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Abstract: Trimethylamine N-oxide (TMAO) has attracted interest because of its association with
cardiovascular disease and diabetes, and evidence for the beneficial effects of TMAO is accumulating.
This study investigates the role of TMAO in improving exercise performance and elucidates the
underlying molecular mechanisms. Using C2C12 cells, we established an oxidative stress model and
administered TMAO treatment. Our results indicate that TMAO significantly protects myoblasts from
oxidative stress-induced damage by increasing the expression of Nrf2, heme oxygenase-1 (HO-1),
NAD(P)H dehydrogenase (NQO1), and catalase (CAT). In particular, suppression of Nrf2 resulted in
a loss of the protective effects of TMAO and a significant decrease in the expression levels of Nrf2,
HO-1, and NQO1. In addition, we evaluated the effects of TMAO in an exhaustive swimming test in
mice. TMAO treatment significantly prolonged swimming endurance, increased glutathione and
taurine levels, enhanced glutathione peroxidase activity, and increased the expression of Nrf2 and its
downstream antioxidant genes, including HO-1, NQO1, and CAT, in skeletal muscle. These findings
underscore the potential of TMAO to counteract exercise-induced oxidative stress. This research
provides new insights into the ability of TMAO to alleviate exercise-induced oxidative stress via the
Nrf2 signaling pathway, providing a valuable framework for the development of sports nutrition
supplements aimed at mitigating oxidative stress.

Keywords: TMAO; exercise performance; oxidative stress; Nrf2 signaling pathway

1. Introduction

Trimethylamine N-oxide (TMAO, the chemical structure is shown in Figure S1) has
attracted interest because of its association with cardiovascular disease [1] and type 2
diabetes [2,3]. Elevated levels of TMAO have been suggested as a potential biomarker
for the early detection of metabolic syndrome [4], although recent evidence suggests that
TMAO may be a consequence of the disease rather than a causative factor [5]. Evidence
for the beneficial effects of TMAO is accumulating. In particular, TMAO has shown
protective properties for INS-1 beta cells and rat pancreatic islets under conditions of
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diabetic glucolipotoxicity [6]. In addition, studies have highlighted TMAO’s ability to
protect MC65 cells, decrease markers of oxidative damage, and mitigate oxidative stress
in the endoplasmic reticulum of streptozotocin-induced diabetic rats [7,8]. Our previous
research [9] has demonstrated the efficacy of TMAO in reducing antioxidant stress in H2O2-
induced C2C12 cells. However, the specific mechanisms by which TMAO counteracts
oxidative stress remain to be elucidated.

The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), a member of
the basic leucine zipper (bZIP) protein family, serves as a central orchestrator of the cellular
antioxidant defense mechanism, directing the expression of over 200 cytoprotective genes
in the wake of oxidative stress [10,11]. Under normal conditions, Nrf2 activity is modulated
by Kelch-like ECH-associated protein 1 (Keap1) [12,13] to maintain homeostasis. However,
under conditions of oxidative stress, Nrf2 undergoes nuclear translocation [14–16] and
triggers the transcription of key antioxidant genes, including heme oxygenase-1 (HO-1) [17],
NAD(P)H dehydrogenase (quinone 1) (NQO1) [18], and catalase (CAT) [19].

The beneficial effects of habitual exercise have been widely recognized and docu-
mented [20,21]. However, high-intensity exercise significantly increases the production of
reactive oxygen species (ROS), which temporarily disrupts the balance between ROS gener-
ation and neutralization. Although exercise-induced ROS play a pivotal role in improving
muscle performance, their excessive proliferation may disrupt the delicate balance between
pro- and antioxidants within cellular structures, culminating in oxidative stress and subse-
quent impairment of muscle contractility [22,23]. Numerous studies have demonstrated
that both prolonged and intense physical activity induce oxidative stress in humans [24],
and that this stress serves as a significant marker of muscle fatigue [21]. Enzymatic an-
tioxidants, including catalase (CAT), glutathione peroxidase (GSH-Px), and glutathione,
play a critical role in counteracting exercise-induced oxidative stress, thereby reducing the
likelihood of cellular damage during physical exertion [23,25,26]. High-intensity exercise
can deplete these endogenous antioxidants; however, replenishment through exogenous
antioxidant supplementation has shown promise in preventing their reduction, leading to
increased interest in antioxidant supplementation as a strategy to combat exercise-induced
oxidative stress [27].

In this study, we aimed to elucidate the molecular mechanisms underlying the effects of
TMAO and explore its potential application in enhancing exercise performance in mammals.
We showed that TMAO treatment significantly enhanced the proliferative capacity of
C2C12 myoblasts and significantly ameliorated oxidative stress-induced damage. This was
achieved through the upregulation of Nrf2 and its downstream genes, coupled with the
activation of the Nrf2 signaling pathway. In addition, our results clearly showed that TMAO
supplementation significantly prolonged the exhaustive swimming time of mice. This study
makes a notable contribution to the field by advancing our understanding of TMAO as
a sports nutritional supplement with the potential to improve muscle performance and
reduce exercise-induced oxidative stress.

2. Results
2.1. TMAO Prevented H2O2-Induced Damage in C2C12 Cells

In our previous research [9], we found that TMAO can alleviate oxidative stress and
identified the metabolic changes in C2C12 cells induced by H2O2 administration and
TMAO supplementation. To further explore the mechanisms by which TMAO reduces
oxidative stress, in this study we developed an oxidative stress model of C2C12 cells using
0.5 mM H2O2 and evaluated the effect of 5 mM TMAO supplementation on oxidative
stress-related damage, consistent with the methodology of previous studies (Figure S2).
Our results showed a significant decrease in both cell number and proliferative capacity
following H2O2 treatment (p < 0.0001) (Figure 1A,B). Notably, TMAO supplementation
resulted in an increase in cell number and density as shown in the morphological images. In
addition, we measured intracellular ROS levels in the three groups of C2C12 myoblasts with
a H2DCFDA probe. Significantly, TMAO supplementation eliminated the accumulated
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intracellular ROS induced by H2O2 (Figure 1C). This suggests that TMAO supplementation
can potentially improve the proliferation ability of H2O2-impaired C2C12 cells.
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Figure 1. TMAO supplementation apparently improved the proliferation ability of H2O2-impaired
C2C12 cells. (A) Representative morphological images of the cells. (B) Statistical analysis of cell
number by automated cell counting. (C) Intracellular ROS levels measured by fluorescence inten-
sity. Round: Con, Square: H2O2, Up Triangle: H2O2 + TMAO. Statistical significance: * p < 0.05;
** p < 0.01; **** p < 0.0001.

2.2. TMAO Promoted Expression Levels of Nrf2, HO-1, NQO1, and CAT in H2O2-Impaired
C2C12 Cells

Nrf2 is a key regulator of cellular responses to external stressors and plays a critical
role in coordinating antioxidant defense mechanisms [13]. The Keap1-Nrf2-ARE pathway
has been recognized as a primary regulatory system in the management of antioxidant
stress [15]. Extensive research has highlighted the ability of Nrf2 to increase the expres-
sion of its downstream antioxidant genes, including HO-1, NQO1, CAT, and glutathione,
thereby providing essential antioxidant protection [28–30]. Our results (Figure 2) highlight
a significant decrease in the expression levels of Nrf2, NQO1, HO-1, and CAT after admin-
istration of 0.5 mM H2O2. In contrast, supplementation with TMAO significantly restored
these levels, suggesting its efficacy in counteracting the H2O2-induced reduction in the
expression of these key proteins integral to antioxidant defense.

2.3. Knockdown of Nrf2 Decreased the Expression of Nrf2 and Its Downstream Genes in C2C12 Cells

To confirm the critical role of Nrf2 in the antioxidant function of TMAO, we used a
commercial Nrf2 knockdown kit, following the instructions provided. Optimal concen-
trations of siRNA Nrf2 and the transfection agent Lip2000 were determined, and 40 nM
siRNA Nrf2 and 32 nM Lip2000 were used for the cell experiment.

Compared to untreated control siRNA (siC) cells, untreated siRNA Nrf2 (siN) cells
showed significantly lower expression levels of Nrf2 and its downstream genes, with Nrf2
showing the most pronounced decrease (Figure 3). The H2O2-treated siC cells showed
significantly reduced expression levels of Nrf2, NQO1, and HO-1 compared to untreated siC
cells. However, H2O2-treated siN cells did not show significant changes in the expression
levels of Nrf2, NQO1, and HO-1 compared to untreated siN cells.
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its downstream genes. (A) Western blot of Nrf2, NQO1, and HO-1. (B–D) Expression levels of
Nrf2, NQO1, and HO-1. Statistical significance: ns p > 0.05, * p < 0.05; ** p < 0.01; *** p < 0.001,
**** p < 0.0001.

Strikingly, TMAO treatment effectively reversed the reduced expression levels of these
proteins in both H2O2-TMAO-treated siN and siC cells, regardless of Nrf2 knockdown
(Figure 3). In addition, the expression levels of Nrf2 and HO-1 were lower in siN cells com-
pared to siC cells. The expression levels in H2O2-TMAO-treated siN cells were significantly
lower than those in H2O2-TMAO treated siC cells. Notably, the fold increase in NQO1
and HO-1 expression in H2O2-TMAO-treated siC cells was significantly greater than that
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in H2O2-TMAO-treated siN cells. These results suggest that TMAO treatment alleviates
oxidative stress-induced damage by increasing the expression of Nrf2 and its downstream
antioxidant genes.

2.4. TMAO Increased the Exhaustive Swimming Times of Mice

To assess the efficacy of TMAO in improving exercise performance, we measured ex-
haustive swim time (EST) in both the exercise (Ex) and TMAO-treated exercise
(Ex + TMAO) groups of mice on Days 1, 5, 9, and 13 following treatment. Compared
to the Ex mice, the Ex + TMAO mice showed a gradual and significant increase in EST over
the course of treatment, particularly between Day 9 and Day 1 (p < 0.05) and between Day
13 and Day 1 (p < 0.01), as shown in Figure 4. These results indicate that TMAO treatment
significantly improved the endurance exercise capacity of the mice.
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Figure 4. TMAO treatment significantly increased the exhaustive swimming times of mice on Days 9
and 13 compared to Day 1 of treatment. Statistical significance: ns, p > 0.05; * p < 0.05; ** p < 0.01.

2.5. TMAO Enhanced Antioxidant Activity in the Mouse Gastrocnemius

Oxidative stress and lipid peroxide accumulation are widely recognized as key con-
tributors to exercise-induced muscle fatigue. To investigate the correlation between TMAO
treatment and its potential antioxidant activities in alleviating skeletal muscle fatigue, we
quantified the levels of antioxidant compounds such as glutathione and taurine using
NMR spectroscopy (Figure S3). In addition, we assessed the activity of the key antioxidant
enzyme GSH-Px in the mouse gastrocnemius using a specialized assay kit.

The Ex group showed significantly decreased levels of glutathione and taurine com-
pared to the Con group (p < 0.0001). Significantly, TMAO treatment increased the levels of
these two antioxidants (Figure 5A,B, Table S1). In addition, the Ex group also showed a
decreased activity of GSH-Px compared to the Con group (p < 0.01) (Figure 5C). Similarly,
TMAO treatment observably increased the activity of GSH-Px in the Ex + TMAO group
compared to the Ex group (p < 0.05). Conversely, TMAO treatment did not result in statisti-
cally significant changes in the levels of glutathione and taurine nor the activity of GSH-Px
in the TMAO group compared to the Con group.

2.6. TMAO Promoted the Expression of Nrf2 and Its Downstream Genes in the Mouse Gastrocnemius

Given the central role of Nrf2 in modulating antioxidant enzymes and maintaining
cellular redox balance, we analyzed proteins associated with the Nrf2 pathway. This
comparative analysis revealed a significant decrease in the expression levels of Nrf2,
NQO1, HO-1, and CAT proteins in the Ex group gastrocnemii compared to the Con group.
Interestingly, TMAO treatment was able to partially restore the expression levels of these
proteins in Ex + TMAO gastrocnemii (Figure 6). However, the expression levels of these
proteins in the TMAO-treated gastrocnemii did not show significant differences compared
to the Con group.
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3. Discussion

Oxidative stress, a common byproduct of exercise, disrupts the balance between cellu-
lar pro- and antioxidant systems [23], potentially leading to cellular dysfunction [22]. The
importance of endogenous antioxidants in reducing cellular damage during exercise high-
lights the importance of antioxidant supplementation [25,31]. In addition, the proliferation
of muscle satellite cells plays a critical role in muscle development, repair during exercise,
and adaptation to challenges such as disease, injury, and aging [32] and is essential for
maintaining skeletal muscle homeostasis [33].

Our study demonstrates that TMAO treatment effectively protects myoblasts from
oxidative stress-induced damage by upregulating the expression of Nrf2 and its down-
stream genes. We also observed that TMAO treatment significantly increased EST in mice,
increased glutathione and taurine levels, improved GSH-Px activity, and stimulated the
expression of Nrf2 and its related antioxidant genes in skeletal muscle.

Previous research has shown a significant decrease in urinary TMAO levels in elite
athletes and active women following acute exercise [34], with an approximate 20–21%
reduction in TMAO levels one hour after exercise and a gradual return to baseline [35]. De-
spite differing views, there is an emerging consensus regarding the decrease in TMAO levels
following exercise. Additional studies have detected d9-TMAO and d9-trimethylamine in
skeletal muscle six hours after ingestion of 50 mg d9-TMAO in healthy men [36], suggesting
a possible role for TMAO during exercise.
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Consistent with these findings, TMAO treatment significantly improved EST in mice,
highlighting its role in reducing oxidative stress. This is consistent with the previously
demonstrated potential of TMAO in various contexts, such as protecting against endo-
plasmic reticulum stress in diabetic rats [8] and effectively suppressing F2-isoprostane
levels in MC65 cells [7]. TMAO also limits electron leakage from the mitochondrial electron
transport chain, thereby reducing ROS production [37]. Our previous research supports
these findings by demonstrating the efficacy of TMAO in alleviating H2O2-induced ox-
idative stress in C2C12 myoblasts [9]. Taken together, these results highlight the multiple
antioxidant properties of TMAO and its potential as a therapeutic agent against oxidative
stress-induced damage.

Nrf2, a critical transcription factor, is key to maintaining cellular redox balance and is
primarily regulated by Keap1 [12,13]. Keap1 binds to the N-terminal regulatory domain of
Nrf2 and represses its transcriptional activity [38]. Under oxidative stress, Nrf2 is released
from Keap1 repression, translocates to the nucleus, binds to the antioxidant response
element (ARE), and coordinates the transcription of several antioxidant genes, significantly
enhancing cellular resistance to oxidative stress [39].

Our study, in line with the existing literature [40,41], focused on the critical role of
Nrf2 and its downstream genes in combating oxidative stress. We observed a significant
decrease in the expression of NQO1, HO-1, Nrf2, and CAT after H2O2 exposure in C2C12
myoblasts (Figure 2). Remarkably, TMAO treatment counteracted this decrease, suggesting
that TMAO influences cellular oxidative stress responses through the Nrf2 pathway and its
gene targets.

To confirm the essential role of Nrf2 in the protective mechanism of TMAO, we
used siRNA to reduce Nrf2 expression. Knockdown of Nrf2 significantly attenuated the
upregulation of Nrf2, NQO1, and HO-1 by TMAO (Figure 3), firmly establishing Nrf2 as
a key upstream regulator in the protective effects of TMAO in C2C12 myoblasts under
oxidative stress.

Skeletal muscle, which accounts for nearly half of total body mass [42], is critical
for force generation through coordinated muscle fiber contractions during physical ac-
tivity. This process is highly dependent on the precise regulation of the stress response
and antioxidant defense mechanisms [43,44]. Due to its high oxygen consumption and
metabolic activities, skeletal muscle and its satellite cells are continuously exposed to an
oxidant-rich environment [45]. Intense exercise increases this oxidative load, potentially
compromising muscle fiber integrity [46,47] and thus affecting muscle strength and overall
health [42]. Therefore, the strategic use of antioxidants is critical to effectively prevent
skeletal muscle damage.

Glutathione, a tripeptide composed of glutamate, cysteine, and glycine, derives its
biological activity from the sulfhydryl (SH) group in cysteine [48,49]. As the predominant
low-molecular-weight thiol in cells, glutathione is an important non-protein antioxidant
that provides a robust defense against oxidative stress [48]. At the same time, taurine,
a versatile free amino acid, plays an important role in calcium-dependent excitation–
contraction processes and contributes to cell volume regulation and antioxidant defense in
skeletal muscle [50], establishing it as a natural antioxidant.

Glutathione peroxidase (GSH-Px), a vital peroxidolytic enzyme, is critical in scav-
enging excess ROS and regulating redox balance by converting reduced glutathione to its
oxidized form. It also converts toxic hydrogen peroxide to non-toxic hydroxyl compounds,
thereby limiting peroxide-induced cell damage and preserving cell membrane integrity [51].
Our study showed a significant decrease in glutathione, taurine, and GSH-Px activity in the
Ex mouse gastrocnemius, while the Ex + TMAO mouse gastrocnemius showed a significant
upregulation of these antioxidant parameters (Figure 5), highlighting the role of TMAO
in enhancing antioxidant defenses and mitigating exercise-induced oxidative stress in
skeletal muscle.

Given the exercise-induced oxidative stress and the remarkable effect of TMAO treat-
ment on EST prolongation in mice, we investigated oxidative stress markers in their skeletal
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muscles. Our results show a pronounced decrease in antioxidant levels (glutathione and
taurine) and enzyme activity (GSH-Px), along with reduced expression of antioxidant
proteins (Nrf2, NQO1, HO-1, and CAT) after exhaustive swimming. Notably, TMAO
treatment resulted in significant increases in these antioxidants, enzymes, and proteins
(Figures 5 and 6), suggesting its efficacy in counteracting oxidative stress induced by
exhaustive swimming through the Nrf2/antioxidant signaling pathway.

In conclusion, our research confirms the role of TMAO in reducing exercise-induced
oxidative stress and improving muscle performance. This study lays the groundwork for
further exploration of the long-term effects and applicability of TMAO supplementation
in various exercise modalities. Our future research will aim to extend the duration of
TMAO supplementation and examine its effects across a range of exercise intensities and
types. By expanding the scope of our research, we aim to refine current knowledge and
identify new strategies for optimizing TMAO supplementation, particularly in the context
of exercise-induced oxidative stress and performance enhancement.

4. Materials and Methods
4.1. Reagents and Antibodies

C2C12 myoblasts were obtained from the Stem Cell Bank, Chinese Academy of Sci-
ences, China (Shanghai, China). High purity hydrogen peroxide (H2O2) (30%, 10011218,
China) was purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
TMAO of 95% purity was purchased from Sigma-Aldrich (St. Louis, MO, USA) (317594-5G).
The GSH-Px assay kit (A005-1-2) was purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Nrf2 small interfering RNA (siRNA) was provided by Santa
Cruz Biotechnology, Inc. (sc-37049, Dallas, TX, USA). Lipofectamine 2000 (lip2000) for
transfection was purchased from Thermo Fisher Scientific (68019, Waltham, MA, USA).
Antibodies used in this study include Nrf2 (#12721, CST, USA), HO-1 (#43966, CST, USA),
NQO1 (#62262, CST, USA), CAT (21260-1-AP, Proteintech, Wuhan, China), and GAPDH
(10494-1-AP, Proteintech, China).

4.2. Cell Culture and Treatments

C2C12 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone,
Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Gaithersburg,
MD, USA), 100 units/mL penicillin, and 100 µg/mL streptomycin in a 5% CO2 atmosphere
at 37 ◦C.

For the experimental setup, C2C12 cells were divided into three groups: control (Con),
H2O2-treated (H2O2), and H2O2-TMAO-treated (H2O2 + TMAO) (Figure S4). First, cells
were grown in normal growth medium (GM) for 24 h until they reached 50–60% confluence.
They were then exposed to 0.5 mM H2O2 for 2 h. After this exposure, the culture medium
was changed to either normal GM for the H2O2-treated cells or normal GM supplemented
with 5 mM TMAO for the H2O2-TMAO-treated cells. Both groups were further cultured
for 24 h. At the same time, control cells were maintained in normal GM for the entire 50 h
culture period.

4.3. Cell Transfection for Assessing the Impact of siRNA Nrf2

C2C12 cells were divided into six groups: untreated siControl (siC), H2O2-treated
siControl (H2O2 siC), H2O2-TMAO-treated siControl (H2O2-TMAO siC), untreated siNrf2
(siN), H2O2-treated siNrf2 (H2O2 siN), and H2O2-TMAO-treated siNrf2 (H2O2-TMAO
siN). Final concentrations of 0.5 mM for H2O2 and 5 mM for TMAO were added in the
experimental setup (Figure S5).

C2C12 cells in the H2O2-treated and H2O2-TMAO-treated siC/siN groups (hereafter
referred to as treated groups) were cultured in normal GM for 12 h until they reached
40–50% confluence. Then, either RNA (40 nM) or Lipofectamine 2000 reagent (32 nM)
was diluted in Opti-MEM medium, and the diluted RNA was added to the diluted Lipo-
fectamine 2000 reagent (1:1 ratio) and incubated for 5 min at room temperature. The
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RNA–lipid complex was added to the cells and incubated at 37 ◦C for 5 h. The Opti-MEM
medium was then replaced with normal GM and the cells were exposed to H2O2 for 2 h.
The culture medium was then switched, with H2O2-treated siC/siN cells receiving normal
GM and H2O2-TMAO-treated siC/siN cells receiving normal GM supplemented with
TMAO. All four treated groups were further cultured for 24 h. C2C12 cells in the untreated
siC/siN group were maintained in GM for 26 h after transfection (5 h).

4.4. Cell Viability and Proliferation Assay

To explore the effects of H2O2 administration and TMAO supplementation on the
proliferative ability of C2C12 cells, cell viability was assessed using the CellTiter 96 AQue-
ous One Solution Cell Proliferation Assay Kit (Promega, Madison, WI, USA). C2C12
cells were seeded in 96-well plates at a density of 6 × 103 cells per well and cultured
as previously described [29]. Briefly, 20 µL of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium) was added to each well, and
the plates were covered with tin–platinum paper before incubation in the dark at 37 ◦C for
3 h. Formazan absorbance was then measured at 490 nm using a microplate reader (BioTek,
Winooski, VT, USA).

To measure the proliferative effect of TMAO supplementation on the H2O2-impaired
C2C12 cells, the automated cell counting method was used. First, the adherent C2C12
cells were washed three times with PBS to remove dead cells. Then, 1 mL of trypsin was
added to the cell culture dish for digestion for 1 min, followed by the addition of 1 mL
of DMEM to create a cell suspension. This suspension was then transferred to a 2 mL
Eppendorf tube and centrifuged at 1000 rpm for 30 s in a microcentrifuge. After removing
the supernatant, the cells were resuspended in 1 mL of PBS. After 10-fold dilution, 20 µL of
the cell suspension was added to a counting plate (CO010101, Countstar, Shanghai, China).
The plate was placed in an automated cell counter (IC1000, Countstar, Shanghai, China)
and the average was calculated.

4.5. ROS Level

Intracellular ROS levels were measured with the fluorescent cell permeable probe
H2DCFDA (2′,7′-dichlorofluorescin diacetate) (Sigma, D6883). C2C12 myoblasts were
cultured in DMEM as described above, then washed three times with PBS, followed by
incubation with H2DCFDA (5 µM) for 30 min at 37 ◦C. Subsequently, the cells were washed
again with PBS three times. Intracellular ROS levels were determined by the fluorescence
intensity of H2DCFDA detected by a fluorescence microplate reader.

4.6. Animals and Ethical Approval

All experimental protocols were approved by the Animal Care and Use Committee of
Beijing Sport University (2021127A). The study strictly adhered to the relevant institutional
and governmental guidelines and regulations governing the ethical treatment of animals.
Male C57BL/6 mice, aged 11 weeks, were obtained from Beijing Huafukang Biotechnology
Co., Ltd. (Beijing, China). These mice were carefully housed in a controlled environment
with a 12 h light/12 h dark cycle to promote their overall well-being and reduce stress.

4.7. Western Blotting

Protein isolation from 50 mg of gastrocnemius tissue was conducted utilizing RIPA
protein extraction reagents (Thermo Fisher, Waltham, MA, USA). Protein concentrations
were determined using the BCA protein analysis kit (Beyotime, Shanghai, China). An equal
amount of protein from each sample was then subjected to SDS-PAGE and transferred to
PVDF membranes (GE, Freiburg, Germany). Following a 1 h blocking step with 5% nonfat
dry milk, the membranes were probed with anti-Nrf2, NQO1, HO-1, CAT, and GAPDH
antibodies overnight at 4 ◦C. After thorough washing with TBST, the membranes were
incubated with horseradish peroxidase-conjugated antibodies, and protein bands were
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visualized by enhanced chemiluminescence. The density of protein bands was quantified
using ImageJ software 1.8.0 (National Institutes of Health, Bethesda, Rockville, MD, USA).

4.8. Animal Experimental Design

The experimental design is shown in Figure 7. Mice were randomly assigned to one of
four groups: the sedentary saline control group (Con), the sedentary TMAO-treated group
(TMAO), the exhausted saline control group (Ex), and the exhausted TMAO-treated group
(Ex + TMAO).
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To ensure effective adaptation for the swimming tests, we implemented a detailed
two-week adaptation protocol in a water tank measuring 80 cm long, 50 cm wide, and
90 cm deep. Mice underwent training sessions five days per week to adapt to the aquatic
environment, which was maintained at a constant temperature of 30 ± 2 ◦C. As outlined in
Table 1, the adaptive swimming program included a variety of swimming activities tailored
to gradually introduce the mice to swimming. Consistent with protocols from previous
studies [52], mice in the exhausted group wore additional weights ranging from 1% to 5%
of their body weight attached to their tails with lead skin from the first to the fifth day of the
second week. Buoyancy control measures were consistently applied during the swimming
sessions. During the first week, exercise duration was gradually increased from 10 to
50 min over five days. During the second week, a uniform daily swimming regimen of
30 min was followed (see Table 1). The exhausted groups underwent four exhaustion trials
with a four-day rest period between each trial. A mouse was considered exhausted if it
could not keep its head above water for more than 10 s. After the swimming exercise,
each mouse was gently dried with a towel and hair dryer before being returned to its cage.
Before the final exhaustion test (the 4th exhaustion), the mice were fasted for 4 h and then
immediately subjected to the swimming test. After the swimming exercise, the epidermis
was carefully removed, and bilateral gastrocnemius tissues were rapidly excised, snap
frozen in liquid nitrogen, and then stored at −80 ◦C for future biochemical analysis.

4.9. Preparation of NMR Samples

Approximately 70 mg of gastrocnemius tissue was obtained after excision of the
Achilles tendon and superficial fascia. A solvent mixture consisting of methanol, chloro-
form, and water in a 4:4:2.85 ratio was used to isolate aqueous metabolites from the skeletal
muscle. The tissue was then homogenized at a frequency of 65 Hz for 60 s. This was
followed by two minutes of vortexing and 15 min of centrifugation at 12,000 rpm and 4 ◦C.
The upper aqueous layer was then dried with a stream of nitrogen and lyophilized to a fine
powder. This powder was resuspended in 550 µL of NMR buffer to achieve a concentration
of 1 mM sodium 3-(trimethylsilyl) propionate-2,3,3,4 (TSP). All samples were thoroughly
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vortexed and centrifuged before being transferred to 5 mm NMR tubes to prepare them for
subsequent NMR spectroscopic analysis.

Table 1. The adaptive swimming exercise program.

Date Training Time (min) Overload (%)

Week 1
Day 1 10 no
Day 2 20 no
Day 3 30 no
Day 4 40 no
Day 5 50 no

Week 2
Day 1 30 1
Day 2 30 2
Day 3 30 3
Day 4 30 4
Day 5 30 5

4.10. NMR Measurements

One-dimensional (1D) 1H-NMR spectra were acquired at 25 ◦C on a Bruker Avance
III 850 MHz NMR spectrometer (Bruker Bio Spin, Ettlingen, Germany) equipped with a
TCI cryoprobe. The NOESYGPPR1D pulse sequence was used with a relaxation delay of
4 s, 32 scans, and a spectral width of 20 ppm. The acquired spectra were then processed
using MestReNova 9.0 software (Mestrelab Research S.L., Santiago de Compostela, Spain),
including phase correction and baseline correction. The methyl groups of the TSP molecule
were set to 0 ppm for chemical shift calibration. The spectral region from 9.5 to 0.6 ppm
was segmented into 0.001 ppm bins for further statistical analysis. The water region from
5.2 to 4.7 ppm was excluded to eliminate distortion from the residual water resonance in
all 1D 1H spectra.

Singlets or non-overlapping resonances in each NMR spectrum were selected to
calculate metabolite integrals, normalized using both the TSP spectral integral and the
tissue weight. These normalized integrals represented the relative levels of the assigned
metabolites, presented as mean ± standard deviation (SD). Pairwise comparisons of the
relative levels of metabolites were performed using GraphPad Prism software (version
8.3.0, La Jolla, CA, USA).

4.11. Measurement of GSH-Px Activity in the Mouse Gastrocnemius

Gastrocnemius tissues were processed according to the protocol described in the
instructions for the GSH-Px assay kit. Briefly, the tissues were mixed with the assay
reagents and incubated at room temperature for 15 min. The absorbance value of the mouse
gastrocnemius tissue was then measured at 412 nm using a multimode microplate reader
(POLAR 4star Omega, Offenburg, Germany) with a 1 cm optical path, according to the
manufacturer’s instructions. The GSH-Px activity was then calculated from the measured
absorbance value.

4.12. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 8.3.0
(La Jolla, CA, USA). Data are expressed as mean ± standard deviation (SD). Pairwise
comparisons were performed using a two-tailed Student’s t-test. Differences with p < 0.05
were considered statistically significant.

5. Conclusions

This study represents a significant advance in understanding the benefits of TMAO
treatment in mitigating exercise-induced oxidative stress, particularly through its intricate
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interaction with the Nrf2 signaling pathway. Our findings elucidate the molecular mech-
anisms of TMAO treatment, paving the way for its potential application as an effective
sports nutrition supplement. The knowledge gained from this research provides a solid
foundation for future efforts to optimize muscle performance and reduce oxidative damage
through strategic nutritional approaches.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29040759/s1. Figure S1: The chemical structure of
TMAO; Figure S2: Effects of H2O2 administration and TMAO supplementation on the proliferative
ability of C2C12 cells. Figure S3: Local amplified regions of glutathione and taurine peaks in a typical
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13. Goldstein, A.; Soroka, Y.; Frušić-Zlotkin, M.; Lewis, A.; Kohen, R. The bright side of plasmonic gold nanoparticles; activation of

Nrf2, the cellular protective pathway. Nanoscale 2016, 8, 11748–11759. [CrossRef]
14. Yamamoto, T.; Suzuki, T.; Kobayashi, A.; Wakabayashi, J.; Maher, J.; Motohashi, H.; Yamamoto, M. Physiological Significance of

Reactive Cysteine Residues of Keap1 in Determining Nrf2 Activity. Mol. Cell. Biol. 2008, 28, 2758–2770. [CrossRef]
15. Lee, J.-M.; Johnson, J.A. An important role of Nrf2-ARE pathway in the cellular defense mechanism. J. Biochem. Mol. Biol. 2004,

37, 139–143. [CrossRef]
16. Nioi, P.; Nguyen, T.; Sherratt, P.J.; Pickett, C.B. The Carboxy-Terminal Neh3 Domain of Nrf2 Is Required for Transcriptional

Activation. Mol. Cell. Biol. 2005, 25, 10895–10906. [CrossRef]
17. Jarmi, T.; Agarwal, A. Heme oxygenase and renal disease. Curr. Hypertens. Rep. 2009, 11, 56–62. [CrossRef] [PubMed]
18. Venugopal, R.; Jaiswal, A.K. Nrf1 and Nrf2 positively and c-Fos and Fra1 negatively regulate the human antioxidant response

element-mediated expression of NAD(P)H:quinone oxidoreductase(1) gene. Proc. Natl. Acad. Sci. USA 1996, 93, 14960–14965.
[CrossRef] [PubMed]

19. Chelikani, P.; Fita, I.; Loewen, P.C. Diversity of structures and properties among catalases. Cell. Mol. Life Sci. 2004, 61, 192–208.
[CrossRef]

20. Piercy, K.L.; Troiano, R.P.; Ballard, R.M.; Carlson, S.A.; Fulton, J.E.; Galuska, D.A.; George, S.M.; Olson, R.D. The Physical Activity
Guidelines for Americans. JAMA 2018, 320, 2020–2028. [CrossRef] [PubMed]

21. Magherini, F.; Fiaschi, T.; Marzocchini, R.; Mannelli, M.; Gamberi, T.; Modesti, P.A.; Modesti, A. Oxidative stress in exercise
training: The involvement of inflammation and peripheral signals. Free Radic. Res. 2019, 53, 1155–1165. [CrossRef]

22. Powers, S.K.; Jackson, M.J. Exercise-Induced Oxidative Stress: Cellular Mechanisms and Impact on Muscle Force Production.
Physiol. Rev. 2008, 88, 1243–1276. [CrossRef]

23. Powers, S.K.; Hamilton, K. Antioxidants and exercise. Clin. Sports Med. 1999, 18, 525–536. [CrossRef]
24. Fritzen, A.M.; Lundsgaard, A.-M.; Kiens, B. Dietary Fuels in Athletic Performance. Annu. Rev. Nutr. 2019, 39, 45–73. [CrossRef]

[PubMed]
25. Powers, S.K.; Ji, L.L.; Leeuwenburgh, C. Exercise training-induced alterations in skeletal muscle antioxidant capacity: A brief

review. Med. Sci. Sports Exerc. 1999, 31, 987–997. [CrossRef] [PubMed]
26. Ji, L.L. Antioxidants and oxidative stress in exercise. Proc. Soc. Exp. Biol. Med. 1999, 222, 283–292. [CrossRef] [PubMed]
27. Palazzetti, S.; Rousseau, A.-S.; Richard, M.-J.; Favier, A.; Margaritis, I. Antioxidant supplementation preserves antioxidant

response in physical training and low antioxidant intake. Br. J. Nutr. 2004, 91, 91–100. [CrossRef] [PubMed]
28. Ryter, S.W.; Alam, J.; Choi, A.M.K. Heme oxygenase-1/carbon monoxide: From basic science to therapeutic applications. Physiol.

Rev. 2006, 86, 583–650. [CrossRef] [PubMed]
29. Mann, G.E.; Forman, H.J. Introduction to Special Issue on ‘Nrf2 Regulated Redox Signaling and Metabolism in Physiology and

Medicine. Free Radic. Biol. Med. 2015, 88 Pt B, 91–92. [CrossRef]
30. Warpsinski, G.; Smith, M.J.; Srivastava, S.; Keeley, T.P.; Siow, R.C.; Fraser, P.A.; Mann, G.E. Nrf2-regulated redox signaling in

brain endothelial cells adapted to physiological oxygen levels: Consequences for sulforaphane mediated protection against
hypoxia-reoxygenation. Redox Biol. 2020, 37, 101708. [CrossRef] [PubMed]

31. Yavari, A.; Javadi, M.; Mirmiran, P.; Bahadoran, Z. Exercise-induced oxidative stress and dietary antioxidants. Asian J. Sports Med.
2015, 6, e24898. [CrossRef]

32. Alway, S.E.; Myers, M.J.; Mohamed, J.S. Regulation of Satellite Cell Function in Sarcopenia. Front. Aging Neurosci. 2014, 6, 246.
[CrossRef]

33. Kurosaka, M.; Ogura, Y.; Funabashi, T.; Akema, T. Early Growth Response 3 (Egr3) Contributes a Maintenance of C2C12 Myoblast
Proliferation. J. Cell. Physiol. 2017, 232, 1114–1122. [CrossRef] [PubMed]

34. Enea, C.; Seguin, F.; Petitpas-Mulliez, J.; Boildieu, N.; Boisseau, N.; Delpech, N.; Diaz, V.; Eugène, M.; Dugué, B. 1H NMR-based
metabolomics approach for exploring urinary metabolome modifications after acute and chronic physical exercise. Anal. Bioanal.
Chem. 2010, 396, 1167–1176. [CrossRef] [PubMed]

35. Pechlivanis, A.; Papaioannou, K.G.; Tsalis, G.; Saraslanidis, P.; Mougios, V.; Theodoridis, G.A. Monitoring the Response of the
Human Urinary Metabolome to Brief Maximal Exercise by a Combination of RP-UPLC-MS and 1H NMR Spectroscopy. J. Proteome
Res. 2015, 14, 4610–4622. [CrossRef] [PubMed]

https://doi.org/10.1016/j.nbd.2006.10.003
https://www.ncbi.nlm.nih.gov/pubmed/17141508
https://doi.org/10.2337/db12-0716
https://www.ncbi.nlm.nih.gov/pubmed/23364451
https://doi.org/10.3390/biom12091288
https://www.ncbi.nlm.nih.gov/pubmed/36139126
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1002/mc.20465
https://doi.org/10.1039/C6NR02113A
https://doi.org/10.1128/MCB.01704-07
https://doi.org/10.5483/BMBRep.2004.37.2.139
https://doi.org/10.1128/MCB.25.24.10895-10906.2005
https://doi.org/10.1007/s11906-009-0011-z
https://www.ncbi.nlm.nih.gov/pubmed/19146802
https://doi.org/10.1073/pnas.93.25.14960
https://www.ncbi.nlm.nih.gov/pubmed/8962164
https://doi.org/10.1007/s00018-003-3206-5
https://doi.org/10.1001/jama.2018.14854
https://www.ncbi.nlm.nih.gov/pubmed/30418471
https://doi.org/10.1080/10715762.2019.1697438
https://doi.org/10.1152/physrev.00031.2007
https://doi.org/10.1016/S0278-5919(05)70166-6
https://doi.org/10.1146/annurev-nutr-082018-124337
https://www.ncbi.nlm.nih.gov/pubmed/31136266
https://doi.org/10.1097/00005768-199907000-00011
https://www.ncbi.nlm.nih.gov/pubmed/10416560
https://doi.org/10.1046/j.1525-1373.1999.d01-145.x
https://www.ncbi.nlm.nih.gov/pubmed/10601887
https://doi.org/10.1079/BJN20031027
https://www.ncbi.nlm.nih.gov/pubmed/14748941
https://doi.org/10.1152/physrev.00011.2005
https://www.ncbi.nlm.nih.gov/pubmed/16601269
https://doi.org/10.1016/j.freeradbiomed.2015.08.002
https://doi.org/10.1016/j.redox.2020.101708
https://www.ncbi.nlm.nih.gov/pubmed/32949969
https://doi.org/10.5812/asjsm.24898
https://doi.org/10.3389/fnagi.2014.00246
https://doi.org/10.1002/jcp.25574
https://www.ncbi.nlm.nih.gov/pubmed/27576048
https://doi.org/10.1007/s00216-009-3289-4
https://www.ncbi.nlm.nih.gov/pubmed/19943160
https://doi.org/10.1021/acs.jproteome.5b00470
https://www.ncbi.nlm.nih.gov/pubmed/26419189


Molecules 2024, 29, 759 14 of 14

36. Taesuwan, S.; Cho, C.E.; Malysheva, O.V.; Bender, E.; King, J.H.; Yan, J.; Thalacker-Mercer, A.E.; Caudill, M.A. The metabolic fate
of isotopically labeled trimethylamine-N-oxide (TMAO) in humans. J. Nutr. Biochem. 2017, 45, 77–82. [CrossRef] [PubMed]

37. Ufnal, M.; Zadlo, A.; Ostaszewski, R. TMAO: A small molecule of great expectations. Nutrition 2015, 31, 1317–1323. [CrossRef]
38. Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, J.D.; Yamamoto, M. Keap1 represses nuclear activation of

antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes Dev. 1999, 13, 76–86.
[CrossRef]

39. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef] [PubMed]

40. Zhu, Y.; Zhang, Y.-J.; Liu, W.-W.; Shi, A.-W.; Gu, N. Salidroside Suppresses HUVECs Cell Injury Induced by Oxidative Stress
through Activating the Nrf2 Signaling Pathway. Molecules 2016, 21, 1033. [CrossRef]

41. Choi, Y.H. The cytoprotective effect of isorhamnetin against oxidative stress is mediated by the upregulation of the Nrf2-dependent
HO-1 expression in C2C12 myoblasts through scavenging reactive oxygen species and ERK inactivation. Gen. Physiol. Biophys.
2016, 35, 145–154. [CrossRef]

42. Rajasekaran, N.S.; Shelar, S.B.; Jones, D.P.; Hoidal, J.R. Reductive stress impairs myogenic differentiation. Redox Biol. 2020,
34, 101492. [CrossRef] [PubMed]

43. He, F.; Li, J.; Liu, Z.; Chuang, C.-C.; Yang, W.; Zuo, L. Redox Mechanism of Reactive Oxygen Species in Exercise. Front. Physiol.
2016, 7, 486. [CrossRef] [PubMed]

44. Elkalaf, M.; Anděl, M.; Trnka, J. Low Glucose but Not Galactose Enhances Oxidative Mitochondrial Metabolism in C2C12
Myoblasts and Myotubes. PLoS ONE 2013, 8, e70772. [CrossRef] [PubMed]

45. Kozakowska, M.; Pietraszek-Gremplewicz, K.; Jozkowicz, A.; Dulak, J. The role of oxidative stress in skeletal muscle injury and
regeneration: Focus on antioxidant enzymes. J. Muscle Res. Cell Motil. 2015, 36, 377–393. [CrossRef] [PubMed]

46. Steinbacher, P.; Eckl, P. Impact of Oxidative Stress on Exercising Skeletal Muscle. Biomolecules 2015, 5, 356–377. [CrossRef]
[PubMed]

47. Cheng, A.J.; Jude, B.; Lanner, J.T. Intramuscular mechanisms of overtraining. Redox Biol. 2020, 35, 101480. [CrossRef] [PubMed]
48. Scirè, A.; Cianfruglia, L.; Minnelli, C.; Bartolini, D.; Torquato, P.; Principato, G.; Galli, F.; Armeni, T. Glutathione compartmen-

talization and its role in glutathionylation and other regulatory processes of cellular pathways. BioFactors 2019, 45, 152–168.
[CrossRef]

49. Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense. World Allergy Organ. J.
2012, 5, 9–19. [CrossRef]

50. Spriet, L.L.; Whitfield, J. Taurine and skeletal muscle function. Curr. Opin. Clin. Nutr. Metab. Care 2015, 18, 96–101. [CrossRef]
51. Brigelius-Flohe, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013, 1830, 3289–3303. [CrossRef] [PubMed]
52. Steckling, F.M.; Lima, F.D.; Farinha, J.B.; Rosa, P.C.; Royes, L.F.F.; Cuevas, M.J.; Bresciani, G.; Soares, F.A.; González-Gallego, J.;

Barcelos, R.P. Diclofenac attenuates inflammation through TLR4 pathway and improves exercise performance after exhaustive
swimming. Scand. J. Med. Sci. Sports 2020, 30, 264–271. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jnutbio.2017.02.010
https://www.ncbi.nlm.nih.gov/pubmed/28433924
https://doi.org/10.1016/j.nut.2015.05.006
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1007/s00018-016-2223-0
https://www.ncbi.nlm.nih.gov/pubmed/27100828
https://doi.org/10.3390/molecules21081033
https://doi.org/10.4149/gpb_2015034
https://doi.org/10.1016/j.redox.2020.101492
https://www.ncbi.nlm.nih.gov/pubmed/32361680
https://doi.org/10.3389/fphys.2016.00486
https://www.ncbi.nlm.nih.gov/pubmed/27872595
https://doi.org/10.1371/journal.pone.0070772
https://www.ncbi.nlm.nih.gov/pubmed/23940640
https://doi.org/10.1007/s10974-015-9438-9
https://www.ncbi.nlm.nih.gov/pubmed/26728750
https://doi.org/10.3390/biom5020356
https://www.ncbi.nlm.nih.gov/pubmed/25866921
https://doi.org/10.1016/j.redox.2020.101480
https://www.ncbi.nlm.nih.gov/pubmed/32179050
https://doi.org/10.1002/biof.1476
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/MCO.0000000000000135
https://doi.org/10.1016/j.bbagen.2012.11.020
https://www.ncbi.nlm.nih.gov/pubmed/23201771
https://doi.org/10.1111/sms.13579
https://www.ncbi.nlm.nih.gov/pubmed/31618484

	Introduction 
	Results 
	TMAO Prevented H2O2-Induced Damage in C2C12 Cells 
	TMAO Promoted Expression Levels of Nrf2, HO-1, NQO1, and CAT in H2O2-Impaired C2C12 Cells 
	Knockdown of Nrf2 Decreased the Expression of Nrf2 and Its Downstream Genes in C2C12 Cells 
	TMAO Increased the Exhaustive Swimming Times of Mice 
	TMAO Enhanced Antioxidant Activity in the Mouse Gastrocnemius 
	TMAO Promoted the Expression of Nrf2 and Its Downstream Genes in the Mouse Gastrocnemius 

	Discussion 
	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture and Treatments 
	Cell Transfection for Assessing the Impact of siRNA Nrf2 
	Cell Viability and Proliferation Assay 
	ROS Level 
	Animals and Ethical Approval 
	Western Blotting 
	Animal Experimental Design 
	Preparation of NMR Samples 
	NMR Measurements 
	Measurement of GSH-Px Activity in the Mouse Gastrocnemius 
	Statistical Analysis 

	Conclusions 
	References

