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A B S T R A C T

For exploring the effect of protein S-nitrosylation on the energy metabolism of early postmortem pork (within
24 h postmortem), the six Longissimus thoracis (LT) muscle homogenates were treated with nitric oxide donor
(NOR-3, (±)-(E)-4-Ethyl-2-(E)-hydroxyimino-5-nitro-3-hexenamide), nitric oxide synthase (NOS) inhibitor (L-
NAME, Nω-nitro-L-arginine methyl ester hydrochloride) and control (0.1 M K2HPO4, pH 7.4) in the in vitro buffer
system for 24 h, respectively. The western blotting result showed that NOR-3 treatment led to a greater level of
protein S-nitrosylation (p < 0.05). However, S-nitrosylation levels had no significant difference between L-
NAME and control groups (p > 0.05). In addition, results showed that 16 significantly differential energy
metabolites were identified by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS) and clearly separated among three groups in the principal component analysis. Four pathways (glycoly-
sis, tricarboxylic acid cycle, purine metabolism and pentose phosphate pathway) related to energy metabolism
were significantly influenced by different levels of protein S-nitrosylation. Furthermore, the correlation analysis
of metabolites demonstrated that metabolites were in dynamic equilibrium with each other. These results indi-
cate that protein S-nitrosylation can participate in and regulate energy metabolism postmortem pork through
glycolysis and tricarboxylic acid (TCA) cycle.

1. Introduction

Post-translational modification of protein is a complex process,
which modulates structural and functional properties of protein includ-
ing catalytic activity, protein stability, oligomeric state, binding of al-
losteric activators and conditional protein interaction (Liu, Warner,
Zhou, & Zhang, 2018; Warner, Dunshea, Ponnampalam, & Cottrell,
2005). The modification types include S-nitrosylation, phosphoryla-
tion, oxidation, acetylation, methylation, hydroxylation and others. As
a typical redox-dependent post-translational modification of the pro-
tein, protein S-nitrosylation is formed by covalently combining the
sulfhydryl group of protein cysteine with nitric oxide (NO) (Stamler &
Meissner, 2001). NO-mediated protein S-nitrosylation can exert impor-
tant influences on the conversion of muscle to meat via regulating post-
mortem crucial pathways, ultimately affecting the quality of meat
(Hou, Liu, Tian, & Zhang, 2020; Li et al., 2014; Liu et al., 2018; Warner
et al., 2005; Zhang, Marwan, Samaraweera, Lee, & Ahn, 2013).

The energy metabolism of postmortem muscle plays an important
role in determining the quality of fresh meat during the conversion of
muscle to meat. However, the abnormal energy metabolism of post-
mortem muscle can affect the extent and rate of pH changes, which in
turn adversely influence the tenderness, color and water holding capac-
ity of meat (Bee, Anderson, Lonergan, & Huff-Lonergan, 2007; Wang et
al., 2019). Interestingly, Liu et al. (2019) found that many enzymes in-
volved in postmortem energy metabolism could be modified by protein
S-nitrosylation. Our lab also showed that the activities of phosphofruc-
tokinase and glyceraldehyde-3-phosphate dehydrogenase were inhib-
ited by protein S-nitrosylation in postmortem pork (Zhang et al., 2019).
Between the pale, soft and exudative and red, firm and non-exudative
pork, Wang et al. (2020) indicated that there were significant differ-
ences in S-nitrosylation levels and enzyme activities of phosphofructok-
inase, pyruvate kinase and glycogen phosphorylase. These results indi-
cate that protein S-nitrosylation may affect meat quality by regulating
postmortem energy metabolism. Thus, it is of great significance to ex-
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Fig. 1. NOS activity in the in vitro reactions at 24 h. All measurements were ex-
pressed as the mean ± SE. a–b: Different letters are significantly different be-
tween treatments (p < 0.05, n = 6).

plore how the protein S-nitrosylation influences energy metabolism for
further regulating the quality of fresh meat.

Several methods have been applied to analyze energy metabolism in
postmortem muscle including one-dimensional proton nuclear mag-
netic resonance (1H NMR) and UPLC-MS/MS (Cônsolo et al., 2021; Yu,
Tian, Shao, Li, & Dai, 2019). Compared with 1H NMR, UPLC-MS/MS
has significant advantages of a strong precision and a high detection
sensitivity for the quantitative and qualitative identification of energy
metabolites. In addition, UPLC-MS/MS has been widely used for the ab-
solute quantification analysis of target metabolites in food analysis. Yu
et al. (2019) revealed that energy metabolism between the bovine psoas
major (PM) and longissimus lumborum (LL) during early postmortem pe-
riods by UPLC-MS/MS targeted metabolomics. Cônsolo et al. (2021)
found that the development of dark-cutting beef was closely related to
the energy metabolism pathway. However, the targeted energy
metabolomics analysis of postmortem pork as influenced by protein S-
nitrosylation has not been reported.

Therefore, the present research was designed to investigate the tar-
geted energy metabolite variation of early postmortem pork in an in
vitro model as influenced by different levels of protein S-nitrosylation
using UPLC-MS/MS based metabolomics multivariate statistical analy-
sis (orthogonal projections to latent structures discriminant analysis,
principal components analysis, hierarchical cluster analysis and corre-
lation analysis). Furthermore, significantly different metabolic path-
ways were also analyzed, aiming to reveal the influential mechanism of
protein S-nitrosylation on energy metabolism in postmortem pork.

2. Materials and methods

2.1. Sample preparation

According to the national standard slaughter procedure (GB/T
19479–2019), six castrated crossbred (Duroc × Landrace × Yorkshire)
pigs aged 6 months (100 ± 10 kg) were harvested in a local slaughter-
house (Sushi Company, Huai'an, China). All pigs were reared in a large-
scale intensive rearing mode with same feeding environment. Pigs were
humanely harvested by electrical stunning and Longissimus thoracis (LT)
were removed from the left side of the carcass at 0.5 h postmortem (av-
erage weight of 500 ± 5 g). After sampling, a portion of the meat sam-
ple (approximately 200 g) was stored at 4 °C for pH and color measure-
ment. Meanwhile, the remaining portion of meat was immediately
frozen with liquid nitrogen and stored at −80 °C for further analysis. On
the basis of the criteria proposed by Warner, Kauffman, and Greaser
(1997), the pH and color of pork samples were measured at 1 h and
24 h and all parameters were within the normal ranges.

2.2. In vitro buffer system

A total of 0.5 g pork samples (n = 6) were ground into powder in
liquid nitrogen. The samples were taken out from liquid nitrogen and

then homogenized in the phosphate buffer (0.1 M K2HPO4, pH 7.4) at a
ratio of 1:2 (wt/vol). Then the samples were incubated at 37 °C for 1 h
with the following three treatments at the ratio of 1:1 (vol/vol): control
(phosphate buffer), 1 mM NOR-3 (NO donor, (±)-(E)-4-Ethyl-2-(E)-
hydroxyimino-5-nitro-3-hexenamide, E2895, Sigma-Aldrich Corp) and
0.1 M L-NAME (NOS inhibitor, Nω-nitro-L-arginine methyl ester hy-
drochloride, N5751, Sigma-Aldrich Corp), respectively. Following this,
the reaction buffers were added to the mixtures at a ratio of 1:5 (mix-
tures vol/reaction buffers vol) for building in vitro model and incubated
at 25 °C (Matarneh, Beline, Silva, Shi, & Gerrard, 2018). After complet-
ing the incubation for 24 h, samples (10 mL) were taken out with a
pipette after mixing well from the reaction buffer for the following
analysis. The reaction buffers contained 10 mM Na2HPO4, 0.5 mM
nicotinamide adenine dinucleotide (NAD (+)), 60 mM KCl, 30 mM cre-
atine, 5 mM adenosine 5′-triphosphate (ATP), 40 mM glycogen,
0.5 mM adenosine 5′-diphosphate, 5 mM MgCl2, 10 mM sodium ac-
etate and 25 mM carnosine.

2.3. NOS activity

The sample (1 mL) was centrifuged at 4 °C and 10,000 g for 14 min,
and then the activity of NOS in the supernatant was measured using
NOS activity assay kit (A014–2-2, Nanjing Jiancheng Bioengineering
Institute, China). Protein concentration was determined using the bicin-
choninic acid protein assay kit (PC0020, Beijing Solarbio Science &
Technology Co., Ltd., China).

2.4. Protein S-nitrosylation level

Referring to the method of Wang et al. (2019), the level of protein S-
nitrosylation was measured using the pierce S-nitrosylation western
blot kit (90,105, Thermo Fisher Scientific, USA). Firstly, the samples
(1 mL) were centrifuged at 4 °C and 10,000 g for 15 min. The super-
natant was removed from the pellet and then 1 M methyl methanethio-
sulfonate (20 μL) was added into the supernatant. Then the mixtures
were incubated at 25 °C for 0.5 h to block free cysteine thiols. Next, the
sample (1 mL) was added with 6 mL pre-chilled acetone and then
frozen at −20 °C for 1 h to remove methyl methanethiosulfonate. The
samples and tubes were inverted to decant the acetone after centrifuge
and then pellet was redissolved with HENS buffer (200 μL; 1 mM ethyl-
ene diamine tetraacetic acid, 0.1 M 2-[4- (2-hydroxyethyl) piperazin-1-
yl] ethanesulfonic acid, 1% sodium dodecyl sulfate, 0.1 mM
neocuproine, pH 7.8). To irreversibly bind with the cysteine thiol, the
dissolved iodo tandem mass tags reagent (20 μL) and 1 M sodium ascor-
bate (40 μL) were added to the 200 μL samples. Finally, the reaction so-
lutions were incubated at 37 °C for 1 h under dark conditions.

The labeled protein was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting.
Proteins were dissolved in SDS-PAGE loading buffer (P1040, Beijing So-
larbio Science & Technology Co., Ltd., China). The loading buffer
(pH 6.8) consisted of 50% glycerol, 60 mM Tris-HCl, 2% SDS, 1% DTT
and 0.1% bromophenol blue. Proteins were separated by SDS-PAGE on
10% gels and transferred to polyvinylidene difluoride membranes (ISE-
Q00010, Millipore, Germany) with a pore size of 0.2 μm. Following
this, the membranes were blocked with 5% non-fat milk at room tem-
perature for 1 h (RP0004, Ryon Biological Technology, China). The
anti-tandem mass tag antibody (mouse monoclonal antibody; 1:1000;
90,105, Thermo Fisher Scientific, USA) was used to treat the mem-
branes for 14 h as a primary antibody. Then the mouse anti-rabbit im-
munoglobulin antibody (1:5000; A01827, GenScript, China) was used
to treat the membranes for 1 h as the second antibody. Finally, the
membranes were reacted with the peroxide solution and ECL substrate
(34,580, Thermo Fisher Scientific, USA). The relative amounts of pro-
teins were semi-quantified by Image Quant LAS4000 (GE, CT, USA).
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Fig. 2. The S-nitrosylation levels of total protein in the in vitro reactions at 24 h. (A) Representative image of SDS-PAGE of the samples before the procedure of
iodoTMT method. (B) Western blot analysis of S-nitrosylated protein after iodoTMT labeling. (C) Band abundance value of S-nitrosylated protein. All measurements
were expressed as the mean ± SE. a–b: Different letters are significantly different between treatments (p < 0.05, n = 6).

The protein S-nitrosylation level was calculated depending on the ratio
of enriched S-nitrosylation protein and total protein.

2.5. Targeted metabolomics analysis

A total of 38 key metabolites involved in the pentose phosphate
pathway (PPP), glycolysis pathway, oxidative phosphorylation and tri-
carboxylic acid cycle (TCA cycle) were detected simultaneously by
UPLC-MS/MS.

2.5.1. Metabolites extraction
Each sample (100 μL) was taken out from the reaction buffer follow-

ing by extracting with precooled water (100 μL) and methanol/acetoni-
trile (800 μL, 1:1, vol/vol). Then the samples were mixed and treated
with ultrasound (20 kHz frequency, 100 W) for 60 min in the ice bath.
The samples were centrifuged at 15,000 g and 4 °C for 25 min. Follow-
ing this, the succinate D6 and glutamate D5 were added to each sample
and then the samples were vacuum dried. For mass spectrometry, the
samples were redissolved and then acetonitrile and water solutions
(100 μL, 1:1, vol/vol) were added. Finally, 80 μL supernatants were
taken out from the mixtures for further analysis.

2.5.2. UPLC-MS/MS measurement
The measurement was performed by Shimadzu Nexera X2

LC-30AD UPLC. Mobile phase: solution A was consisted of 5%
acetonitrile and 10 mM ammonium acetate (pH 9.0); and solu-
tion B was consisted of 95% acetonitrile and 10 mM ammonium
acetate (pH 9.0). The sample was redissolved in 50% acetoni-
trile (100 μL) in the autosampler at 4 °C. The injection volume
was 5 μL. The column (ACQUITY UPLC BEH Amide 1.7 μm,
2.1 mm × 100 mm column; Waters, Ireland) temperature was

40 °C. The flow rate was 300 μL/min. The gradient of related
mobile phase was as follows: in 0–2 min, solution B was main-
tained at 95%; 2–9 min, solution B was linearly changed from
95% to 70%; 9–10 min, solution B was linearly changed from
70% to 30%; 10–11 min, solution B was maintained at 30%;
11–11.5 min, solution B was linearly changed from 30% to
95%; and 11.5 to 15 min, solution B was maintained at 95%.

Mass spectrometry was performed using a QTRAP5500 mass spec-
trometer (AB SCIEX) in positive and negative ion mode. The experiment
parameters were set as follows: curtain gas, 35 psi; ion source gas 1,
40 psi; ion source gas 2, 50 psi; and source temperature, 550 °C. The ex-
periment parameters of ion spray voltage floating for positive and nega-
tive ion mode were set as 5500 V and 4500 V, respectively.

2.6. Statistical analysis

The original MS/MS data were retrieved by software MS-Dial (Ver-
sion 4.16) and matched with a standard database, HMDB and MassBank
public databases. The remaining missing values were filled with 1/2
minimum value. Then the total peak area was normalized and the re-
tention time was extracted by MultiQuant software. The calibration re-
tention time of standard samples was used for metabolite identification.
The peak area of metabolite extracted ions was normalized by internal
criteria succinate D6 and glutamate D5.

Data were presented as mean ± standard error (SE). Statistical
analysis system (SAS Institute Inc., Cary, NC) was employed to perform
one-way analysis of variance (ANOVA). The Duncan's multiple range
tests were used to compare differences in the individual groups
(p < 0.05). All figures were performed with the SigmaPlot 13.0 soft-
ware on Windows.
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Fig. 3. Complex heatmap of metabolites in the different treatments (L-NAME and NOR-3).

3. Results and discussion

3.1. NOS activity

The NOS activity of different groups is shown in Fig. 1. The result
showed that no significant difference in NOS activity was observed be-
tween NOR-3 and L-NAME groups (p > 0.05). However, compared
with the control group, the NOS activity was significantly decreased af-
ter NOR-3 and L-NAME treatments (p < 0.05). NOS activity can reflect
the potential capacity of NO production in skeletal muscle. L-NAME
could inhibit the NOS activity due to the competitive relationship be-
tween L-NAME and L-arginine which is the substrate for NO produc-
tion. Lower NOS activity in NOR-3 group might be due to the excessive
NO content in muscle cells, which could have a feedback inhibition ef-
fect on NOS as shown in our previous study (Zhang et al., 2019). Previ-
ous work has demonstrated that NOS activity in fresh chicken thigh
muscle was not affected over the pH range of 4.5–7.4 (Brannan &
Decker, 2002). Therefore, the effects of NOR-3 and L-NAME treatment
on NOS activity were much greater than pH and substrate exhaustion.
Similarly, our previous work has demonstrated that the red, firm and
non-exudative pork had higher NOS activity than that of pale, soft and
exudative samples (Wang et al., 2019). Thus, the change of NOS activ-
ity may lead to the different levels of NO production and then affect
postmortem biochemical reactions and meat quality.

3.2. Protein S-nitrosylation level

As shown in Fig. 2 (A), SDS-PAGE showed similar number and
strength of major protein bands in three groups before iodo tandem
mass tags labeling for determining protein S-nitrosylation level
(p > 0.05). As shown in Fig. 2 (B), western blotting analysis showed
that S-nitrosylation levels had no significant difference between L-
NAME and control groups (p > 0.05). This phenomenon could be at-
tributed to the fact that S-nitrosylated protein was difficult to be de-
tected if the amount of S-nitrosylated protein was too low. However,
NOR-3 group had a significantly higher protein S-nitrosylation level
compared to L-NAME group (p < 0.05). The distributions of protein S-
nitrosylation in the range of 30–100 kDa and 250 kDa were more con-
centrated and the high abundance suggests that small molecule proteins
are more susceptible to S-nitrosylation.

According to the previous study, Liu et al. (2019) found the molecu-
lar weight of S-nitrosylated proteins was concentrated within 100 kDa

and glycogen metabolism was one of the most significant metabolic
pathways for S-nitrosylation proteins. Besides, Zhu, Xing, Hou, Liu, and
Zhang (2021) also reported that the S-nitrosylation levels of energy me-
tabolism enzymes were up-regulated in high ultimate pH beef com-
pared to intermediate ultimate pH. These findings suggest that most en-
ergy metabolism enzymes may be S-nitrosylated.

3.3. Identification of targeted energy metabolites

The extracted ion chromatogram diagram of energy metabolite stan-
dard is shown in Fig. S1. The figure shows that the chromatographic
peak of each metabolite was well separated. The peak shape was sharp
and symmetrical indicating it could be used for mass spectrometry
quantization of each metabolite. All samples were equally mixed as
quality control samples, which were used to assess the repeatability and
stability of the data. The relative standard deviation (RSD) results of the
substances are shown in Fig. S2. The result of energy metabolites with
RSD was <30%, which indicates that the data are stable and reliable.

The concentration of each metabolite is shown in Table S2. The re-
sults showed that 38 energy metabolites were identified by UPLC-
MS/MS with targeted metabolic profiling. Yu et al. (2019) found that
22 metabolites were identified by UPLC-MS/MS in bovine PM and LL
muscles during the first 24 h postmortem. Based on 1H NMR, Cônsolo et
al. (2021) found 45 metabolites were quantified in the dark-cutting
beef samples. In present study, these 38 metabolites were classified into
five pathways including glycolysis, oxidative phosphorylation, PPP,
TCA cycle and purine metabolism. As shown in Table S2, metabolites
were dominant in glycolysis metabolism, TCA cycle and PPP, which is
consistent with the study of energy metabolites in bovine PM and LL
muscles (Yu et al., 2019).

3.4. Changes of metabolite in the in vitro model

3.4.1. Glycolytic metabolites
For glycolytic pathway, the contents of pyruvate, lactate, glucose-1-

phosphate (G1P) and glucose-6-phosphate (G6P) were quantified (Fig.
3). Pyruvate and lactate, as important metabolites in glycolysis, were
significantly overabundant in NOR-3 group compared with L-NAME
and control groups (p < 0.05). This result demonstrates that protein S-
nitrosylation could regulate the rate of glycolysis. Consistent with our
finding, Young, Radda, and Leighton (1997) also found that sodium ni-
troprusside (NO donor) treatment increased the rate of glucose oxida-
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Fig. 4. Comparative analysis of metabolites among different treatments (control, L-NAME and NOR-3). (A): PCA score plot; (B): OPLS-DA score plot; (C): permuta-
tion plot, R2 (cumulative interpretation ability of the model) and Q2 (predictive ability of the model); (D): VIP (pred) (variable importance for predictive compo-
nents) plot.

tion, pyruvate and lactate accumulation in rat soleus muscle and the ef-
fect was independent of insulin. In addition, NOR-3 group had signifi-
cantly lower concentration of G6P and G1P compared with L-NAME
group (p < 0.05). This phenomenon could be attributed to the fact that
intermediate metabolites in NOR-3 group were utilized faster than L-
NAME group (Matarneh, Yen, Bodmer, El-Kadi, & Gerrard, 2021). Inter-
estingly, Carafoli (2002) indicated that a high level of calcium concen-
tration in sarcoplasm could increase the rate of energy metabolism and
lactate formation. In addition, Wang et al. (2019) demonstrated that
higher S-nitrosylation levels of sarcoendoplasmic reticulum Ca2+-
ATPase (muscle type) and ryanodine receptor channel (muscle type)
could induce calcium imbalance in muscle, which in turn accelerated
pH decline. Therefore, the changes of glycolysis rate could be related to
the different calcium concentrations in the cytoplasm induced by the
protein S-nitrosylation.

3.4.2. TCA cycle metabolites
For TCA cycle, the contents of cis-aconitate, succinate, citrate, ox-

aloacetate, isocitrate, acetyl coenzyme A and glutamate were quanti-
fied. As shown in Table S2 and Fig. 3, the concentration of cis-aconitate
and succinate in NOR-3 group was significantly higher than L-NAME
group (p < 0.05). Previous researches have reported similar results
that TCA cycle could continue to produce energy during the first 2 h
postmortem and the succinate content changed with time in the in vitro
model (Matarneh et al., 2021). In addition, Merry, Steinberg, Lynch,
and Mcconell (2009) demonstrated that NO might be involved in regu-
lating glucose consumption in muscle cells. Thus, the results demon-
strated that more glycogen was consumed in NOR-3 group, leading to
the generation of high level of pyruvate, which further increased the
contents of cis-aconitate and succinate through the TCA cycle. Further-
more, the contents of citrate, oxaloacetate, isocitrate and acetyl coen-
zyme A in L-NAME group were significantly increased compared with
NOR-3 group (p < 0.05). Previous studies have found that glycolysis,
pyruvate conversion to lactate, TCA cycle and mitochondrial dysfunc-
tion were significant metabolic pathways in postmortem pork involving
protein S-nitrosylation (Liu et al., 2019). Similarly, Chouchani et al.
(2010) demonstrated that aconitase involved in the TCA cycle was in-

hibited by S-nitrosylation modification, thus affecting isocitrate metab-
olism in rat heart mitochondria. S-nitrosylation reactions require nega-
tive electrostatic potentials for amino acid residues adjacent to cysteine
residues on the protein surface or within the protein. Thus, change of
metabolites content may be explained by the fact that different modifi-
cation sites could exert different effects for enzymes activity (Zhang et
al., 2017).

Interestingly, the content of glutamate was significantly higher in
NOR-3 group compared to L-NAME group (p < 0.05). It might be at-
tributed to the fact that the glutamate could be converted to alpha-
ketoglutarate with pyruvate or oxaloacetate under the catalysis of en-
zymes (Hertz & Chen, 2017). Previous research has shown that S-
nitrosylation modification of phosphofructokinase (cysteine 351) re-
duced the content of TCA cycle metabolites, such as citrate, fumarate,
pyruvate, glutamate and alpha-ketoglutarate (Gao et al., 2021). Com-
bined with the present results, we speculated that a protein S-
nitrosylation dependent mechanism might affect the energy metabo-
lism of postmortem muscle resulting in the change of pork quality.

3.4.3. Purine and cofactors
For purine and cofactors metabolism, the contents of ATP, cyclic

adenosine monophosphate (cAMP) and NAD (+) were quantified (Fig.
3). In present study, L-NAME group had a significantly greater ATP con-
tent compared to NOR-3 group (p < 0.05). Cônsolo et al. (2021) found
that dark-cutting beef showed greater levels of ATP compared to the
normal quality samples, which might be related to mitochondrial activ-
ity. Furthermore, Escames et al. (2007) found that NO could regulate
mitochondrial respiration attributing to the inhibition of NO on cy-
tochrome oxidase. Therefore, the increase of metabolite content in pre-
sent work was possibly due to the regulation effect of S-nitrosylation on
the enzyme activities in mitochondria. The content of cAMP in NOR-3
group was significantly higher than that in L-NAME group (p < 0.05).
cAMP, as an important second messenger, is generated by the hydroly-
sis reaction of ATP under the catalysis of adenylate cyclase, which
could activate protein kinase A (Moutinho, Hussey, Trewavas, & Malho,
2001). This result could explain the decrease of ATP content in the
NOR-3 group. The content of NAD (+) was significantly higher in NOR-
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Fig. 5. The correlation map of metabolites in the different treatments (L-NAME and NOR-3). The correlation coefficient (Pearson Correlation value R) between
metabolites with significant differences was between −1 and + 1. The correlation coefficient R between metabolites is represented by color, where R > 0 indi-
cates positive correlation, which is represented by red. R < 0 indicates negative correlation, which is represented by blue. Significant differences of metabolites
correlation were displayed as: *, p < 0.05; **, p < 0.01; ***, p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

3 group than that of L-NAME group (p < 0.05). NAD (+) is the accep-
tor of the dehydrogenation in the TCA cycle, and it could be trans-
formed by NADH when pyruvate is reduced to lactate (Wells,
Selvadurai, & Tein, 2009). These facts could explain the higher lactate
content in NOR-3 group compared to L-NAME group. Meanwhile, the
overabundance of NAD (+) in NOR-3 group may suggest more inten-
sive pyruvate metabolism than L-NAME group. In addition, the level of
NAD (+) has been reported to be significantly higher in LL muscle than
other muscle parts (PM or vastus intermedius) because of the higher ac-
tivities of energy metabolism enzymes in LL (Muroya, Oe, Nakajima,
Ojima, & Chikuni, 2014; Yu et al., 2019).

3.4.4. Pentose phosphate pathway
The PPP is one of the most important pathways in glucose catabo-

lism. In present study, the content of 6-phosphogluconate in NOR-3
group was significantly higher than L-NAME group while L-NAME
group showed significantly greater ribose 5-phosphate content com-
pared to NOR-3 group (p < 0.05). Aliani, Farmer, Kennedy, Moss, and
Gordon (2013) found that the content of ribose 5-phosphate in most
chickens reached its peak at 28–55 h after slaughter and gradually de-
creased after refrigeration. This phenomenon might be due to the for-

mation of ribose 5-phosphate by oxidative decarboxylation and molec-
ular rearrangement of 6-phosphogluconate. Previous studies have
shown that the rate of energy metabolism was controlled by regulating
the balance of G6P consumption in the pentose phosphate and the gly-
colysis pathways when treating astrocytes with NO (Bolaños, Delgado-
Esteban, Herrero-Mendez, Fernandez-Fernandez, & Almeida, 2008).

3.5. Multivariate statistical analyses of metabolites

3.5.1. Principal components analysis (PCA)
In the PCA plot (Fig. 4 (A)), the first principal component (PC1) and

the second principal component (PC2) accounted for 36.9% and 14.4%,
respectively. The control group was noticeably separated from the L-
NAME and NOR-3 groups along with PC1. Furthermore, L-NAME group
was obviously separated from NOR-3 group along with PC2. Similarly,
Yu et al. (2019) revealed that PM was obviously separated from LL mus-
cle samples in the PCA results possibly due to the different activities of
energy metabolism enzymes. The present result indicates that the
metabolite patterns were clearly changed after regulating the level of
protein S-nitrosylation, which is in concert with the absolute quantita-
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Fig. 6. (A): KEGG enrichment bubble of metabolites in the different treatments (control, L-NAME and NOR-3). (B): The connection plot of pathways related to energy
metabolism development.
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tion results of metabolite among three different groups (Zhang et al.,
2018).

3.5.2. Orthogonal projections to latent structures discriminant analysis
(OPLS-DA)

In order to find out the significantly different metabolites between
L-NAME and NOR-3 groups, OPLS-DA model was established. The
OPLS-DA model could distinguish the L-NAME and NOR-3 groups (Fig.
4B). A cross-validation analysis with 200 permutation tests showed that
the intercepts of R2 and Q2 were 0.585 and − 0.429, respectively. The
result indicates that the OPLS-DA model was reliable and statistically
valid (Fig. 4C). Variable importance in projection (VIP) was calculated
aiming to screen the significantly different metabolites between the two
groups, and VIP value >1.0 was used as the screening criterion (Zhang,
Zhang, & Xing, 2021). A total of 16 metabolites (glyceraldehyde 3-
phosphate, dihydroxyacetone phosphate, adenosine diphosphate,
adenosine diphosphate glucose, malate, acetyl-coa, cis-aconitate, ox-
aloacetate, glutamate, succinate, pyruvate, fumarate, citrate, cAMP,
guanosine triphosphate and ATP) were finally discriminated as signifi-
cantly different metabolites (Fig. 4D).

3.5.3. Hierarchical cluster analysis (HCA)
To visualize the relationship and the differences in expression pat-

terns of metabolites in different groups, HCA heatmap was performed.
As shown in Fig. S3, L-NAME group was separated from NOR-3 and
control groups while NOR-3 group was separated from control group.
These results indicate that the metabolite patterns were clearly changed
after regulating the level of protein S-nitrosylation, which is also in con-
cert with the PCA result.

3.6. Correlation analysis of metabolites

For further analyzing the correlation of different metabolites, corre-
lation analysis was performed. The metabolites in the glycolysis path-
way were closely related to the metabolites in the TCA cycle, indicating
that different levels of protein S-nitrosylation could affect both the TCA
cycle and glycolysis in the in vitro model (Fig. 5 and Table S2). Mean-
while, a significant positive correlation was also observed between the
contents of lactate and pyruvate (R = 0.713; p < 0.01). However, the
contents of pyruvate and G6P showed a significant negative correlation
(R = −0.603; p < 0.05). For the TCA cycle, the reaction catalyzed by
isocitrate dehydrogenase is the rate-limiting step in the TCA cycle.
There was a negative correlation between the contents of pyruvate and
isocitrate (R = −0.501; p > 0.05). Moreover, the contents of pyruvate
and alpha-ketoglutarate showed a positive correlation (R = 0.470;
p > 0.05). These results demonstrate that metabolites have a common
metabolic pool and are in dynamic equilibrium with each other (Zhang
et al., 2018).

3.7. Metabolic pathway analysis

Metabolic pathway analysis is an important method in the recon-
struction of biochemical reaction networks (Sin et al., 2015). To investi-
gate the effect of protein S-nitrosylation on energy metabolism, the
metabolic pathways of differential metabolites among L-NAME, NOR-3
and control groups were carried out by using Kyoto Encyclopedia of
Genes and Genomes (KEGG; https://www.kegg.jp/kegg/). Ten related
metabolic pathways were visualized in Fig. 6 (A). Based on KEGG data
library, four metabolic pathways were identified including all signifi-
cantly differential metabolites screened by OPLS-DA model. Four meta-
bolic pathways (glycolysis, TCA cycle, purine metabolism and PPP)
were connected and summarized. As shown in Fig. 6 (B), G6P con-
nected the PPP with glycolytic metabolism, pyruvate built a bridge be-
tween glycolytic metabolism and lactate biosynthesis, alpha-
ketoglutarate was associated with glutamate metabolism and TCA cy-

cle, and oxaloacetate was a relation link between glycolytic metabolism
and TCA cycle.

Similarly, Welzenbach et al. (2016) also identified four same meta-
bolic pathways and the change of these metabolic pathways was related
to meat quality including pH and color. Glycolytic metabolism (con-
tained 10 metabolites) and TCA cycle (contained 12 metabolites) were
further screened out as the major energy metabolism pathways influ-
enced by protein S-nitrosylation according to the number of differential
metabolites in the metabolic pathways. Consistent with our results,
Matarneh et al. (2021) also demonstrated that TCA cycle and glycolysis
were important metabolic pathways in postmortem muscle. Hence, the
present study indicates that glycolysis and TCA cycle were important
metabolic pathways affected by different levels of protein S-
nitrosylation to regulate the energy metabolism in the in vitro model.

4. Conclusion

Current study showed that NOR-3 treatment led to a greater level of
protein S-nitrosylation. Sixteen significantly differential energy
metabolites were identified by UPLC-MS/MS in three groups. These re-
sults demonstrated that metabolites had a common metabolic pool and
were in dynamic equilibrium with each other. In addition, glycolysis
and TCA cycle were significant metabolic pathways affected by differ-
ent levels of protein S-nitrosylation to regulate the energy metabolism
in the in vitro model. Thus NO can be involved in regulating the energy
metabolism by the pathway of protein S-nitrosylation. Further study
should be focused on the relationship between the function of mito-
chondria and protein S-nitrosylation.
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