
 

TYPE Original Research
PUBLISHED 10 October 2025
DOI 10.3389/fphys.2025.1654445

OPEN ACCESS

EDITED BY

Irena Levitan,
University of Illinois Chicago, United States

REVIEWED BY

Nejc Umek,
University of Ljubljana, Slovenia
Fan Li,
Mayo Clinic Research in Arizona, United States
Sophie Møller,
University of Copenhagen, Denmark

*CORRESPONDENCE

Keisuke Kawakami,
kkawakami@oita-u.ac.jp

RECEIVED 26 June 2025
ACCEPTED 26 September 2025
PUBLISHED 10 October 2025

CITATION

Tamura Y, Kawashima T, Kodama A, Ji R-C, 
Itoh Y, Agata N and Kawakami K (2025) 
Voluntary wheel running promotes 
lymphangiogenesis in slow-twitch muscle in 
young mice.
Front. Physiol. 16:1654445.
doi: 10.3389/fphys.2025.1654445

COPYRIGHT

© 2025 Tamura, Kawashima, Kodama, Ji, Itoh, 
Agata and Kawakami. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in 
other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

Voluntary wheel running 
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Introduction: Lymphatic vessels contribute to tissue homeostasis. Although the 
lymphatic vessels in skeletal muscle are known to undergo structural changes 
under certain conditions, such as atrophy and injury, effects of exercise on 
intramuscular lymphatic vessels remain unclear.
Methods: This study was aimed at investigating whether 8 weeks of 
voluntary wheel running (VWR) induces histological changes in lymphatic 
and blood capillaries, and whether these responses are related to age 
and myofiber type. Young (3-month-old) and aged (18-month-old) 
male C57BL/6 mice were assigned to sedentary or VWR groups. The 
soleus (SOL; slow-twitch) and plantaris (PLAN; fast-twitch) muscles were 
analyzed using immunohistochemistry and quantitative polymerase chain
reaction.
Results: In young mice, VWR increased the quantity of type I myofibers and 
significantly enhanced the density of lymphatic vessels and blood capillaries 
in the SOL, besides upregulating the expression of vascular endothelial growth 
factors, VEGF-C and VEGF-D. These changes were not observed in aged mice 
or in the PLAN of mice in either age group.
Discussion: Although aged mice showed a similar increase in the quantity of 
type I myofibers, they did not exhibit corresponding vascular remodeling, which 
suggests that aging reduces responsiveness to exercise-induced angiogenic and 
lymphangiogenic signals. Overall, these findings indicate that VWR promotes 
lymphangiogenesis and angiogenesis in slow-twitch muscle in young mice, 
probably as an adaptive response to meet the increased oxygen demand. 
Exercise-induced vascular and lymphatic remodeling in skeletal muscle is 
significantly influenced by age and myofiber type, highlighting a reduced 
adaptive capacity of aged muscle that may impact strategies for promoting 
vascular health through physical activity.
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2 Materials and methods

2.1 Animals

    

  

2.2 Voluntary wheel running protocol

  

2.3 Muscle sampling

  

2.4 Histological and immunohistochemical 
analyses
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2.5 Real-time reverse transcription PCR

    

2.6 Statistical analysis

 

3 Results

3.1 Running performance and physical 
parameters
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TABLE 1  Comparison of running performance and physical parameters in different groups.

Evaluation criteria Young_SED Young_VWR Aged_SED Aged_VWR Interaction and main 
effects

 

   

3.2 Histological changes in muscle 
morphology

 

    

3.3 Changes in myofiber type composition

  

3.4 Changes in the lymphatic vessels and 
blood capillaries
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FIGURE 1
(A) Representative hematoxylin and eosin (H&E)-stained images of the soleus muscle. Enlarged views of the regions outlined by white boxes are also 
shown. (B) Quantification of the whole cross-sectional area of the soleus muscle. (C) Quantification of the myofiber cross-sectional area of the soleus 
muscle. (D) Representative H&E-stained images of the plantaris muscle. Enlarged views of the regions outlined by white boxes are also shown. (E)
Quantification of the whole cross-sectional area of the plantaris muscle. (F) Quantification of the myofiber cross-sectional area of the plantaris muscle. 
Scale bars = 1 mm (full image) and 100 µm (enlarged image). Data are presented as means ± SD.
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FIGURE 2
(A) Images of the soleus and plantaris muscle sections immunostained for laminin (green) and Type I myofibers (red). The quantity of Type I myofibers 
in the soleus (B) and plantaris muscle (C). Scale bars = 100  m. Data are presented as means ± SD.

   

       

    

3.5 Changes in mRNA expression of VEGF 
family members
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FIGURE 3
(A) Immunostaining images of the soleus muscles (gray: myofiber imaged via phase-contrast microscopy; green: LYVE-1-positive lymphatic vessels; 
red: CD31-positive blood capillaries). Quantification of lymphatic vessels density (B) and the ratio of lymphatic vessels to myofibers (C). Quantification 
of blood capillary density (D) and the ratio of blood capillaries to myofibers (E). Scale bars = 50  m. Data are presented as means ± SD.
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FIGURE 4
(A) Immunostaining images of the plantaris muscles (gray: myofiber imaged via phase-contrast microscopy; green: LYVE-1-positive lymphatic 
capillaries; red: CD31-positive blood capillaries). Quantification of lymphatic vessels density (B) and the ratio of lymphatic vessels to myofibers (C). 
Quantification of blood capillary density (D) and the ratio of blood capillaries to myofibers (E). Scale bars = 50  m. Data are presented as means ± SD.

3.6 Changes in mRNA expression of 
inflammatory cytokines

  

4 Discussion

4.1 Morphological adaptations to VWR and 
aging
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FIGURE 5
mRNA expression levels of VEGF family members in the soleus (A,C,E,G,I) and plantaris (B,D,F,H,J) muscles. mRNA levels of the lymphangiogenic 
factors VEGF-C and VEGF-D, and their receptor VEGFR-3 (A–F). mRNA levels of the angiogenic factor VEGF-A and its receptor VEGFR-2 (G–J). Data 
are presented as means ± SD.
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FIGURE 6
mRNA expression levels of TNF-  (A,B) and IL-1  (C,D) in the soleus and plantaris muscles. Data are presented as means ± SD.

     

  

  

    

     

     

4.2 Vascular remodeling in SOL induced by 
VWR
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4.3 Age-related differences in vascular 
responsiveness
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4.4 Methodological limitations and future 
studies

  
  

  

    

 

      

  

4.5 Conclusion

 

Data availability statement

 
 

Ethics statement

Author contributions

Funding

  

Acknowledgments

 

Frontiers in Physiology 12 frontiersin.org

https://doi.org/10.3389/fphys.2025.1654445
https://www.editage.jp/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Tamura et al. 10.3389/fphys.2025.1654445

Conflict of interest

 

Generative AI statement

 

Publisher’s note

Supplementary material

References

 

 

 

 

 

 

 

 

 

 

Frontiers in Physiology 13 frontiersin.org

https://doi.org/10.3389/fphys.2025.1654445
https://www.frontiersin.org/articles/10.3389/fphys.2025.1654445/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2025.1654445/full#supplementary-material
https://doi.org/10.1038/s41423-023-01042-9
https://doi.org/10.1038/s41423-023-01042-9
https://doi.org/10.1161/CIRCRESAHA.109.197830
https://doi.org/10.1371/journal.pone.0263457
https://doi.org/10.1371/journal.pone.0035273
https://doi.org/10.1016/j.ccr.2004.08.034
https://doi.org/10.1096/fj.201600621R
https://doi.org/10.1152/ajpregu.00694.2005
https://doi.org/10.1152/ajpregu.00578.2005
https://doi.org/10.1002/9780470942390.mo140295
https://doi.org/10.1371/journal.pone.0103044
https://doi.org/10.1111/apha.12633
https://doi.org/10.1371/journal.pone.0031794
https://doi.org/10.1096/fj.201801870R
https://doi.org/10.1007/s11357-020-00224-x
https://doi.org/10.1038/s41392-023-01723-x
https://doi.org/10.3389/fphys.2019.01328
https://doi.org/10.1186/s13395-015-0065-3
https://doi.org/10.1007/s00018-011-0848-6
https://doi.org/10.1016/j.lfs.2018.09.043
https://doi.org/10.18632/aging.203812
https://doi.org/10.1007/s10456-015-9479-0
https://doi.org/10.1182/blood-2008-07-171108
https://doi.org/10.1182/blood-2008-07-171108
https://doi.org/10.1002/mus.27158
https://doi.org/10.1002/mus.27402
https://doi.org/10.1002/mus.27402
https://doi.org/10.1007/s00418-006-0226-x
https://doi.org/10.1152/ajpheart.00126.2007
https://doi.org/10.1172/JCI155478
https://doi.org/10.1586/17469899.2013.840095
https://doi.org/10.1586/17469899.2013.840095
https://doi.org/10.1096/fj.15-281741
https://doi.org/10.1590/1414-431X20187830
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Tamura et al. 10.3389/fphys.2025.1654445

 

 

 

 

 

 

 

 

 

 

 

 

 

Frontiers in Physiology 14 frontiersin.org

https://doi.org/10.3389/fphys.2025.1654445
https://doi.org/10.1161/CIRCRESAHA.116.306170
https://doi.org/10.3389/fphys.2017.00518
https://doi.org/10.1016/j.ajpath.2022.07.016
https://doi.org/10.1016/j.cell.2020.06.039
https://doi.org/10.1007/s40883-018-0054-2
https://doi.org/10.1007/s00421-004-1237-8
https://doi.org/10.1161/ATVBAHA.121.316191
https://doi.org/10.1161/01.RES.0000073584.46059.E3
https://doi.org/10.1111/acel.70043
https://doi.org/10.1387/ijdb.230215tm
https://doi.org/10.3389/fimmu.2019.00308
https://doi.org/10.1007/s12272-025-01545-1
https://doi.org/10.1152/ajpregu.00135.2020
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1111/micc.12802
https://doi.org/10.1111/micc.12879
https://doi.org/10.1016/j.cell.2010.01.045
https://doi.org/10.14814/phy2.15950
https://doi.org/10.14814/phy2.12007
https://doi.org/10.1007/s00418-019-01810-7
https://doi.org/10.3389/fcell.2020.599281
https://doi.org/10.1152/ajpcell.00247.2004
https://doi.org/10.1016/j.aanat.2018.02.011
https://doi.org/10.1371/journal.pgen.1009488
https://doi.org/10.1007/s10522-023-10016-3
https://doi.org/10.3389/fcell.2019.00330
https://doi.org/10.1186/ar2326
https://doi.org/10.1038/s41419-020-03385-x
https://doi.org/10.1038/s41419-020-03385-x
https://doi.org/10.1038/s41598-025-93176-1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Voluntary wheel running protocol
	2.3 Muscle sampling
	2.4 Histological and immunohistochemical analyses
	2.5 Real-time reverse transcription PCR
	2.6 Statistical analysis

	3 Results
	3.1 Running performance and physical parameters
	3.2 Histological changes in muscle morphology

	4 Discussion
	4.1 Morphological adaptations to VWR and aging

	Data availability statement

