained stable (> 98% at 3 h post–end of synthesis) when stored in a 
refrigerator with ascorbic acid under light-protected conditions.

Cellular uptake of [18F]ROStrace in differentiated C2C12 myotubes
The time-dependent uptake of [¹⁸F]ROStrace was evaluated in differentiated C2C12 myotubes. Cells were 
incubated with approximately 10 µCi of [¹⁸F]ROStrace per well for 10, 30, 60, and 120 min, and intracellular 
radioactivity was quantified using a gamma counter. [¹⁸F]ROStrace uptake increased progressively with 
incubation time, with measured uptake values of 3.6 ± 1.4, 4.9 ± 0.5, 9.7 ± 0.4, and 18.0 ± 3.4%ID at 10, 30, 60, and 
120 min, respectively (n = 5 per time point; Fig. 1A). To assess redox responsiveness of [¹⁸F]ROStrace, additional 
groups were analyzed at 60 min post-incubation, where tracer uptake most clearly reflects intracellular ROS levels 
rather than structural or metabolic alterations. LPS-treated myotubes exhibited significantly higher uptake of 
[¹⁸F]ROStrace (9.7 ± 0.4%ID, n = 5) compared to untreated control myotubes (7.1 ± 1.0%ID, n = 5). Pretreatment 
with the ROS scavenger, N-acetylcysteine (NAC; 3 mM) reduced uptake to 7.2 ± 0.4%ID, confirming the redox 
sensitivity of [¹⁸F]ROStrace. In contrast, piperlongumine (PL; 10 µM), a ROS enhancer, further increased uptake 
to 10.1 ± 1.3%ID, comparable to or slightly higher than that of the LPS group (Fig. 1B). These findings consistently 
support that [¹⁸F]ROStrace accumulation reflects intracellular ROS levels in a concentration-dependent manner.

Confirmation of biological and structural changes associated with LPS-induced oxidative 
stress in an in vitro skeletal muscle model
To establish an in vitro skeletal muscle model of LPS-induced oxidative stress, C2C12 myoblasts were 
differentiated into myotubes and treated with LPS (0.2 mg/mL) for 24 h. Morphological evaluation revealed 

Specification [18F]ROStrace

Radiochemical yield (%, n.d.c.) N/A 13.6 ± 4.9

Radiochemical Purity (%) > 95% > 99%

Molar activity (GBq/µmol) at EOS > 37 129 ± 42

Visual inspection Clear, colorless, no precipitate Passes

pH 4.0–8.0 5.5-7.0

Radionuclide identity
105–115 min Passes

0.511 and 1.02 MeV Passes

Residual solvent analysis
Methanol (< 3000 ppm) ND

Acetonitrile (< 410 ppm) ND

Ethanol (< 10%, v/v) 6.22 ± 1.51 (max 7.41)

Endotoxins < 175 EU/V < 1.0 EU/mL

Stability at 2–8 °C 3 h from EOS (w/ aa) > 98%

Table 1.  Summary for production results. n.d.c., no-decay corrected; ND, not detected; w/ aa, with ascorbic 
acid.
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marked structural changes in the LPS-treated myotubes compared to untreated controls (Fig. 2A). Quantitative 
analysis showed that the average myotube width was significantly reduced in the LPS-treated group 
(13.7 ± 2.4 μm) compared to the control group (19.3 ± 0.5 μm, n = 3), indicating atrophic features (Fig. 2B). To 
assess mitochondrial function, cells were stained with MitoTracker Red CMXRos and fluorescence intensity was 
analyzed (Fig. 2C). Compared to myoblasts, differentiated myotubes showed a 1.5-fold increase in fluorescence 
intensity (153.8 ± 6.5%), suggesting increased mitochondrial membrane potential. However, LPS-treated 
myotubes exhibited a significantly reduced MitoTracker fluorescence signal (119.1 ± 10.9%, n = 3), indicating 
a decrease in mitochondrial membrane potential (ΔΨm) under oxidative stress conditions (Fig.  2D). This 
reduction reflects altered mitochondrial polarization consistent with increased oxidative burden but does not 
by itself confirm mitochondrial dysfunction or atrophic change. This alteration in ΔΨm was used to biologically 
validate oxidative stress induction. Additionally, RT-qPCR analysis demonstrated that the mRNA expression 
levels of muscle atrophy-related genes, MuRF-1 and Atrogin-1, were significantly elevated following LPS 
treatment. MuRF-1 expression increased by 1.5-fold and Atrogin-1 by 1.2-fold compared to untreated controls 
(n = 3, p < 0.05; Fig. 2E).

Assessment of ROS accumulation in LPS-treated myotubes using DHE fluorescence
To confirm whether the oxidative stress detected by [¹⁸F]ROStrace corresponded to increased ROS levels 
measured by a conventional ROS indicator, dihydroethidium (DHE) staining was performed in the in vitro 
model. C2C12 myotubes were incubated with 20 µM DHE for 30 min, and fluorescence images were acquired 
using a fluorescence microscope (Fig. 3A). Quantitative analysis revealed that the LPS-treated group exhibited 
a 1.9-fold increase in DHE fluorescence intensity (167.5 ± 70.9%) compared to the control group (n = 9). The 
difference was statistically significant, showing a marked increase (Fig. 3B).

PET analysis of [¹⁸F]ROStrace uptake in an in vivo skeletal muscle model of LPS-induced 
oxidative stress
A 90-minute dynamic PET scan was performed to evaluate [¹⁸F]ROStrace kinetics in control mice and low-dose 
LPS-induced oxidative stress mice (1 mg/kg; n = 3 per group). A lower LPS dose (1 mg/kg) was used during 
dynamic PET acquisition to ensure physiological stability under prolonged anesthesia, as higher doses (e.g., 
5  mg/kg) occasionally caused severe systemic responses during the 90-minute scan. The 1  mg/kg dose was 
sufficient to induce a mild inflammatory response, allowing assessment of tracer kinetics under stable imaging 
conditions. Time-activity curves (TACs) were generated from regions of interest in the hindlimb muscles 
(Fig. 4). Both groups showed a rapid increase in tracer uptake during the initial phase, followed by a plateau. 
Steady-state uptake was observed between 60 and 80 min post-injection, indicating an optimal window for static 
PET imaging in this model.

Fig. 1.  [¹⁸F]ROStrace uptake in C2C12 myotubes under oxidative stress conditions. (a) Time-dependent 
uptake of [¹⁸F]ROStrace in LPS-treated C2C12 myotubes. Cells were incubated with the tracer for 10, 30, 
60, and 120 min, and intracellular radioactivity was measured using a gamma counter (n = 5 per time point). 
Uptake is expressed as the percentage of the injected dose per well (%ID). (b) Comparative uptake of [¹⁸F]
ROStrace after 60 min of incubation in C2C12 myotubes treated with LPS (0.2 mg/mL), or pretreated with 
N-acetylcysteine (NAC, 3 mM) or piperlongumine (PL, 10 µM). LPS-treated myotubes showed significantly 
higher uptake than untreated controls (p = 0.0005, Cohen’s d = 3.54, 95% CI [− 3.627, − 1.509]), while NAC 
pretreatment reduced tracer uptake (p < 0.0001, Cohen’s d = 6.51, 95% CI [1.886, 2.974]). PL pretreatment 
resulted in significantly elevated uptake compared to untreated controls group (p = 0.0051, Cohen’s d = 2.54, 
95% CI [− 4.707, − 1.217]). Data are presented as mean ± standard deviation (SD); n = 5 for all groups.
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Fig. 3.  Assessment of ROS levels in C2C12 myotubes using DHE fluorescence. (a) Representative fluorescence 
images of C2C12 myotubes stained with dihydroethidium (DHE; 20 µM, 30 min) in control and LPS-treated 
groups. Scale bar = 100 μm. (b) Quantification of DHE fluorescence intensity. LPS-treated myotubes exhibited 
increased fluorescence compared to controls, although the difference was not statistically significant (n = 9, 
p = 0.0079, Cohen’s d = 1.43, 95% CI [− 131.1, − 23.29]). Data are presented as mean ± standard deviation (SD).

 

Fig. 2.  Biological and structural alterations in LPS-treated C2C12 myotubes. (a) Representative phase-contrast 
images of C2C12 myoblasts, differentiated myotubes, and LPS-treated myotubes (0.2 mg/mL, 24 h). Scale bar 
= 100 μm. (b) Quantification of myotube width in control and LPS-treated groups (n = 3, p = 0.0183, Cohen’s 
d = 3.14, 95% CI [1.537, 9.496]). (c) Representative fluorescence images of MitoTracker Red CMXRos-stained 
myoblasts, myotubes, and LPS-treated myotubes. Scale bar = 100 μm. (d) Quantification of MitoTracker 
fluorescence intensity relative to myoblasts (n = 3; myoblast vs. myotube, p = 0.0003, Cohen’s d = 9.63, 95% CI 
[− 66.52, − 41.16]; myotube vs. myotube + LPS, p = 0.009, Cohen’s d = 3.87, 95% CI [14.39, 55.00]). (e) Relative 
mRNA expression levels of MuRF-1 (p = 0.0454, Cohen’s d = 2.34, 95% CI [− 0.8699, − 0.01472]) and Atrogin-1 
(p = 0.0494, Cohen’s d = 2.28, 95% CI [− 0.3060, − 0.0006591]) in control and LPS-treated myotubes assessed by 
RT-qPCR (n = 3). Data are presented as mean ± SD.
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To evaluate in vivo oxidative stress in skeletal muscle, PET/CT imaging was performed 24  h after 
intraperitoneal administration of LPS (5 mg/kg). [¹⁸F]ROStrace was injected intravenously, and static PET/CT 
scans were acquired from 60 to 80 min post-injection. Quantitative analysis of tracer uptake in the hindlimb 
muscles revealed a significantly higher %ID/g in the LPS-treated group (2.2 ± 0.3%ID/g, n = 11) compared to the 
control group (0.9 ± 0.2%ID/g, n = 9), indicating elevated ROS levels in the LPS-induced oxidative stress model 
(Fig. 5).

Fig. 5.  [¹⁸F]ROStrace uptake in the hindlimb muscles of LPS-induced oxidative stress in skeletal muscle mice. 
Representative PET/CT images show [¹⁸F]ROStrace accumulation in the hindlimb regions of control (CTL) 
and LPS-treated mice (LPS, 5 mg/kg, 24 h post-injection). Sagittal, axial, and coronal views are displayed. 
Quantitative analysis of tracer uptake revealed significantly elevated uptake in the LPS group (2.2 ± 0.3%ID/g, 
n = 11) compared to the CTL group (0.9 ± 0.2%ID/g, n = 9) (p < 0.0001, Cohen’s d = 5.41, 95% CI [− 1.480, 
− 1.040]). Data are presented as mean ± standard deviation (SD).

 

Fig. 4.  Time acticity curve (TAC) of [18F]ROStrace in the hindlimb muscle of control and LPS-treated mice. 
Dynamic PET imaging was performed for 90 min following [¹⁸F]ROStrace injection (1 mg/kg LPS; n = 3 per 
group). TACs were derived from regions of interest in hindlimb muscles. The [18F]ROStrace uptake reached a 
plateau phase approximately 60–80 min post-injection (highlighted in red box).
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Biological and structural validation of LPS-induced oxidative stress in an in vivo skeletal 
muscle model
To confirm the induction of oxidative stress and associated molecular responses in skeletal muscle following LPS 
treatment, biological and histological evaluations were performed after PET imaging. The weight of the excised 
hindlimb muscles was significantly reduced in the LPS-treated group (112.7 ± 5.8 mg, n = 11) compared to the 
control group (138.4 ± 12.9 mg, n = 9) (Fig. 6A). At the molecular level, real-time RT-qPCR analysis revealed 
markedly elevated expression of muscle atrophy-related genes in the LPS group. MuRF-1 expression increased by 
approximately 13-fold (1.7 ± 1.2 vs. 22.2 ± 7.0), and Atrogin-1 expression increased by about 10-fold (1.5 ± 1.1 vs. 
14.8 ± 4.5) compared to the control group (n = 4 per group, p < 0.01 for both; Fig. 6B-C). Histological examination 
using hematoxylin and eosin staining showed structural alterations in the muscle fibers of LPS-treated mice 
(Fig. 6D). Quantitative analysis of muscle fiber cross-sectional area (CSA) demonstrated a significant reduction 
in the LPS group (1804.3 ± 121.8  μm²) compared to the control group (2659.6 ± 278.6  μm²), consistent with 
atrophic muscle morphology (n = 3 per group; Fig. 6E).

Validation of ROS accumulation in muscle tissue using DHE fluorescence
To verify whether [¹⁸F]ROStrace uptake reflected in vivo ROS levels, dihydroethidium (DHE) fluorescence 
imaging was performed on muscle tissues following PET imaging. Mice received intravenous injections of DHE 
(5 mg/kg), and hindlimb muscles were harvested 1 h later. The samples were rapidly frozen in isopentane cooled 
with liquid nitrogen, cryosectioned at 10 μm thickness at − 20 °C, and analyzed using fluorescence microscopy 
(Fig. 7A). Quantitative analysis of DHE fluorescence intensity revealed a significantly higher signal in the LPS-
treated group compared to controls (246.8 ± 12.3% vs. 100.0 ± 27.0%, n = 3, p = 0.001; Fig. 7B), consistent with the 
ROS distribution observed via [¹⁸F]ROStrace PET imaging.

Discussion
This study aimed to evaluate [¹⁸F]ROStrace PET as a redox-sensitive imaging probe for detecting ROS generation 
in skeletal muscle under inflammatory conditions known to contribute to atrophic changes. Our findings 
demonstrate that [¹⁸F]ROStrace enables direct, in vivo visualization of ROS generation, while complementary 
biological assays (MuRF-1, Atrogin-1, MitoTracker, and DHE) were used to contextually validate the imaging 
signal rather than to define atrophy itself27.

 In vitro, LPS-treated C2C12 myotubes exhibited significantly higher uptake of [¹⁸F]ROStrace compared 
to controls, consistent with an increase in intracellular ROS levels. This elevated uptake was attenuated by 
pretreatment with the ROS scavenger NAC, whereas treatment with PL, a known ROS enhancer, further increased 
[¹⁸F]ROStrace uptake, supporting the tracer’s redox sensitivity. Furthermore, mitochondrial membrane potential 
was reduced in LPS-treated myotubes, as indicated by diminished MitoTracker fluorescence, and the mRNA 

Fig. 6.  Biological and structural responses to LPS-induced oxidative stress in an in vivo skeletal muscle model. 
(a) Hindlimb muscle weight in control (n = 9) and LPS-treated mice (n = 11) (p < 0.0001, Cohen’s d = 2.67, 95% 
CI [16.64, 34.84]). (b, c) mRNA expression levels of MuRF-1 (p = 0.0012, Cohen’s d = 4.08, 95% CI [− 29.23, 
− 11.82]) and Atrogin-1 (p = 0.0011, Cohen’s d = 4.12, 95% CI [− 18.99, − 7.748]) in muscle tissue from each 
group assessed by RT-qPCR (n = 4 per group). (d) Representative H&E-stained images of muscle sections 
showing muscle fiber morphology (scale bar = 100 μm; n = 3 per group). (e) Quantification of muscle fiber 
cross-sectional area (CSA) between control and LPS-treated groups (p = 0.0082, Cohen’s d = 3.98, 95% CI 
[368.0, 1343]). Data are presented as mean ± standard deviation (SD).
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levels of atrophy-related genes MuRF-1 and Atrogin-1 were markedly elevated. These findings are consistent with 
previous studies showing that oxidative stress contributes to muscle wasting through mitochondrial dysfunction 
and proteasome-mediated protein degradation8,9,20,31,32. In this study, MitoTracker Red CMXRos staining was 
used to assess mitochondrial membrane potential (ΔΨm) as a supportive indicator of oxidative stress, rather 
than a direct measure of mitochondrial bioenergetic function. A reduction in ΔΨm reflects early alterations 
in mitochondrial homeostasis and redox balance that may accompany oxidative stress–induced signaling 
cascades, but it cannot independently confirm mitochondrial dysfunction or atrophic progression. Our intent 
was therefore to use ΔΨm changes to complement other molecular readouts—such as MuRF-1, Atrogin-1, and 
DHE fluorescence—to establish a consistent oxidative phenotype under LPS-induced stress conditions.

We also used DHE staining instead of MitoSOX to assess ROS levels because the chemical backbone of 
DHE shares structural similarity with [¹⁸F]ROStrace (DHE derivative). This provides a more direct validation 
of the tracer’s redox reactivity and allows correlation between fluorescence-based ROS detection and PET 
imaging results. While MitoSOX specifically detects mitochondrial superoxide, [¹⁸F]ROStrace primarily reflects 
total cellular ROS, including both mitochondrial and cytosolic sources. Therefore, DHE was considered more 
appropriate for validating the tracer’s overall redox sensitivity in this study.

Importantly, while oxidative stress is mechanistically linked to atrophic signaling, the present study focuses 
on imaging ROS accumulation rather than quantifying structural muscle loss. The observed alterations in 
mitochondrial potential and atrophy-related genes therefore serve as biological correlates confirming that [¹⁸F]
ROStrace uptake reflects redox imbalance within muscle cells.

In vivo, [¹⁸F]ROStrace PET/CT imaging revealed significantly increased tracer accumulation in the hindlimb 
muscles of LPS-induced atrophic mice compared to controls. This increased uptake was accompanied by a 
reduction in muscle mass, enlargement of muscle fiber cross-sectional area (CSA), and elevated expression 
of MuRF-1 and Atrogin-1, as confirmed by histological analysis and RT-qPCR. The pattern of [¹⁸F]ROStrace 
uptake also mirrored the DHE fluorescence data in both in vitro and in vivo settings, further supporting the 
tracer’s specificity for ROS detection and its utility as a redox imaging biomarker.

Notably, compared with previously reported ROS-targeted probes, [¹⁸F]ROStrace offers several distinct 
advantages. Most existing radiotracers targeting oxidative stress either suffer from low in vivo stability or lack 
sufficient sensitivity to transient ROS fluctuations. [¹⁸F]ROStrace, a fluorinated derivative of dihydroethidium 
(DHE), combines the high redox reactivity of DHE with favorable pharmacokinetics, enabling real-time, 
noninvasive quantification of total cellular ROS. Furthermore, current diagnostic approaches for muscle 
wasting—such as biopsy, MRI, and CT—are limited in their ability to assess dynamic biochemical changes. 
Biopsy is invasive and unsuitable for longitudinal evaluation, whereas MRI and CT primarily depict structural 
alterations without providing molecular insight into oxidative stress or proteolytic activity. In contrast, [¹⁸F]
ROStrace enables noninvasive visualization of reactive oxygen species (ROS) generation, providing a molecular 
biomarker of early pathological processes preceding overt tissue loss. Because muscle atrophy arises from 
multiple converging mechanisms—including oxidative stress, inflammation, and proteostasis imbalance—[¹⁸F]
ROStrace could contribute not only to mechanism-based diagnosis but also to the development and evaluation 
of targeted therapeutics.

Despite these promising findings, several limitations should be acknowledged. First, this study utilized an 
acute systemic inflammation model of LPS-induced oxidative stress in skeletal muscle, which may not fully 
represent chronic or progressive atrophic processes such as those observed in conditions such as sarcopenia, 
denervation, disuse, or neurogenic atrophy6. The sensitivity of [¹⁸F]ROStrace under low-grade or early-stage 
oxidative stress conditions therefore remains to be evaluated. Second, the biodistribution and pharmacokinetics 
of [¹⁸F]ROStrace in skeletal muscle may be influenced by factors such as regional perfusion, local metabolism, 

Fig. 7.  Assessment of ROS levels in an in vivo skeletal muscle model of LPS-induced oxidative stress using 
DHE fluorescence. (a) Representative fluorescence images of hindlimb muscle sections stained with DHE 
(5 mg/kg, 1 h post-injection) in control and LPS-induced muscle atrophic mice. Scale bar = 100 μm. (b) 
Quantification of DHE fluorescence intensity revealed significantly increased ROS levels in the LPS-treated 
group (246.8 ± 12.3%) compared to controls (100.0 ± 27.0%) (n = 3, p = 0.001, Cohen’s d = 7.00, 95% CI [-194.4, 
-99.26]). Data are expressed as mean ± standard deviation (SD).
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and systemic inflammatory status, which were not controlled or dissected in this study. Although a non-
specific perfusion tracer was not used, quantification was performed using small, vessel-free VOIs and during 
the steady-state phase (60–80 min post-injection), when transient perfusion effects and blood radioactivity 
fluctuations are expected to be minimal. Arterial blood sampling was also not performed, and thus SUVmean 
values were not corrected for blood tracer concentrations. While this may introduce some variability related to 
systemic clearance, the steady-state analysis likely mitigated major differences in blood activity. Nonetheless, this 
limitation should be considered when interpreting the quantitative data, and future studies incorporating blood 
sampling or image-derived input functions will improve kinetic accuracy.

Third, although [18F]ROStrace PET and DHE fluorescence provided consistent evidence of superoxide 
accumulation, both approaches reflect total cellular ROS rather than compartment-specific sources. Because 
[18F]ROStrace is a DHE-derived tracer, DHE staining was chosen to ensure a direct methodological correlation 
with PET imaging. Future studies employing mitochondrial-specific probes such as MitoSOX will further clarify 
the contribution of mitochondrial versus cytosolic ROS to the [18F]ROStrace signal and refine the interpretation 
of redox dynamics in skeletal muscle.

Finally, future longitudinal studies in alternative models—such as age-related sarcopenia, immobilization, 
and neurodegenerative muscle wasting—combined with functional assessments of muscle performance, will be 
important to establish the diagnostic and therapeutic potential of [¹⁸F]ROStrace PET for evaluating oxidative 
stress–related muscle pathology.

Conclusion
This study provides the first evidence that [¹⁸F]ROStrace PET can noninvasively visualize ROS accumulation 
as a molecular indicator of oxidative stress in skeletal muscle, offering a redox-specific imaging approach that 
complements, rather than replaces, structural or atrophy-related assessments. The [¹⁸F]ROStrace uptake showed 
a possible association with molecular markers of muscle degradation, such as MuRF-1 and Atrogin-1, and with 
structural changes in both in vitro and in vivo models, supporting its relevance as a redox-sensitive imaging 
tool. Although further validation across diverse models—including those driven by aging, disuse, or neurogenic 
mechanisms—is warranted, our findings highlight the potential of [¹⁸F]ROStrace PET/CT to enhance the 
mechanistic understanding and diagnostic assessment of oxidative stress in muscle wasting. Moreover, integrating 
this imaging modality with therapeutic interventions targeting redox imbalance may provide valuable insights 
into treatment efficacy and disease progression in oxidative stress–related muscle pathology.

Materials and methods
Synthesis of [18F]ROStrace
[18F]ROStrace was synthesized from the tosylate precursor (2-(4-(3,8-bis((tert-butoxycarbonyl)amino)-5-
methyl-5,6-dihydrophenanthridin-6-yl)phenoxy)ethyl 4-methylbenzenesulfonate) by nucleophilic aliphatic 
substitution with fluorine-18, as previously described with slight modifications as shown in Fig. 827,33. 
Briefly, fluorine-18 in O-18 enriched water (98%) was extracted on preactivated Sep-Pak Light Plus QMA 
carbonate cartridge (ethanol 10 mL and water for injection 10 mL; Waters, Milford, MA, USA) by 40% wt% 
tetrabutylammonium bicarbonate (TBAHCO₃) dissolved in 1 mL of methanol into the 4 mL reaction vial. The 
eluate was azeotropically evaporated twice with acetonitrile (CH₃CN, 0.4 mL) under a stream of nitrogen at 100 
°C to remove residual water. Subsequently, 2.7 mg of the ROS-tracer precursor in CH3CN: t-BuOH (0.45:0.05 
mL, 9:1, v/v) was added to the dried [18F]TBA+F− complex, and the reaction mixture was heated at 100 °C for 
15 min. For deprotection, 0.1 mL of trifluoroacetic acid (TFA) was added, and the mixture was incubated at 
80 °C for an additional 15 min. After cooled to room temperature, the mixture was neutralized with 1.2 mL 
of 1 N NaOH and diluted with 10 mL of deionized water. The solution was loaded onto a Sep-Pak Plus tC18 
cartridge (Waters), washed with 5 mL of water, and the product was eluted with 2 mL of 80% (v/v) CH3CN: H2O. 
The eluate was diluted with 1 mL of water, passed through a 0.45 μm UHP-HPLC filter and purified by semi-
preparative radio-HPLC (Waters, Xterra RP18; mobile phase: 40% CH₃CN:0.1 M ammonium formate; flow rate: 
4 mL/min; UV-254 nm and gamma detector). [18F]ROStrace was collected at a retention time of approximately 
21 min, diluted with 17 mL of water, and reloaded onto a tC18 cartridge. For the final formulation, desire [18F]
ROStrace was eluted with 90% EtOH: H2O, treated with sodium borohydride (NaBH4, 1 mg), and heated at 65 

Fig. 8.  Synthetic procedure of [18F]ROStrace.
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°C for 20 min. Ascorbic acid (5 mg) was then added to stabilize the product. The final [18F]ROStrace solution was 
diluted in either saline or culture medium for subsequent in vivo or in vitro applications.

Cell culture and differentiation
The mouse skeletal muscle myoblast cell line C2C12 (ATCC, Manassas, VA, USA) was cultured in growth medium 
(GM) consisting of high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; WELGENE, Gyeongsan, 
Korea) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 1% penicillin–
streptomycin (Gibco), and 0.05% Normocin™ (InvivoGen, San Diego, CA, USA). Cells were maintained at 37 
°C in a humidified atmosphere containing 5% CO₂. To preserve differentiation capacity, cells were passaged at 
50% confluency and only early-passage cells (passage number < 20) were used. For myogenic differentiation, 
C2C12 myoblasts were seeded in 6-well plates and allowed to reach 90–100% confluency. After 24 h, the GM was 
replaced with differentiation medium (DM), composed of DMEM supplemented with 2% horse serum (Gibco), 
to replace FBS34. Cells were maintained in DM for at least 5 days, with the medium changed every other day. 
Morphological differentiation into multinucleated myotubes was confirmed by daily microscopic observation. 
To induce oxidative stress and early atrophy-related signaling in vitro, differentiated myotubes were treated 
with 0.2 mg/mL lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO, USA) in DM. LPS-treated cells were 
incubated for 24 h prior to downstream analyses35,36. Where applicable, additional treatment groups such as 
antioxidant or oxidative enhancer conditions were included in the same culture format for subsequent cellular 
uptake experiments37.

Animals
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Ewha 
Womans University College of Medicine (Approval No. EWHA MEDIACUC 23-031-1) and were conducted in 
accordance with institutional and national guidelines, ARRIVE recommendations, and all relevant regulations. 
Male C57BL/6  N mice (7 weeks old) were obtained from Orient Bio (Seongnam, Korea) and acclimatized 
for one week prior to experimentation. Mice were housed in a temperature-controlled environment (24  °C, 
40% humidity) under a 12-hour light/dark cycle, with free access to standard chow and water. Animals were 
randomly assigned to either the control group (CTL, n = 12) or the LPS-induced oxidative stress in skeletal 
muscle group (LPS, n = 14). Within each group, subsets of mice were allocated for dynamic PET scans (90 min) 
or static scans (60–80 min post-injection). For the dynamic scan, both CTL and LPS groups included three mice 
(n = 3 per group); LPS-treated mice for this scan received 1 mg/kg of LPS (in 0.2 mL saline) via intraperitoneal 
injection. For the static scan, the remaining mice (CTL, n = 9; LPS, n = 11) were used, with LPS-treated mice 
receiving 5 mg/kg of LPS in the same volume. Before imaging, mice were anesthetized with 5% isoflurane for 
induction and maintained on 1–2% isoflurane in a 7:3 N₂/O₂ mixture. PET/CT scans were acquired 24 h after 
LPS injection in a dedicated small animal PET/CT (NanoPET/CT, Bioscan Inc., Washington, DC, USA). After 
imaging, animals were deeply anesthetized with isoflurane (2.5% in a 7:3 N₂/O₂ mixture) and euthanized by 
transcardiac perfusion with 1× PBS, consistent with the AVMA Guidelines for the Euthanasia of Animals (2020). 
The hindlimb muscles were then harvested, weighed, and processed for downstream analyses. For molecular 
assays, tissues were stored at − 80 °C (CTL and LPS, n = 4 per group). For histological evaluation, muscle samples 
were embedded in isopentane precooled in liquid nitrogen and stored appropriately (CTL and LPS, n = 3 per 
group).

Cell morphology observation and fluorescence imaging
The morphology of C2C12 myoblasts and differentiated myotubes was observed using an optical microscope 
(CKX53, Olympus, Tokyo, Japan). To assess morphological changes induced by LPS treatment, myotube width 
was measured at three distinct points along each fiber. Measurements were performed on multiple myotubes 
from three independent experiments. To evaluate mitochondrial membrane potential, cells were incubated 
with MitoTracker™ Red CMXRos (Invitrogen, Carlsbad, CA, USA) at a final concentration of 200 nM in either 
growth medium (GM) or differentiation medium (DM). For assessment of intracellular ROS levels, cells 
cultured in DM were treated with dihydroethidium (DHE; MedChemExpress, Monmouth Junction, NJ, USA) 
at a final concentration of 20 µM. After staining, cells were incubated in the dark for 30 min at 37 °C in a 5% 
CO₂ atmosphere and imaged using a fluorescence microscope (Ti2-U, Nikon, Tokyo, Japan). Quantification of 
myotube width and fluorescence intensity was performed using ImageJ software (version 1.53t, NIH, USA).

Cell uptake of [18F]ROStrace in C2C12 myotube
C2C12 myotubes were cultured in 6-well plates and divided into four experimental groups: untreated myotubes 
(Myotube, n = 5), LPS-treated myotubes (Myotube + LPS, n = 5), NAC-pretreated myotubes (Myotube + NAC + 
LPS, n = 5), and piperlongumine-pretreated myotubes (Myotube + PL + LPS, n = 5). To induce oxidative stress, 
0.2 mg/mL of LPS was added to the differentiation medium, and cells were incubated for 24 h. To validate the 
responsiveness of [¹⁸F]ROStrace to changes in oxidative stress levels, N-acetylcysteine (NAC; 3 mM), a ROS 
scavenger, was added 1 h prior to LPS exposure, while piperlongumine (PL; 10 µM), an enhancer of oxidative 
stress, was added 3 h before LPS treatment34. Both reagents were maintained in the medium throughout the LPS 
treatment period. After 24 h of LPS incubation, each well was incubated with differentiation medium containing 
[¹⁸F]ROStrace at a final activity of ~ 10 µCi per well. Each experimental group was further subdivided into 
four time-point subgroups and incubated with [¹⁸F]ROStrace for 10, 30, 60, and 120 min, respectively, at 37 
°C in a 5% CO₂ incubator. Following incubation, cells were washed with PBS, harvested via trypsinization, and 
transferred into pre-weighed tubes. The radioactivity of each sample was measured using a gamma counter 
(Wizard2 2480, PerkinElmer, Waltham, MA, USA), and counts were corrected for the decay of fluorine-18. 
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Standard reference samples of [¹⁸F]ROStrace were also measured in parallel for accurate quantification. The 
uptake of [¹⁸F]ROStrace was expressed as the percentage of the injected dose (%ID) per well.

microPET/CT imaging
All mice were anesthetized with 2.5% isoflurane and administered a single intravenous dose of [¹⁸F]ROStrace 
(7.0 ± 0.7 MBq). PET/CT imaging (NanoPET/CT, Mediso Medical Imaging Systems, Budapest, Hungary) was 
performed to assess tracer uptake in control (CTL, n = 12) and LPS-induced oxidative stress in skeletal muscle 
(LPS, n = 14) groups. Of these, mice from each group (n = 3 per group) were used for dynamic PET scans lasting 
90 min immediately following tracer injection. The remaining mice (CTL, n = 9; LPS, n = 11) underwent static 
PET imaging from 60 to 80  min post-injection, corresponding to the expected equilibrium phase of [¹⁸F]
ROStrace biodistribution. For static imaging, mice were allowed to recover and remain conscious for 60 min 
after tracer administration, then re-anesthetized with 2.5% isoflurane and subjected to PET/CT imaging for 
20  min. CT scans were acquired for attenuation correction and anatomical localization. PET images were 
reconstructed using a three-dimensional Adjoint Monte Carlo method with corrections for scattering and 
random events. Quantitative analysis was performed by manually drawing volumes of interest (VOIs) over 
hindlimb muscle regions in the fused PET/CT images, using a 2.0-mm radius region of interest delineated by 
the intensely visualized region in the summed image. Tracer uptake was expressed as the percentage of the 
injected dose per gram of tissue (%ID/g), calculated by normalizing PET signal intensity to the injected activity 
and the body weight of each mouse after attenuation correction. All PET/CT data were processed and analyzed 
using InterView Fusion software (version 3.03.089.00; Mediso Medical Imaging Systems, Budapest, Hungary).

Histological analysis
Following PET imaging, mice in both CTL and LPS-treated groups were further subdivided according to the 
intended analysis. For dihydroethidium (DHE) fluorescence imaging, mice (n = 3 per group) were intravenously 
injected with DHE at a dose of 5 mg/kg. One hour post-injection, hindlimb muscles were excised and rapidly 
frozen in isopentane pre-cooled with liquid nitrogen. Cryosections were prepared at a thickness of 10 μm using 
a cryostat maintained at − 20 °C. Fluorescence images were acquired using a fluorescence microscope (Ti2-U, 
Nikon), and quantitative analysis of fluorescence intensity was performed using ImageJ software (version 1.53t, 
NIH, USA). For hematoxylin and eosin (H&E) staining, hindlimb muscle tissues were also rapidly frozen in 
isopentane and cryosectioned at a thickness of 10 μm. Sections were stained using a commercial H&E staining 
kit according to the manufacturer’s protocol, and images were captured using a light microscope equipped with 
an image analysis system (BX50, Olympus, Tokyo, Japan). The cross-sectional area (CSA) of individual muscle 
fibers was measured using ImageJ software.

Real-time quantitative PCR
Total RNA was extracted from mouse hindlimb muscle tissues or differentiated C2C12 myotubes using the 
RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany), following the manufacturer’s instructions. First-strand 
cDNA synthesis was performed using the SuperScript™ III First-Strand Synthesis System (Invitrogen, Carlsbad, 
CA, USA). Quantitative real-time PCR was conducted on the QuantStudio 3 Real-Time PCR System (Applied 
Biosystems, MA, USA). The following gene-specific primers were used: MuRF-1: forward 5′-CTT CCT CTC AAG 
TGC CAA GCA-3′, reverse 5′-GTG TTC TAA GTC CAG AGT AAA GTA GTC CAT-3′; Atrogin-1: forward 5′-
GAC CGG CTA CTG TGG AAG AG-3′, reverse 5′-CCA GGA GAG AAT GTG GCA GT-3′; GAPDH (reference 
gene): forward 5′-AAG GTC ATC CCA GAG CTG AA-3′, reverse 5′-AGG AGA CAA CCT GGT CCT-3′). The 
thermal cycling conditions were as follows: an initial pre-incubation at 50 °C for 2 min and 95 °C for 2 min, 
followed by 40 cycles of amplification consisting of denaturation at 95 °C for 15 s and annealing/extension at 
60 °C for 1 min. Gene expression levels of MuRF-1 and Atrogin-1 were normalized to GAPDH expression and 
calculated using the comparative 2−ΔΔCT method relative to the average values of the control group.

Statistical analyses
All statistical analyses were performed using GraphPad Prism software (version 5.0; GraphPad Software, San 
Diego, CA, USA). Data normality and equality of variances were separately tested. Normality was assessed using 
the Shapiro–Wilk test to confirm that the data followed a normal distribution, and equality of variances between 
the two groups was evaluated using an F-test. When both assumptions were satisfied, the Student’s t-test was 
applied for comparison. A p-value of less than 0.05 was considered statistically significant. Data are presented 
as mean ± standard deviation (SD). In the present experiment, no data points were excluded from analysis. The 
number of replicates (n) reported for each experiment represents biological replicates (independent cell cultures 
or individual animals).

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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