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glycolysis-related proteins in
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and Laboratory Technology Innovation, Qingdao University, Qingdao, China

Objective: Glucose metabolism is the main way in which cells obtain
energy during exercise and plays an important role in exercise. The purpose
of this study was to explore the changes in the expression of glucose
metabolism-related proteins in urine after running, and finally applied to the
monitoring of running training.

Methods: Urine samples were collected before and after running, and urine
proteomics information was collected to explore the expression of proteins in
the urine using LC-MS/MS in DDA mode and DIA mode. Receiver operating
characteristic (ROC) curve was drawn to evaluate the value of target proteins
in monitoring running training.

Results: A total of 140 proteins were identified using LC-MS/MS in DDA
mode, of which 49 urine proteins showed increased expression after running.
KEGG analysis revealed that glucose metabolism-related proteins are mainly
concentrated in glycolysis. There were six glycolysis-related proteins, among
which urine proteins PKM, TPI1, ENO1 and LDHB were significantly increased
after running (P < 0.05). This changes in urine proteins PKM, TPI1, ENO1 and
LDHB were further verified by the results of LC-MS/MS in DIA mode. The
concentrations of the urine proteins TPI1, ENO1 and LDHB showed a significant
linear relationship with PKM. ROC curve analysis showed that PKM, TPI1, ENO1
and LDHB proteins in urine had good monitoring values for running training.

Conclusion: The expression of glycolysis-related proteins PKM, TPI1, ENO1 and
LDHB in urine was significantly increased after running, which may be applied
to the monitoring of running training.
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Introduction

With the development of sports science, sports training monitoring is receiving
increasing attention and recognition, and has become a research hotspot. At present, various
physiological and biochemical indicators are used to monitor exercise training, such as
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serum creatine kinase, blood lactate, urine albumin, etc.
(Asghar et al., 2017; Benedict et al.,, 2011). The commonly used
samples are blood and urine. Compared with blood, urine is
convenient for sampling, harmless, easy to be measured repeatedly
during exercise (Aitekenov et al., 2021; Capolongo et al., 2018),
and more sensitive and earlier to reflect the degree of exercise
training. Urine has become the sample of choice in sports training
monitoring.

In recent years, with the development of urine proteomics, the
analysis and application of urine metabolites for sports training
monitoring has also been put on the agenda (Contrepois et al.,
2020; Heaney et al, 2019; Quintas et al, 2020). Proteomics
research has the characteristics of high throughput, high efficiency,
accuracy and sensitivity (Khan et al., 2020), which can study the
relationship between exercise and urine protein components from
an overall perspective. Training effectiveness and fatigue injury can
be effectively assessed and monitored by studying the components of
urine proteins in different sports and identifying the characteristic
proteins. Many scholars have tried to apply proteomics technology
to exercise research, including acute exercise, long-term exercise
and marathon. This approach has proven to be a very effective
method of research (Enea et al., 2009; Zhu et al., 2021). For example,
Samudrala et al. applied mass spectrometry technology to detect
urine protein and proved that urine protein components can more
comprehensively reflect the basic status of body metabolism after
athletes exercise (Samudrala et al., 2015).

Among various metabolic processes, glucose metabolism can
provide the carbon skeleton and energy for cellular life activities,
and its homeostasis is fundamental to the physiological function
of each tissue of the body (Mulukutla et al., 2016). Glucose is the
main energy supply substance in the body, and the energy consumed
during exercise is mainly derived from glucose. Its metabolic
disorders are closely related to the occurrence of metabolic diseases
such as obesity and type Il diabetes (Bouché etal., 2013; Norton et al.,
2022). Glucose metabolism is the process by which the body
carries out orderly chemical reactions for the absorption and
utilization of glucose. The main pathways are anaerobic glycolysis,
aerobic oxidation, and the pentose phosphate pathway. Good
glucose metabolism improves the body’s energy supply, which in
turn improve exercise performance. Until now, the expression and
significance of urine glucose metabolism-related proteins during
exercise has not been particularly well understood and is therefore
of great importance for the monitoring of glucose metabolism
during exercise.

In this study, a mass spectrum database of urine proteins of
subjects before and after running was established using proteomic
methods. The expression changes of glucose metabolism-related
proteins in urine were analyzed and their monitoring effect on
running training was evaluated, thus providing a suitable urine
biomarker for running training monitoring.

Materials and methods
Subjects

Twenty males from Beijing Shijitan Hospital affiliated to Capital
Medical University were enrolled as subjects. A 2000 m endurance
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run at a constant speed of 9 km/h was used during the running.
Informed consent was obtained from all subjects prior to inclusion
in this study. All procedures were performed in accordance with the
ethical standards of the Declaration of Helsinki and approved by the
Ethics Committee of Beijing Shijitan Hospital. In order to ensure
the consistency of sampling before and after the experiment, the
sampling requirements (diet, etc.), sampling time points, sampling
methods, and sampling procedures were introduced to the subjects
in advance.

Sample collection and processing

30 mL of urine was collected from the subjects 10 min before
and 10 min after running. The urine sample was divided into two
parts, one of which was packaged and stored at —80°C until used for
mass spectrometry detection. Another part of the sample was used
for urine routine testing. Urine routine testing was performed using
the MUS9600 Urine Analyzer (Dirui, Changchun, China), which
was completed within 2 h after sampling.

Urine sample preparation for MS analysis

I mL was removed from the urine sample and the pellet
were collected by centrifugation at 176,000 ¢ for 1 h. The pellet
was resuspended with 40 pL of resuspension buffer (50 mM
Tris, 250 mM sucrose, pH 8.5) and 50 mM dithiotheitol (DTT),
after which it was heated at 65°C for 30 min. Then 160 pL of
washing buffer (100 mM NaCl, pH 7.4) was added, and a second
ultracentrifugation was performed at 176,000 g for 30 min. The
pellet was resuspended in 30 pL NH,HCO; and heated at 95°C for
3 min. It was cooled to room temperature and digested with trypsin
for 12 h. It was then dried in vacuum and re-dissolved in 0.1% formic
acid. And resolved on an UltiMate 3000 RSLCnano System (Thermo
Fisher Scientific) at a flow rate of 800 nL/min over a 30-min linear
gradient (5%-35% acetonitrile in 0.1% formic acid).

LC-MS/MS in data-dependent acquisition
mode

The samples were loaded onto the trap column (100 pm*2 cm,
homemade; particle size, 3 pm; pore size, 120 A; SunChrom, United
States). With a gradient of 5%-35% mobile phase B (20%H,0
and 80%ACN, 0.08%FA) at a flow rate of 800 nL/min for 30 min,
peptide samples were separated by a homemade silica microcolumn
(150 um* 10 cm, particle size, 1.9 pm; pore size, 120 A. SunChrom,
United States). LC-MS/MS was performed on a Q Exactive HF-x
mass spectrometer (Thermo Fisher Scientific). The instrument was
operated in data-dependent acquisition mode (DDA). Full scans
were performed from m/z 300 to 1,400.

The MS data was processed on the Firmiana platform. Proteins
were identified from the NCBI human RefSeq protein database. 1%
FDR was allowed on both the peptide and protein levels estimated
by searching a decoy database. Only identifications with >] unique
and strict peptides and >2 strict peptides (ion score >20) or >3
strict peptides, which was comparable to 1% FDR at the protein
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TABLE 1 Basic information of subjects.

Number Gender Age (years) Height (m) Weight (kg) BMI (kg/m?)

20 Male 25.80 £ 1.91 1.73 £0.07 71.48 +10.59 23.86 +3.00

level, were used for subsequent analysis. For protein quantification, Cha nges in subject indicators

intensity based absolute quantification (iBAQ) algorithm was used.

To normalize differences in sample size, iBAQ values were converted The changes in blood pressure, heart rate, blood glucose levels
to iFOT (fraction of total) calculated by dividing the iBAQ value  and urine routine before and after running were shown in Table 2.
of each protein by the total iBAQ of the sample followed and  According to the table, the systolic blood pressure and heart
multiplying 10° for easy visualization (Hadjadj et al., 2020). Finally, ~ rate of the subjects increased significantly and blood glucose
based on the online resource database Kyoto Encyclopedia of  decreased significantly after running. There were no significant
Genes and Genomes (KEGG: https://www.genome.jp), the protein ~ changes in urine pH, urine specific gravity (SG). There were
enrichment degree in the KEGG Pathway was evaluated using R no positive cases of urine protein and urine glucose before or
language and hypergeometric test. after running.

LC-MS/MS in data-independent acquisition  Proteomic analysis of urine proteins
mode
140 proteins were identified in urine by LC-MS/MS in data-
Experiments were performed on a QExactive HF-X mass  dependent acquisition mode (DDA), and the clustering heatmap
spectrometer (Thermo Fisher), and data-independent acquisition ~ of these proteins was shown in Figure 1A. Fold change >1.5
(DIA) mode was used for mass spectrometry with a full scanning ~ and P value <0.05 were considered as significant differences.
range of m/z 350-1,500 and a primary mass resolution of  The volcano diagram was shown in Figure 1B, where 49 proteins
120,000. The “Top Speed” mode was adopted for secondary mass  were elevated in the urine after running compared to the urine
spectrometry detection, with the resolution set at 30,000, AGC  before running.
at 100%, maximum injection time at 54 ms. Finally, the raw data
of mass spectrometry detection was generated. Mass spectrometry
results were queried in the NCBI human RefSeq protein database. At KEGG analysis of urine proteins
the protein level, each protein contained at least one unique peptide
using a 1% FDR as a filter. Proteins with a fold change >1.5 and p To further explore the function of 140 proteins in urine, a
value <0.05 were considered significantly different. KEGG analysis was performed. As shown in Figure 2A, most
of the proteins were aggregated during the processes of Carbon
metabolism, Starch and sucrose metabolism, indicating vigorous
Statistics metabolism during running. Glycolysis was the main aggregation
pathway for glucose metabolism, with a total of six proteins
Statistical analysis was performed using GraphPad Prism  aggregating in the glycolysis pathway, including TPI1, PKM,
8.0 (GraphPad, La Jolla, CA, United States) software, and = LDHB, GAPDH, ENOIl and ALDOB. Fold change >1.5 and
differences between groups were compared using the Students t-test. P value <0.05 were considered as significant differences, and
Correlation analysis was determined using the Pearson correlation.  the volcano diagram was shown in Figure 2B. Compared with
Receiver operating characteristic (ROC) curve analysis was used to  those before running, the expressions of glycolysis-related proteins
evaluate the diagnostic performance of the two groups of proteins. ~ GAPDH and ALDOB in urine after running did not change
P < 0.05 was considered significant and was considered statistically  significantly, while expression of PKM, TPI1, ENO1 and LDHB

significant. proteins increased.
Results Changes in the expression of
glycolysis-related proteins in the urine of
Clinical characteristics subjects after running
The basic information of the selected 20 subjects was shown According to the mass spectrometry data in DDA mode, it

in Table 1, the age was (25.80 * 1.91) years old, the height was  can be found that the expression levels of PKM, TPI1, ENOI1
(1.73 £ 0.07) m, the weight was (71.48 + 10.59) kg, and the and LDHB proteins in urine after running were significantly
BMI was (23.86 + 3.00) kg/m>. The details of the 20 subjects can  higher than those before running (P < 0.05), and the difference
be found in Supplementary Table S1. was statistically significant (Figure 3A). Meanwhile, the mass
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TABLE 2 Subject measurement indicators.

10.3389/fphys.2024.1481741

systolic blood pressure (mmHg)

122.15 £ 10.86

diastolic blood pressure (mmHg) 80.25+9.35
heart rate (times/min) 74.00 + 10.55
blood glucose (mmol/L) 5.51+0.33
pH 6.35 +0.56
urine protein (%) 0

urine glucose (%) 0

SG 1.02 £0.01

SG: Specific Gravity. ns, no significance;”, P < 0.05;", P < 0.01;**, P < 0.001.

FIGURE 1
Proteomic analysis of urine proteins. The analysis was carried out according to the mass spectrometry data in DDA mode. (A) Clustering heatmap

analysis of proteins in urine before and after running. before, group before running; after, group after running. (B) Volcano diagram analysis of urine
proteins before and after running. The abscissa is denoted by log, (FC), and the ordinate is denoted by —log,, (P Value).

spectrometry data in DIA mode also demonstrated the increased
expression of PKM, TPI1, ENOI, and LDHB in urine after running
(Figure 3B).

Correlation analysis of urine
glycolysis-related proteins

The proteins PKM, TPI1, ENO1 and LDHB are important
catalytic enzymes in the glycolytic pathway and there should
be
spectrometry data in DIA mode, the correlation between
urine proteins PKM, TPIl, ENOl1 and LDHB was further
explored, as shown in Figure4. The concentrations of urine
proteins TPII, ENO1 and LDHB were linearly correlated with
PKM (P < 0.05).

some correlation between them. Based on the mass
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Urine glycolysis-related proteins have
auxiliary monitoring value for running
training

Based on the mass spectrometry data, ROC curves were
established to analyze the auxiliary monitoring values of the urine
proteins PKM, TPI1, ENOI, and LDHB for running, as shown
in Figure 5. According to the mass spectrometry data in DDA
mode (Figure 5A), the area under the curve (AUC) of urine protein
PKM was 0.860. The AUC of urine protein TPI1 was 0.810. The
AUC of urine protein ENOI was 0.833. The AUC of urine protein
LDHB was 0.835. When the four urine proteins were combined,
the AUC was 0.860. According to the mass spectrometry data
in DIA mode (Figure 5B), the AUC of urine protein PKM was 0.790.
The AUC of urine protein TPI1 was 0.695. The AUC of urine protein
ENOI was 0.685. The AUC of urine protein LDHB was 0.788. When
the four urine proteins were combined, the AUC was 0.838. These
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FIGURE 2

Bioinformatics analysis of urine proteins. (A) KEGG enrichment analysis of urine proteins. The analysis was performed based on 140 proteins obtained
by mass spectrometry. The vertical axis represents significantly enriched KEGG pathways, the horizontal axis represents the proportion of proteins, the
size of the dot represents the number of genes, and the color represents the magnitude of the p value. (B) Volcano diagram analysis of
glycolysis-related proteins in urine before and after running. The abscissa is denoted by log, (FC), and the ordinate is denoted by —log,, (P Value).

four glycolysis-related proteins are of good application value and can
be used for the auxiliary monitoring of running training.

Discussion

Glucose metabolism plays an important role in maintaining the
energy homeostasis and growth and development of the human
body. Exercise training monitoring is a hot topic in current
exercise science research. Exploring changes in the expression
of glucose metabolism-related proteins during exercise is of
great significance for the selection of biomarkers for exercise
training monitoring.

Frontiers in Physiology
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In this study, we investigated the changes of glucose metabolism-
related proteins in urine before and after running. It was found
that glucose metabolism was mainly concentrated in the glycolytic
pathway during running, and expression of glycolysis-related
proteins PKM, TPI1, ENOI1 and LDHB increased significantly after
running. The expression of urine PKM, TPI1, ENO1 and LDHB
proteins increased after running, which may have applications as
potential biomarkers for running training monitoring.

As an ultrafiltrate of plasma, urine is the end product of systemic
organ metabolism (Zhou et al,, 2019). Changes in urine protein
expression should be consistent with systemic protein expression.
Changes in blood glucose concentration are closely related to
glucose metabolism. After the running, the subjects showed a
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FIGURE 3

spectrometry data in DIA mode.”, P < 0.05;**, P < 0.01;***, P < 0.001.

Changes in the expression of glycolysis-related proteins in urine of subjects after running. (A) The expressions of PKM (a), TPI1 (b), ENO1 (c) and LDHB
(d) in urine before and after running. The analysis was carried out according to the mass spectrometry data in DDA mode.**, P < 0.01;***, P < 0.001. (B)
The expressions of PKM (a), TPI1 (b), ENO1 (c) and LDHB (d) in urine before and after running. The analysis was carried out according to the mass
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FIGURE 4

Correlation analysis of urine TPI1, ENO1, LDHB and PKM expression. The analysis was carried out according to the mass spectrometry data in DIA
mode. (A) Correlation analysis of urine TPI1 protein and PKM protein. r = 0.726, P < 0.05. (B) Correlation analysis of urine ENO1 protein and PKM
protein. r = 0.730, P < 0.05. (C) Correlation analysis of urine LDHB protein and PKM protein. r = 0.803, P < 0.05.

significant decrease in blood glucose concentration, indicating that
glucose metabolism was vigorous and providing sufficient energy for
the exercise. Glycolysis is the process by which glucose is broken
down to pyruvate, which produces ATP. As a continuous process,
abnormalities in all stages of glycolysis can lead to disturbances in
energy supply. Glycolysis-related proteins are important catalytic
enzymes in the process of glycolysis, and they are closely related to
each other. This association was further validated by the significant
positive correlation between urinary concentrations of the proteins
TPI1, ENOI, and LDHB and PKM.

Frontiers in Physiology

During glycolysis, the TPI1 protein of these four proteins was
the first to become functional. TPI1 (Triosephosphate isomerase) is
involved in the glycolytic pathway by catalyzing the interconversion
of glyceraldehyde triphosphate and glycerone diphosphate (Jin et al.,
2022). It regulates the balance of three-carbon glucose metabolism
in cells, and directly affects ATP production and cellular energy
supply. ENO1 (Alpha-enolase), also known as 2-phospho-D-
glycerate hydrolase, catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis. ENOL1 is ubiquitously
expressed in most human tissues and is overexpressed in multiple
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ROC curve analysis of urine glycolysis-related proteins in running training monitoring. (A) ROC curves were drawn based on the abundance values of
the target proteins in urine from the mass spectrometry data in DDA mode. a: PKM; b: TPI1; c: ENO1; d: LDHB; e: four proteins in combination. AUC,
area under the curve; Cl, confidence interval. (B) ROC curves were drawn based on the abundance values of the target proteins in urine from the mass
spectrometry data in DIA mode. a: PKM; b: TPI1; c: ENO1; d: LDHB; e: four proteins in combination. AUC, area under the curve; Cl, confidence interval.
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cancer types (Huang et al., 2022). PKM (Pyruvate kinase) is one of
the major rate-limiting enzymes in glycolysis and is widely present
in muscle and liver (Damasceno et al., 2020; Dayton et al., 2016).
Pyruvate kinase encoded by PKM is responsible for catalyzing
the last step of the glycolytic pathway, which is the transfer of
a phosphoryl group from phosphoenolpyruvate to ADP, resulting
in the production of pyruvate and ATP. Pyruvate is subsequently
reduced to lactate by lactate dehydrogenase (LDH) in the cytosol or
is directed by the respiratory chain to produce ATP in high yields
(Nicholas et al., 2015). LDH, as a key enzyme in glycolysis, has
two types: LDHA and LDHB. LDHB is widely found in the kidney,
myocardium and skeletal muscle (Fan et al., 2021). In addition,
studies have shown that LDHB is localized to mitochondria and
is involved in a variety of key cellular processes, including ATP
production, apoptosis, calcium homeostasis, and cell proliferation
(Lovas and Wang, 2013; Mishra and Chan, 2014). In general, PKM,
TPI1, ENO1 and LDHB are closely related to each other and play
important roles in energy metabolism and ATP production during
glycolysis.

In this study, we found that glucose metabolism is mainly
concentrated in the glycolytic pathway, which may be related to the
form of running, with the body’s glycolysis utilization being relatively
high during the 2000 m medium andlongdistance runs. After running,
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the concentrations of urine PKM, TPI1, ENO1, and LDHB proteins
increase, indicating that the body’s glucose metabolism is vigorous and
the glycolysis energy supply is increased. Therefore, the monitoring of
glycolysis-related proteins is of great importance.

This study is the first to report the expression of glycolysis-related
proteins in urine before and after running. Urine sample collection is
simple and non-invasive, which can meet the needs of running training
monitoring biomarkers (Castano etal., 2019). The expressions of urine
glycolysis-related proteins PKM, TPI1, ENO1and LDHB are increased
after running, which are expected to become potential biomarkers for
running training monitoring. Of course, current research on urine
glycolysis-related proteins before and after running is still in the
preliminary exploration stage, and needs to be evaluated and validated
in more forms of exercise and in more subjects.

Conclusion

In this study, we explored the changes in the expression of
urine glycolysis-related proteins in normal subjects before and after
running using mass spectrometry. Glucose metabolism is enhanced
after running, and the concentrations of urine glycolysis-related
proteins PKM, TPI1, ENO1 and LDHB are increased, which can
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be used as potential biomarkers for running training monitoring,
providing a promising method for non-invasive running training
monitoring.

Data availability statement

The data analyzed in this study is subject to the following
licenses/restrictions: The datasets generated and analysed during
the current study are not publicly available but are available from
the corresponding author on reasonable request. Requests to access
these datasets should be directed to zhangman@bjsjth.cn.

Ethics statement

The studies involving humans were approved by this study
was performed in line with the principles of the Declaration of
Helsinki. Approval was granted by the Ethics Committee of Beijing
Shijitan Hospital. (sjtkyll-1x-2021). The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

TZ: Formal Analysis, Investigation, Validation, Writing-original
draft. Til: Investigation, Validation, Writing-original draft.
TaL: Validation, draft. SC:
Investigation, Validation, Writing-original draft. LW: Investigation,

Investigation, Writing-original

Validation, Writing-original draft. MZ: Conceptualization, Funding

acquisition, Project administration, Resources, Supervision,
Writing-review and editing.

References

Aitekenov, S., Gaipov, A., and Bukasov, R. (2021). Review: detection

and quantification of proteins in human urine. Talanta 223 (Pt 1), 121718.
doi:10.1016/j.talanta.2020.121718

Asghar, N., Iman, Y., Karamatollah, R., and Jahromi, A. S. (2017). Blood lactate level
in Elite boy swimmers after lactate tolerance exercise test. Biomed. Res. Ther. 4 (05),
1318. doi:10.15419/bmrat.v4i05.170

Benedict, C., Hallschmid, M., Lassen, A., Mahnke, C., Lange, T., Schi6th, H. B., et al.
(2011). Acute sleep deprivation reduces energy expenditure in healthy men. Am. J. Clin.
Nutr. 93 (6), 1229-1236. doi:10.3945/ajcn.110.006460

Bouché, C., Serdy, S., Kahn, C. R., and Goldfine, A. B. (2013). The cellular
fate of glucose and its relevance in type 2 diabetes. Endocr. Rev. 25 (5), 807-830.
doi:10.1210/er.2003-0026

Capolongo, G., Zacchia, M., Perna, A., Viggiano, D., and Capasso, G. (2018).
Urinary proteome in inherited nephrolithiasis. Urological Res. 47 (1), 91-98.
doi:10.1007/500240-018-01104-y

Castano, C., Novials, A., and Pérrizas, M. (2019). Exosomes and diabetes.
Diabetes/metabolism Res. Rev. 35 (3), €3107. doi:10.1002/dmrr.3107

Contrepois, K., Wu, S., Moneghetti, K. J., Hornburg, D., Snyder, M. P.,, Tsai, M.
S., et al. (2020). Molecular choreography of acute exercise. Cell 181, 1112-1130.e16.
doi:10.1016/j.cell.2020.04.043

Damasceno, L. E. A, Prado, D. S., Veras, E. P,, Fonseca, M. M., Toller-Kawahisa, J. E.,
Rosa, M. H,, et al. (2020). Pkm2 promotes Th17 cell differentiation and autoimmune
inflammation by fine-tuning Stat3 activation. J. Exp. Med. 217 (10), €20190613.
doi:10.1084/jem.20190613

Frontiers in Physiology

08

10.3389/fphys.2024.1481741

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. Thanks
are due to all the volunteers for their generous donation of urine
samples. This work was supported by Talent Training Plan during the
“14th Five-Year Plan” period of Beijing Shijitan Hospital Affiliated to
Capital Medical University (2023LJRCZM).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.2024.
1481741/full#supplementary-material

Dayton, T. L., Jacks, T., and Heiden, M. G. V. (2016). PKM2, cancer metabolism, and
the road ahead. EMBO Rep. 17 (12.0), 1721-1730. doi:10.15252/embr.201643300

Enea, C., Seguin, E, Petitpas-Mulliez, J., Boildieu, N., Boisseau, N., Delpech, N, et al.
(2009). 1 H NMR-based metabolomics approach for exploring urinary metabolome
modifications after acute and chronic physical exercise. Anal. Bioanal. Chem. 396 (3),
1167-1176. doi:10.1007/s00216-009-3289-4

Fan, S., Wu, K., Zhao, M., Yuan, |, Ma, S., Zhu, E., et al. (2021). Ldhb inhibition

induces mitophagy and facilitates the progression of csfv infection. Autophagy 17 (9),
2305-2324. doi:10.1080/15548627.2020.1823123

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N., et al. (2020).
Impaired type I interferon activity and inflammatory responses in severe COVID-19
patients. Science 369 (6504), 718-724. doi:10.1126/science.abc6027

Heaney, L. M., Deighton, K, and Suzuki, T. (2019). Non-targeted
metabolomics in sport and exercise science. J. Sports Sci. 37 (9), 959-967.
doi:10.1080/02640414.2017.1305122

Huang, C., Sun, Y,, Lv, L., and Ping, Y. (2022). ENO1 and cancer. Mol. Ther. Oncolytics
3 (24), 288-298. doi:10.1016/j.omt0.2021.12.026

Jin, X., Wang, D,, Lei, M., Guo, Y., Cui, Y., Chen, F, et al. (2022). TPI1 activates the
PI3K/AKT/mTOR signaling pathway to induce breast cancer progression by stabilizing
CDCAD5. J. Transl. Med. 20 (1), 191-220. doi:10.1186/s12967-022-03370-2

Khan, N. U, Lin, J, Liu, X, Li, H,, Lu, W,, Zhong, Z., et al. (2020). Insights
into predicting diabetic nephropathy using urinary biomarkers. Biochimica

biophysica acta. Proteins proteomics 1868 (10), 140475. doi:10.1016/j.bbapap.
2020.140475

frontiersin.org


https://doi.org/10.3389/fphys.2024.1481741
mailto:zhangman@bjsjth.cn
https://www.frontiersin.org/articles/10.3389/fphys.2024.1481741/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2024.1481741/full#supplementary-material
https://doi.org/10.1016/j.talanta.2020.121718
https://doi.org/10.15419/bmrat.v4i05.170
https://doi.org/10.3945/ajcn.110.006460
https://doi.org/10.1210/er.2003-0026
https://doi.org/10.1007/s00240-018-01104-y
https://doi.org/10.1002/dmrr.3107
https://doi.org/10.1016/j.cell.2020.04.043
https://doi.org/10.1084/jem.20190613
https://doi.org/10.15252/embr.201643300
https://doi.org/10.1007/s00216-009-3289-4
https://doi.org/10.1080/15548627.2020.1823123
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1080/02640414.2017.1305122
https://doi.org/10.1016/j.omto.2021.12.026
https://doi.org/10.1186/s12967-022-03370-2
https://doi.org/10.1016/j.bbapap.2020.140475
https://doi.org/10.1016/j.bbapap.2020.140475
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Zhao et al.

Lovas, J. R, and Wang, X. (2013). The meaning of mitochondrial movement
to a neuron’s life. Biochimica biophysica acta. Mol. cell Res. 1833 (1), 184-194.
doi:10.1016/j.bbamcr.2012.04.007

Mishra, P, and Chan, D. C. (2014). Mitochondrial dynamics and inheritance during
cell division, development and disease. Nat. Rev. Mol. Cell Biol. 15 (10), 634-646.
doi:10.1038/nrm3877

Mulukutla, B. C., Yongky, A., Le, T., Mashek, D. G., and Hu, W. S. (2016). Regulation
of glucose metabolism - a perspective from cell bioprocessing. Trends Biotechnol. 34
(8), 638-651. doi:10.1016/j.tibtech.2016.04.012

Nicholas, W., Diane, O., Judy, Y., and Damu, T. (2015). PKM2 contributes to cancer
metabolism. Cancer Lett. 356 (2 Pt A), 184-191. doi:10.1016/j.canlet.2014.01.031

Norton, L., Shannon, C., Gastaldelli A., and DeFronzo, R. A. (2022).
Insulin: the master regulator of glucose metabolism. Metabolism 129, 155142.
doi:10.1016/j.metabol.2022.155142

Frontiers in Physiology

09

10.3389/fphys.2024.1481741

Quintas, G., Reche, X., Sanjuan-Herrdez, J. D., Martinez, H., Herrero, M., Valle,
X., et al. (2020). Urine metabolomic analysis for monitoring internal load in
professional football players. Metabolomics Official J. Metabolomic Soc. 16 (4), 45.
doi:10.1007/511306-020-01668-0

Samudrala, D., Geurts, B., Brown, P. A., Szymanska, E., Mandon, J., Jansen, J., et al.
(2015). Changes in urine headspace composition as an effect of strenuous walking.
Metabolomics Official ]. Metabolomic Soc. 11 (6), 1656-1666. doi:10.1007/s11306-015-
0813-8

Zhou, L.-T., Lv, L.-L., and Liu, B.-C. (2019). Urinary biomarkers of renal fibrosis. Adv.
Exp. Med. Biol. 1165, 607-623. doi:10.1007/978-981-13-8871-2_30

Zhu, T, Hu, Y., Hwang, ], Zhao, D., Huang, L. Qiao, L., et al. (2021).
Urinary proteomics of simulated firefighting tasks and its relation to fitness
parameters. Int. J. Environ. Res. public health 18 (20), 10618. doi:10.3390/
ijerph182010618

frontiersin.org


https://doi.org/10.3389/fphys.2024.1481741
https://doi.org/10.1016/j.bbamcr.2012.04.007
https://doi.org/10.1038/nrm3877
https://doi.org/10.1016/j.tibtech.2016.04.012
https://doi.org/10.1016/j.canlet.2014.01.031
https://doi.org/10.1016/j.metabol.2022.155142
https://doi.org/10.1007/s11306-020-01668-0
https://doi.org/10.1007/s11306-015-0813-8
https://doi.org/10.1007/s11306-015-0813-8
https://doi.org/10.1007/978-981-13-8871-2_30
https://doi.org/10.3390/ijerph182010618
https://doi.org/10.3390/ijerph182010618
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	Introduction
	Materials and methods
	Subjects
	Sample collection and processing
	Urine sample preparation for MS analysis
	LC-MS/MS in data-dependent acquisition mode
	LC-MS/MS in data-independent acquisition mode
	Statistics

	Results
	Clinical characteristics
	Changes in subject indicators
	Proteomic analysis of urine proteins
	KEGG analysis of urine proteins
	Changes in the expression of glycolysis-related proteins in the urine of subjects after running
	Correlation analysis of urine glycolysis-related proteins
	Urine glycolysis-related proteins have auxiliary monitoring value for running training

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

