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In this study, stress in relation to slaughter was investigated in a model system by the use of 13C,
1H, and 31P nuclear magnetic resonance (NMR) spectroscopy for elucidating changes in the

metabolites in C2C12 myotubes exposed to H2O2-induced stress. Oxidative stress resulted in lower

levels of several metabolites, mainly amino acids; however, higher levels of alanine were apparent

in the 13C spectra after incubation with [13C1]glucose. In the 13C spectra [13C3]lactate tended to

increase after exposure to increasing concentrations of H2O2; conversely, a tendency to lower levels

of the unlabeled (12C) lactate were identified in the 1H spectra after stress exposure. These data

indicate an increase in de novo synthesis of alanine, concomitant with a release of lactate from the

myotubes to the medium at oxidative stress conditions. The changes in the metabolite levels could

possibly be useful as markers for meat quality traits.
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INTRODUCTION

When handling pigs in relation to slaughter, ante and post
mortem stress factors influence the subsequent meat quality.
Preslaughter conditions can lead to an increase in the body
temperature, thereby resulting in heat stress (1-3). Likewise,
stunning and exsanguination in connection with the actual
slaughter process cause anoxia and disruption of the energy
supply to the muscle cells (4, 5). Physical stress exposure also
affects the glycogen content as well as the rate of glycolysis and
hence the pH development post mortem, and it has been found
that pH, temperature, and the metabolites lactate and ATP
measured early post mortem are good indicators for the sub-
sequent meat quality development (6, 7). However, the funda-
mental cellular mechanisms in relation to these stressors have not
been well described but could be further investigated in muscle
cell cultures, where stressors can be studied separately under
controlled conditions. Differentiated muscle cell cultures have
been used for studying responses to anoxia and H2O2-induced
oxidative stress in themousemuscle cell lineC2C12 (8-11) and in
primary porcine muscle cells (12). Applying a muscle model
system is associated with certain limitations in comparison to

whole animal studies.Draining of the blood from themuscle after
slaughter causes ischemic anoxia, and anaerobic end products
such as lactate cannot leave the muscle, while external fuels (i.e.,
glucose) cannot be delivered in the absence of blood flow post
mortem. These exact conditions cannot be simulated in a muscle
model (13). However, a previous study with the muscle model
system C2C12 has shown that exposure of the myotubes to
anoxia and a pH decrease to simulate the events taking place at
the time of slaughter influence cellular events of importance for
drip loss (11). Hence, differentiated muscle cell cultures may
provide a valuable tool for studying basic cellular mechanisms
involved in other ante and post mortem processes. Both heat
stress and anoxia, occurring in relation to slaughter, can result in
oxidative stress (14). Hence, in the present study we have used
myotubes derived from the mouse muscle cell line C2C12 as a
model system for skeletal muscle cells in order to investigate the
effects of oxidative stress at the cellular level. Nuclear magnetic
resonance (NMR)-based spectroscopy has proven useful in
several studies on tissue samples from animals: e.g., different
combinations of preslaughter stress and stunning methods have
been distinguished by 13C magic angle spinning (MAS) NMR
and 31P NMR spectroscopy in post mortem muscle tissue
samples (15-17). In pigs exposed to treadmill stress a possible
relation between degradation of creatine and formation of lactate
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was found by application of solid-state MAS 13C NMR spectro-
scopy in post mortem muscles (17), whereas lower levels of the
high-energy phosphate ATP in the muscles post mortem have
been observed by use of 31P NMR spectroscopy after exposure
to high-stress stunning methods, in comparison to control pigs
(15, 18). In contrast, few but promising studies with NMR
applications on cell cultures have been performed (19-22), and
to the authors’ knowledge NMR studies on cells in relation to
slaughter stress have not been carried out before.We hypothesize
that NMR-based metabonomics is an eminent and informative
tool for detailed studies on stress response in cell cultures. Thus,
the overall aim of the present study was to explore the use of 13C,
1H, and 31P NMR spectroscopy for elucidating changes in the
metabolites in C2C12 myotubes exposed to H2O2-induced stress.
The optimal oxidative stress conditions in the myotube model
were evaluated by a viability test and by determination of the
mRNA level and the expression level of the heat shock protein
heme oxygenase-1 (HO-1).

MATERIALS AND METHODS

MuscleCell Cultures.Themousemyoblast cell lineC2C12, originally
derived from a mouse thigh muscle (23) (American Type Culture Collec-
tion, Manassas, VA), was grown to establish myotube cultures. Briefly, a
clone that effectively fuses and forms myotubes was grown in a 75 cm2

culture flask in 10 mL of growth medium consisting of Dulbecco’s
Modified Eagle’s Medium (DMEM; Invitrogen, Paisley, U.K.), 10%
(v/v) fetal calf serum (FCS), 100 IU/mLpenicillin, 100μg/mL streptomycin,
3 μg/mL amphotericin B, and 20 μg/mL gentamycin. Cells were main-
tained in an atmosphere of 95% air and 5% CO2 at 37 �C. Prior to
confluence, cells were harvested in 0.25% trypsin and seeded in 96-well
plates, 24-well plates, or Petri dishes (140 mm in diameter) at a density of
10000 cells/cm2. Cells were grown to confluence in growth medium and
left to fuse in differentiation medium containing DMEM, 4% (v/v) FCS,
and amounts of antibiotics similar to those in the growth medium. After
∼4 days, the cultures contained differentiated multinuclear myotubes and
were ready for experimental use.

Experimental Setup and Analysis of Myotube Viability. Viability
of the C2C12myotubes was evaluated in 96-well plates byWST-1 (Roche,
Hvidovre, Denmark), which is a formazan salt that is cleaved by
mitochondrial dehydrogenase of viable cells. The myotubes were incu-
bated for 1 h in Krebs-HEPES buffer with H2O2 concentrations between
0 and 300 μM. The H2O2 concentration was adjusted by measuring the
absorbance at 240 nm. The myotubes were washed with phosphate-
buffered saline (PBS) and incubated in differentiation medium with
10 μL/well WST-1 for 4 h. The relative amount of viable cells was deter-
mined by measuring the absorbance at 450 nm. Data were corrected by
subtracting the background absorbance of the medium alone. All con-
centrations of H2O2 were determined in quadruplicate wells (n = 4).

Experimental Setup, RNA Extraction, Real Time RT-PCR,

Protein Extraction, andWestern Blot. For real time reverse transcrip-
tion polymerase chain reaction (RT-PCR) and Western blot analysis the
myotubes were incubated in 24-well plates with Krebs-HEPES buffer
withoutH2O2 orwith 100μMH2O2 for 1 h.After incubation themyotubes
were washed with PBS and incubated with fresh differentiation medium.
Myotubes were harvested in 0.25% trypsin immediately after the incuba-
tion in Krebs-HEPES buffer without H2O2 (control) and at different time
points after the incubation in Krebs-HEPES buffer with 100 μM H2O2.
The harvested myotubes were stored in Eppendorf tubes at -80 �C until
extraction of RNA or protein.

The RNA was purified using the AllPrep RNA/protein kit (Qiagen,
Albertslund,Denmark), and theRNAconcentrationwas determined after
dilution by measuring the absorbance at 260 nm (A260). After the RNA
concentrations of all the samples were adjusted to the same level (9 ng/μL),
which is one of thenormalization procedures recommendedbyBustin (24),
the RNAwas reverse-transcribed with oligo-dT primers and a Superscript
II RNase H reverse transcriptase kit (Invitrogen, Taastrup, Denmark).
Reverse-transcribed material (1 μL) was amplified with TaqMan Uni-
versal PCR Master Mix (Applied Biosystems, Stockholm, Sweden). The
quantity ofHO-1mRNAwas detectedwith the commercial TaqMan gene

expression assay (Applied Biosystems, Stockholm, Sweden) with two
unlabeled PCR primers and one FAM dye-labeled TaqMan MGB probe
specific for themouse (Musmusculus) HO-1 gene (Mm00516005_m1). For
PCR, 40 cycles at 95 �C for 15 s and 60 �C for 60 s were applied to amplify
the PCR products. A selected sample was diluted serially and analyzed in
triplicate to test the linearity and efficiency of the PCR amplifications.
Furthermore, control wells with eitherwater or genomicmouseDNAwere
used as negative controls. The samples were analyzed using an ABI
7900HT detection system (Applied Biosystems, Stockholm, Sweden). To
evaluate mRNA quantities, data were obtained as Ct values (the cycle
number at which logarithmic plots cross a calculated threshold line). The
relative mRNA quantity was calculated using the following formula:
relative quantity = 2-ΔCt, where the mRNA level is expressed relative
to cells without stress. At each time point myotubes were harvested from
2 wells (n = 2) and analyzed for HO-1 mRNA in duplicate.

For protein extraction the harvestedmyotubeswerewashed three times
with PBS and dissolved in buffer (0.125 M Tris, 4% SDS, 20% glycerol,
0.1MDTE). Samples harvested from twowells were pooled, homogenized
with a sonicator (20 cycles, amplitude 80%, cycle 0.75 s) and centrifuged at
14000g for 30 min. The supernatant was transferred to a new tube, and
the protein concentration was determined bymeasuring the absorbance at
280 nm (A280). Samples were heated for 10 min in a 60 �C heating block
before loading a volume equal to 150 μg of protein in each lane. The
samples were loaded on a 10%, 18-well Criterion gel (BioRad Labora-
tories, CA) and run at 200 V for 1 h at room temperature, and the proteins
were transferred from the gel to a polyvinylidene fluoride membrane (25).
The proteins were transferred at 150 V and 1.5 mA for 1.5 h at 5 �C with
gentle stirring. The membrane was rinsed with deionized water and
blocked in Tween-Tris-buffered saline (TTBS) with 5% nonfat dry milk
(BioRadLaboratories, CA) overnight at 4 �C. Themembrane was washed
twice for 10 min in TTBS and incubated for 2 h at room temperature
with the anti-HO-1 primary antibody (rabbit anti-HO-1, Calbiochem,
Darmstadt, Germany) diluted 1:2000 in TTBS. The membrane was
washed six times for 5min inTTBSand incubated 1 h at room temperature
with the Alexa Flour 488 goat-antirabbit labeled secondary antibody
(Invitrogen, Taastrup, Denmark) diluted 1:2000 in TTBS. Subsequently
the membrane was washed twice for 10 min and four times for 5 min in
TTBS before a final rinse with water. The membrane was scanned with an
image scanner (Molecular Imager FX, Bio-Rad).

13C Enrichment and Extraction of Cells for NMR Spectroscopic

Analysis. To a differentiation medium made from glucose-free DMEM
(Invitrogen, Cat. No. 11966-025) and to Krebs-HEPES buffer was added
5.5 mM [13C1]glucose (Cambridge Isotope Laboratories, Andover, MA).
The myotube cultures grown in Petri dishes were incubated for 4 h with
5.5mM [13C1]glucose (a) for 1 h inKrebs-HEPES buffer followed by 3 h in
the medium, (b) for 1 h with Krebs-HEPES buffer containing 100 μM
H2O2, followed by 3 h in the medium, or (c) with Krebs-HEPES buffer
containing 500 μMH2O2 for 1 h, followed by 3 h in the medium. After the
4 h incubation with 5.5 mM [13C1]glucose, the [13C1]glucose-containing
medium was discarded, the cells were washed three times with an ice-cold
0.9% NaCl solution to remove excess medium, and the cells were
subsequently frozen in liquid nitrogen. For extraction of the cells a
methanol/chloroform extraction method previously described (22) was
applied. After the extraction the samples were freeze-dried at -80 �C and
stored at -80 �C until NMR analysis.

NMR Spectroscopy. The freeze-dried methanol/water phase from
the cell extracts were dissolved in 600 μL of D2O containing 0.025% (w/v)
sodium trimethylsilyl[2,2,3,3-D4]-1-propionate (TSP) and 0.01% (v/v)
dioxane. 13C and 1H NMR spectra of the cell extracts were recorded at
25 �C on a Bruker Avance 800 spectrometer, operating at a 13C frequency
of 201.01MHz and a 1H frequency of 799.40MHz, equipped with a 5 mm
1H observe cryoprobe (Bruker BioSpin, Rheinstetten, Germany). Proton-
decoupled 13C NMR spectra were recorded using Bruker standard homo-
nuclear pulse programs, and each spectrum was the sum of 1024 free
induction decays (FID). A 90� pulse was applied with a repetition time of
3 s and an acquisition time of 0.682 s. Standard one-dimensional (1D)
1H NMR spectra were acquired using a single 90� pulse experiment, and
each spectrumwas the sumof 16FIDs.Water suppressionwas achievedby
irradiating the water peak during the relaxation delay of 5 s, and 32K data
points spanning a spectral width of 13.03 ppm were collected. In addition,
13C-decoupled 1HNMR spectra were recorded to verify the assignment of
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signals from 13C-labeled metabolites in the 1H NMR spectra. All spectra
were referenced to TSP at 0 ppm. Dioxane (δ 69.44 ppm) was used as a
secondary reference in the 13C NMR spectra. In addition, to aid assign-
ment, two-dimensional (2D) 1H-1H COSY and 2D 1H-13C HSQC
spectra were recorded on selected cell samples using water suppression.
13C and 1H NMR spectra were obtained on three replicates (n= 3), each

represented by the freeze-dried methanol/water phase from the cell extract
from one Petri dish, of each treatment group (a-c) described above.

31P NMR spectra were recorded at 25 �C on a Bruker Avance III 600
spectrometer (Bruker BioSpin, Rheinstetten, Germany), operating at a
31P frequency of 242.94MHz. The 31P NMR spectra were obtained as the
sum of 8192 FIDs acquired with a repetition time of 5 s and an acquisition
time of 1.346 s. The width was 12 kHz, and the chemical shift was
referenced to PCr at 0 ppm. 31PNMRspectra were obtained on samples of
the treatment groups a and c described above.

Quantification of the variousmetabolites was carried out by integration
of peak areas using Topspin 2.1 software (Bruker BioSpin, Rheinstetten,
Germany). The 13C NMR spectra were integrated in the range 19.00-
100.00 ppm, excluding the dioxane signal at 69.00-70.00 ppm. The
1H NMR spectra were integrated in the range 1.30-9.50 ppm, excluding
the interval 4.70-4.90 ppm containing the residual water signal and the
interval 3.74-3.79 ppm containing the dioxane signal.

Statistics.All the data were analyzed by using the mixed procedure of
SAS (SAS Institute Inc., Cary, NC) according to the model

Yij ¼ μþRi þ υj þ εij

where Yij is the observed variable (i.e. the integral values of the NMR
spectra: e.g., alanine), μ is the overall mean, Ri is the effect of treatment (i=
0, 100, 500 μMH2O2), υj is a random component incorporated to account
for repeated measurements (j = 1, 2, 3), and εij is the residual error
component. The random and residual error components were assumed to
be independent and normally distributed, and their expectations were
assumed to be zero. The absorbance measured after WST-1 addition
(indication of cell viability) was also analyzed as described above in amodel
with the concentration of H2O2 as a fixed effect and replicates as a random
effect. Data are presented as least-squares means (LSMeans) ( standard

Figure 1. Viability of C2C12 myotubes after exposure to different con-
centrations of H2O2 for 1 h. LSMeans (n = 4) and SEM of A450 nm of the
WST-1 assay are given. Values significantly different from the control are
indicated by an asterisk (P < 0.05).

Figure 2. Fold changes in HO-1 mRNA level with 95%-CI (A) and changes in HO-1 protein expression (B) in C2C12 myotubes after 100 μMH2O2 oxidative
stress exposure for 1 h. The control samples (C) are harvested after incubation in Krebs-HEPES buffer without H2O2 for 1 h. The mRNA level is expressed
relative to cells without stress (C).
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errors of LSMeans (SEM). The level of HO-1 mRNA was analyzed in a
model with time points as a fixed effect and replicates as a random effect.
For quantification of mRNA, normalization was achieved by adjusting
the RNA level for all samples to the same concentration (9 ng/μL), as
described above. Data are presented as least-squares means (LSMeans)
( 95% confidence interval (CI).

RESULTS

Viability of Muscle Myotubes Exposed to H2O2 Oxidative

Stress. The viability of the myotubes was examined after expo-
sure to H2O2 for 1 h, with concentrations varying between 0 and
300 μM. Figure 1 shows that concentrations of up to 100 μMH2O2

caused no change in the viability of the myotubes. At concentra-
tions above 100 μMH2O2 a decrease in the viability was observed.

Effects of Oxidative Stress on HO-1 mRNA Level and HO-1

Protein Expression. Changes in the level of HO-1 mRNA and
expression of HO-1 protein over time, after the myotubes were
exposed to 100 μMH2O2 for 1 h, were investigated with real-time
RT-PCR and Western blot, respectively. From Figure 2 it is
apparent that the HO-1 mRNA level peaked 4 h after stress
exposure, with an approximately 15-fold higher transcription in
comparison to the control cells. The mRNA level was back to the
baseline 24 h after stress exposure. The pattern of the HO-1
protein expression was comparable to that observed for HO-1
transcription. The expression of the protein peaked 6-8 h after
stress exposure; thereafter it decreased toward the baseline within
the 36 h time frame investigated.

13C, 1H, and 31P NMR Spectra. After the myotubes were
incubated with [13C1]glucose for 4 h under standard conditions,

the 13C label was found mainly in [13C3]alanine, in [13C2], [
13C3],

and [13C4]glutamate, and in [13C2]- and [13C3]aspartate (Figure 3
andTable 1). Labelingwas also identified for [13C3]lactate, [

13C2]-
and [13C4]glutamine, [13C2]- and [13C4]γ-glutamyl-glutathione,
[13C1]fructose-6-phosphate, and [13C1]R- and [13C1]β-glucose
(not shown in Figure 3). Furthermore, small signals (average
signal-to-noise ratio of∼5 for the control samples) fromnaturally
abundant 13C taurine were also detected. Under standard incu-
bation conditions, several of the metabolites identified in the
13C NMR spectra and additional metabolites were identified in
the 1H NMR spectra (Figure 4 and Table 2) and in the 31P NMR
spectra (Figure 5), respectively.

Effects of Oxidative Stress on the Metabolite Levels. Oxidative
stress resulted in lower levels or tendencies to lower levels of
several metabolites, including γ-glutamyl-glutathione (Figure 3

and Table 1), glutamate, aspartate, glutamine, and taurine
(Figure 3, Tables 1 and 2), fructose-6-phosphate (Figure 3,
Table 1, and Figure 5), creatine, tyrosine, and phenylalanine
(Table 2), and phosphocreatine (PCr), ATP, ADP, and NADþ

(Table 2 and Figure 5). The decreases in the metabolites were
generally small at 100 μM H2O2 stress exposure and were more
pronounced after exposure to 500 μM H2O2, and for the meta-
bolites glutamate and glutamine the decreases were significant
after exposure to 500 μM H2O2 (Table 1).

Conversely, higher levels of alanine were apparent in the
13C spectra (Figure 3 and Table 1), and after exposure to 500 μM
H2O2 the increase in alanine became significant (Table 1). In the
13C NMR spectra higher levels of [13C3]lactate were observed after

Figure 3. 13C NMR spectra of C2C12 mouse myotubes after incubation with [13C1]glucose for 4 h. The spectra were obtained on the freeze-dried methanol/
water extractions of the cells: (A) control; (B) 100μMH2O2 for 1 h; (C) 500μMH2O2 for 1 h. Abbreviations: F-6-P, fructose-6-phosphate; Glu, glutamate; Gln,
glutamine; GSH, γ-glutamyl-glutathione; Asp, aspartate; Tau, taurine; Lac, lactate; Ala, alanine. Dioxane is an internal reference.
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exposure to increasing concentrations of H2O2 (Figure 3 and
Table 1). Conversely, lower levels of the unlabeled (12C) lactate
were identified after stress exposure (Figure 4 and Table 2).

DISCUSSION

The slaughter procedure comprises many types of stressors;
both psychological and physical stressors are involved, and these

are exerted as both acute and long-term stressors. Taking a
holistic approach is the obvious choice, as this resembles reality.
However, the advantage of using model systems is the possibility
to study one stressor at a time and then at a later stage collect all
the information in order to compile a more complete picture of
various stress-induced effects. When model systems are used,
conditions are often applied that are more extreme than what is

Table 1. 13C NMR Chemical Shift Ranges and LSmeans of the Absolute Integral Intensities, with Calculated Standard Error of the LSMeans (SEM)

LSmean

metabolite shift range (ppm) control (n = 3) 100 μM H2O2 (n = 3) 500 μM H2O2 (n = 3) SEM

C3 alanine 18.99-19.03 3.21 3.65 5.15a 0.48

C3 lactate 22.90-22.94 0.37 0.56 0.69 0.20

C3 glutamate 29.81-29.87 14.27 13.89 8.74a 1.34

C4 glutamine 33.69-33.72 0.38 0.23 0.06a 0.06

C4 γ-glutamyl-glutathione 34.24-34.28 1.50 1.22 1.00 0.19

C4 glutamate 36.34-36.39 26.87 26.07 15.31a 2.44

C2 taurine 38.25-38.29 0.12 0.07 0.02 0.08

C3 aspartate 39.40-39.45 5.20 5.80 4.23 0.92

C1 taurine 50.21-50.29 0.56 0.34 0.01 0.38

C2 aspartate 55.08-55.13 4.39 4.49 2.42 1.60

C2 γ-glutamyl-glutathione 56.83-56.85 0.82 0.63 0.01 0.56

C2 glutamine 57.01-57.05 1.39 0.95 0.01 0.68

C2 glutamate 57.51-57.55 13.14 12.37 5.74a 1.90

C1 fructose-6-phosphate 65.35-65.38 0.55 0.55 0.12 0.33

C1 R-glucose 94.92-94.97 0.33 0.37 0.45 0.12

C1 β-glucose 98.75-98.78 0.28 0.56 0.58 0.19

a LSmeans differ significantly (P < 0.05) on comparison with the control cells.

Figure 4. Expanded region showing lactate (Lac) and alanine (Ala) signals in the 1H NMR spectra of C2C12 mouse myotubes after incubation with
[13C1]glucose for 4 h: (A) control; (B) 100 μM H2O2 for 1 h; (C) 500 μM H2O2 for 1 h. The spectra were obtained on the freeze-dried methanol/water
extractions of the cells. The satellite duplet for 13C-labeled lactate at∼1.40 ppm is overlapping with the satellite duplet for 13C-labeled alanine, and hence the
integral values for these duplets are not given. The integral values for the 13C-labeled alanine duplet at∼1.56 ppm are given in Table 2. Due to low signal
intensity, the integral values for the 13C-labeled lactate duplet at ∼1.25 ppm are not given in Table 2.
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apparent under physiological conditions. This is done in order to
get more clear and distinguishable results, assisting in the identifi-
cation of regulated compounds.

Expression of HO-1 protein has been applied as a marker for
oxidative stress in skeletalmuscles (26), and exposure toH2O2 has
also been shown to increase HO-1 mRNA level in cardiomyo-
cytes (27). In the present study, we initially identified stress
conditions under which the myotubes maintained full viability.
This was the case at 100 μM H2O2 for 1 h (Figure 1), and under
these stress conditions an increase in the mRNA level of HO-1
was seen (Figure 2). The expression of HO-1 protein also
increased after exposure to H2O2 oxidative stress, peaking with
a time delay of 2-4 h in comparison to the peak in the mRNA
level. From these results it is apparent that anoxidative stress level
of 100 μM H2O2 causes an upregulation of the HO-1 mRNA
level, resulting in increased expression of HO-1 protein. At a
100 μM H2O2 stress exposure the viability of the myotubes was

not decreased, and the cellular disturbance at this stress level is
apparently reversible, since the HO-1 mRNA level returned to
baselinewithin 24 h and theHO-1 protein level almost reversed to
baseline within the 36 h time frame investigated.

From the initial results of the NMR spectroscopic data it was
apparent that 100 μM H2O2 caused only minor changes in the
metabolite levels. Hence, a more extreme oxidative stress expo-
sure of 500 μMH2O2 was also applied in the NMR experiments,
in addition to the concentration of 100 μM. In accordance with
previous experiments of heat and anoxia stressed C2C12 myo-
tubes (22), themetabolites identified in the 13C, 1H, and 31PNMR
spectra in the present study were primarily metabolites derived
from the glycolysis and theKrebs cycle (Figure 6). 13Cwasmainly
incorporated in the cytosolic-derived metabolite alanine and
the mitochondrial-derived metabolites glutamate and aspartate.
Oxidative stress resulted in lower levels of glutamate and aspar-
tate, indicating impairment of the mitochondrial function.

Figure 5. 31P NMR spectra of C2C12 mouse myotubes obtained on the freeze-dried methanol/water phase of the cell extractions: (A) control; (B) 500 μM
H2O2 for 1 h. Abbreviations: F-6-P, fructose-6-phosphate; Pi, inorganic phosphate; GPE, glycerophosphorylethanolamine; GPC, glycerophosphocholine; PCr,
phosphocreatine.

Table 2. 1H NMR Chemical Shift Ranges and LSMeans of the Absolute Integral Intensities, with Calculated Standard Error of the LSMeans (SEM)

LSmean

metabolite shift range (ppm) control (n = 3) 100 μM H2O2 (n = 3) 500 μM H2O2 (n = 3) SEM

lactate (CH3) (unlabeled) 1.32-1.33 0.73 0.65 0.55 0.14

alanine (CH3) (unlabeled) 1.48-1.49 0.21 0.21 0.20 0.06

alanine (CH3) (
13C labeled) 1.56-1.57 0.08 0.08 0.10 0.04

glutamate (β-CH2) 2.05-2.06 1.34 1.23 0.86 0.29

glutamine (β-CH2) 2.12-2.13 1.54 1.36 0.81 0.33

glutamate (γ-CH2) 2.35-2.36 1.14 1.05 0.67 0.29

glutamine (γ-CH2) 2.45-2.46 0.65 0.45 0.24 0.15

aspartate (β-CH2) 2.81-2.82 0.63 0.50 0.48 0.17

taurine (NCH2) 3.41-3.42 0.37 0.32 0.17 0.12

creatine (CH2) 3.93-3.94 0.30 0.29 0.17 0.10

phosphocreatine (CH2) 3.95-3.96 0.57 0.49 0.28 0.19

ATP/ADP (ribose H1) 6.15-6.16 0.28 0.26 0.16 0.07

tyrosine (H3/H5) 6.90-7.20 0.14 0.12 0.10 0.03

phenylalanine (H2/H6/H4/H/H5) 7.38-7.41 0.20 0.20 0.16 0.04

ATP/ADP (ring H2) 8.27-8.28 0.27 0.25 0.19 0.06

ATP/ADP (ring H8) 8.53-8.54 0.30 0.30 0.21 0.06

NADþ 9.33-9.34 0.03 0.03 0.02 0.01
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In general, with increasing severity of stress, lower levels of
almost all detected metabolites, which are mainly representing
amino acids, were observed in the 13C and the 1H spectra. This is
in agreement with previous experiments of heat and anoxia
stressed C2C12 myotubes (22). These results indicate that both
unlabeled (12C) amino acids and 13C-labeled amino acids are
released from the myotubes to the medium, with increasing
release at increasing severity of oxidative stress. Release of amino
acids from human skeletal muscles into the bloodstream has
also been observed after stress exposure induced by infusion of
hormones (28) and when exposing patients with chronic heart
failure to light physical exercise (29), respectively.

In agreement with the effect of stressful conditions observed in
previous experiments (22), very small increases in lactate were
observed in the 13C spectra at increasing concentrations of H2O2

exposure (Figure 3 and Table 1). In the 1H NMR spectra, in
contrast to the 13C NMR spectra, even lower levels of lactate
designated by the peaks at a chemical shift of 1.32-1.33 ppm,
representing unlabeled (12C) lactate, were observed with increas-
ing concentrations of H2O2 exposure (Figure 4 and Table 2).
These results should probably be explained by release of lactate
from themyotubes, as illustrated inFigure 6. Thus, the results are
also in agreement with findings in C2C12 myoblasts and myo-
tubes under anoxic conditions (9, 30) and in skeletal muscles
stimulated with hormones (28), which in both cases resulted in
release of lactate. In recent experiments applying 1H NMR
metabonomics on plasma from pigs that were exercised on a
treadmill and fish that were exposed to handling stress, respec-
tively, the metabolite primarily released to the blood was lac-
tate (31, 32), providing further support to the hypothesis in the

present experiment that lactate is released to the medium under
oxidative stress conditions.

Only one amino acid (alanine) increased upon oxidative stress,
as observed for the 13C-labeled alanine in both the 13C spectra and
the 1H spectra (Figure 3, Table 1, Figure 4 and Table 2). In the
1H spectra no changes in the unlabeled (12C) alanine were
apparent (Figure 4 and Table 2), which indicate that oxidative
stress causes an increase in de novo synthesis of alanine. In rabbit
hearts an increase in de novo synthesis of alanine has been
observed under anoxic conditions, concomitant with a decrease
in glutamate (33). Taegtmeyer et al. (33) hypothesized that under
anoxic stress conditions pyruvate could be shunted to alanine
production instead of lactate production, which is in agreement
with the increase in the de novo synthesis of alanine, concomitant
with a very small accumulation of de novo synthesized lactate in
the present study. The decrease in glutamate and other amino
acids, concomitant with an increase in alanine, also indicates
the conversion of these amino acids through different entries into
the Krebs cycle, which results in additional energy production.
This could also partly explain the general decrease in all amino
acids except for alanine itself.

In a study by Zeng et al. (34) cerebrocortical slices from rats
were exposed to 2 mM H2O2 oxidative stress for 1 h. On
examination with 1H NMR spectroscopy after a 4 h recovery
period, Zeng et al. (34) observed that oxidative stress tended to
show decreases in all metabolites, in comparison to control
samples, except for lactate and alanine, which did not change.

Oxidative stress caused lower levels of ATP/ADP and PCr, as
identified in the 1H NMR spectra, and the reduction in PCr was
confirmed in the 31P NMR spectra. These changes in ATP, ADP,

Figure 6. Schematic representation of themain reactions involved in [13C1]glucosemetabolism inC2C12mousemyotubes. At standard incubation conditions
pyruvate is oxidized in the Krebs cycle. When exposed to oxidative stress [13C1]lactate is produced through the anaerobic glycolytic pathway, and lactate is
released from the myotubes to the medium. Solid arrows indicates metabolism of [13C1]glucose, whereas dashed arrows indicate release of metabolites.
Abbreviations: Gly-3-P, glycerol-3-phosphate; DHAP, dihydroxyacetone phosphate; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate; F-1,6-P,
fructose-1,6-bisphosphate; GA-3-P, glyceraldehyde-3-phosphate; PEP, phosphoenolpyruvate; OAA, oxaloacetate.
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and PCr are in agreement with our previous observations in
mouse myotubes under heat and anoxic conditions (22). How-
ever, the oxidative stress in the present experiments only caused a
severe decrease in the high-energy phosphate PCr, whereas the
decreases in ATP and ADP were barely detectable (Table 2 and
Figure 5). These findings are in agreement with 31P NMR
observations by Brand et al. (19) in rat brain astrocytes exposed
to 200 μM H2O2 oxidative stress. They observed a severe break-
down of energy metabolism immediately after H2O2 treatment,
resulting in lower levels of ATP and PCr concentrations below
NMR detectability, while already after a 2 h recovery period the
ATP level had restored, and the PCr level had partly restored.

In addition to changes in metabolites related to the glycolysis
and the Krebs cycle, also changes in taurine levels were observed
both in the 1H NMR spectra and in the natural 13C-containing
taurine in the 13C NMR spectra under stress conditions. Lower
levels of taurine were apparent in the myotubes at increasing
concentrations of H2O2 exposure. Reduction of taurine under
anoxic conditions in muscle myotubes is thought to be caused by
release of taurine from the cells, induced by reactive oxygen
species (ROS) (12). Also in rat brain astrocytes reduced levels
of taurine in 1H NMR spectra were observed after exposure to
200 μM H2O2; hence, oxidative stress causes a dysregulation of
the osmotic control, resulting in release of taurine(19).

The regulation at the metabolite level monitored with 13C, 1H,
and 31PNMR spectroscopywas not as apparent as the regulation
of the mRNA level and the protein expression, when determined
with real timeRT-PCRandWestern blot, respectively, evenwhen
an oxidative stress level of 500 μM H2O2 was applied. The
changes in the metabolite levels when the myotubes were exposed
to 500 μMwere also seen very weakly at an oxidative stress level
of 100 μM; however, the decreases or increases inmetabolite level
were never significantly different from the control myotubes.
From the experiments by Brand et al. (19) on brain astrocytes it is
apparent that the time point after H2O2 oxidative stress exposure
is very critical for identifying effects of the stress exposure,
since the changes in metabolite level vary markedly at different
time points after stress exposure. Brand et al. (19) found that the
changes in metabolites in general were largest immediately after
oxidative stress exposure; however, the recovery time for the
different metabolites varied, being fastest for the high-energy
metabolites, which recovered within a few hours, whereas the
osmolytes and the metabolites derived from complex glucose
metabolism recovered much more slowly within a 24 h period.
The NMR spectroscopic data in the present experiment were
acquired at only one time point (3 h after stress exposure); hence,
it cannot be ruled out that analyzing with NMR spectroscopy at
other time points, e.g. at earlier time points, could result in more
apparent differences between control myotubes and myotubes
exposed to oxidative stress. The present results indicate that
changes in mRNA level or protein expression can be detected
at lower levels of oxidative stress exposure compared to detection
in changes ofmetabolite levels.However, theNMRspectroscopic
methods have the advantage that multiple metabolites are moni-
tored simultaneously, and some of these have a close link to meat
quality: e.g., lactate (6, 7, 32). Hence, upregulation of HO-1
mRNA or protein or changes in metabolite levels could possibly
be useful as markers for meat quality traits.

From the present study it is apparent that oxidative stress
influences the cellular activity at many levels in muscle myotubes.
It was found that oxidative stress influences the transcription and
thereby the expression of HO-1. With the metabonomic approach
combining NMR spectroscopy on three different nuclei, it was
apparent that oxidative stress influences the levels of metabolites
derived fromcomplex glucosemetabolism, high-energymetabolites,

and also the release rates of metabolites. These results indicate
that the cellular mechanisms are influenced at many levels under
stressful conditions apparent in relation to slaughter. Hence, the
knowledge about the basic regulation mechanisms gained in the
present study by applying oxidative stress in a muscle model
system could be useful in future studies of stress in relation to
slaughter in studies applying a more holistic approach.

ABBREVIATIONS USED

CI, confidence interval; COSY, correlation spectroscopy;
DMEM, Dulbecco’s Modified Eagle’s Medium; FCS, fetal calf
serum; FID, free induction decays; HO-1, heme oxygenase-1;
HSQC, heteronuclear singe-quantum coherence spectroscopy;
LSMeans, least-squares means; MAS, magic angle spinning;
PBS, phosphate-buffered saline; PCr, phosphocreatine; ROS,
reactive oxygen species; RT-PCR, reverse transcription polymer-
ase chain reaction; SEM, standard errors of LSMeans; TTBS,
Tween-Tris-buffered saline.
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