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Summary 

     G protein-coupled receptor 81 (GPR81), a selective receptor for lactate, expresses in 

skeletal muscle cells, but the physiological role of GPR81 in skeletal muscle has not been 

fully elucidated.  As it has been reported that the lactate administration induces muscle 

hypertrophy, the stimulation of GPR81 has been suggested to mediate muscle hypertrophy.  

To clarify the contribution of GPR81 activation in skeletal muscle hypertrophy, in the 

present study, we investigated the effect of GPR81 agonist administration on skeletal muscle 

mass in mice.  Male C57BL/6J mice were randomly divided into control group and GPR81 

agonist-administered group that received oral administration of the specific GPR81 agonist 

3-Chloro-5-hydroxybenzoic acid (CHBA).  In both fast-twitch plantaris and slow-twitch 

soleus muscles of mice, the protein expression of GPR81 was observed.  Oral 

administration of CHBA to mice significantly increased absolute muscle weight and muscle 

weight relative to body weight in the two muscles.  Moreover, both absolute and relative 

muscle protein content in the two muscles were significantly increased by CHBA 

administration.  CHBA administration also significantly upregulated the phosphorylation 

level of p42/44 extracellular signal-regulated kinase-1/2 (ERK1/2) and p90 ribosomal S6 

kinase (p90RSK).  These observations suggest that activation of GRP81 stimulates 

increased the mass of two types of skeletal muscle in mice in vivo.  Lactate receptor GPR81 

may positively affect skeletal muscle mass through activation of ERK pathway. 

 

Keywords: skeletal muscle, G protein-coupled receptor 81, muscle mass, p42/44 

extracellular signal-regulated kinase-1/2, p90 ribosomal S6 kinase 
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Introduction 

     Skeletal muscle exhibits high plasticity and changes its mass in response to external 

stimuli.  It is well known that mechanical loading induced by resistance training is a typical 

stimulus for skeletal muscle hypertrophy [1].  It is generally accepted that skeletal muscle 

mass is highly regulated by the balance between protein synthesis and degradation [2].  The 

protein synthesis in skeletal muscle has been suggested to be mediated by anabolic signals, 

such as p42/44 extracellular signal-regulated kinase-1/2 (ERK1/2) and its downstream target 

p90 ribosomal S6 kinase (p90RSK) [3].  In skeletal muscle cells, the ERK/p90RSK 

signaling pathway is activated by mechanical loading [4] and has been suggested to be 

involved in mechanical loading-induced skeletal muscle hypertrophy [5].  Additionally, the 

protein kinase B (Akt)/ mammalian target of rapamycin (mTOR) pathway and its 

downstream targets p70 S6 kinase (p70S6K) are also included in anabolic signals and 

involved in muscle hypertrophy [6-8].  However, the detailed mechanism of muscle 

hypertrophic response to resistance training has not been elucidated.  For instance, blood-

flow-restriction training is a training under vascular occlusion.  This training increases the 

size of human skeletal muscle [9,10] and the level of blood circulating metabolites, such as 

interleukin-6 (IL-6), growth hormone (GH), and lactate [10,11].  In particular, IL-6 is 

thought to stimulate muscle satellite cells and play important roles in muscle hypertrophy 

[12].  IL-6 may also directly mediate protein synthesis through activation of anabolic 

signaling pathways [13].  Furthermore, GH has been shown to play an anabolic role in 

regulating skeletal muscle mass [14].  Therefore, there is a possibility that the metabolites 

contribute to muscle hypertrophy following resistance training. 

     Lactate is one of the secretions released from skeletal muscle cells.  It is generally 
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accepted that lactate synthesis in skeletal muscle cells is stimulated by high-intensity 

exercise, and cytosolic lactate is oxidized to pyruvate in mitochondria.  Especially, lactate 

synthesized in fast-twitch muscle, which has few mitochondria, is transported by circulation 

to slow-twitch muscle for use as an energy source [15-17].  To our knowledge, the effect of 

intracellular lactate on not only protein synthesis but also muscle mass is unknown, but it has 

been suggested that extracellular lactate contributes to increased muscle mass [18-20].  

Administration of the lactate-containing compound to mice has been reported to enhance the 

effects of low-intensity exercise, increasing skeletal muscle mass and muscle satellite cell 

regulatory factors [18].  Our previous study also demonstrated that extracellular lactate 

causes C2C12 myotube hypertrophy by activating the anabolic intracellular ERK pathway 

[19], which stimulates proliferation and differentiation of muscle cells [21,22].  In addition, 

we have recently shown that oral administration of lactate stimulates not only skeletal 

muscle hypertrophy but also regeneration of injured skeletal muscle via the activation of 

muscle satellite cells [20].  However, the molecular mechanisms of lactate-induced 

hypertrophic responses remain unclear. 

     It has been reported that G protein-coupled receptor 81(GPR81), which is a selective 

receptor for lactate, is expressed in rodent skeletal muscle cells [19,23].  Moreover, the 

expression of GPR81 in human skeletal muscle has been confirmed at both mRNA [23] and 

protein [24] levels.  GPR81-mediated activation of the anabolic ERK-intracellular signals 

triggered by both lactate and GPR81 agonist has been reported in cultured rat L6 skeletal 

muscle cells [25].  However, the physiological role of GPR81 in skeletal muscle cells has 

not been fully elucidated.  We hypothesize that the hypertrophic effects of lactate are 

mediated by GPR81.  In fact, in our previous study using cultured skeletal muscle cells, the 
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administration of a GPR81 agonist led to hypertrophy of C2C12 myotubes through 

activation of the ERK/p90RSK pathway [19].  In contrast, GPR81 agonist administration 

did not significantly change the Akt/mTOR/p70S6K pathway [19].  However, there is no 

evidence showing that GPR81 has a hypertrophic effect on skeletal muscle in vivo.  

Therefore, in the present study, we focused on ERK pathway and investigated the effects of 

GPR81-agonist administration on the ERK pathway and skeletal muscle mass in mice.   

     Mammalian skeletal muscles are classified into fast- and slow-twitch muscle based on 

their contractile properties.  The responses to extracellular stimuli depend on these muscle 

types [26-28].  It is well known that monocarboxylate transporters (MCTs) are present in 

the plasma membrane of skeletal muscle, and lactate is transported across the plasma 

membrane by MCTs [29].  MCT1 and MCT4 are predominantly expressed in slow- and 

fast-twitch fibers, respectively.  MCTs play a key role of not only export of lactate from 

muscle cells but also import of lactate into muscle cells.  The uptake of extracellular lactate 

into muscle cells is stimulated by MCT1, while the export of intracellular lactate from 

muscle cells is stimulated by MCT4 [30].  On the other hand, a selective receptor for lactate 

GPR81 is expressed in skeletal muscle cells [19,23], and activation of ERK pathway 

downstream of GPR81 is triggered by lactate as well as GPR81 agonist [19,25].  However, 

it is unclear whether there is a difference in GPR81 expression between slow- and fast-twitch 

skeletal muscles. 

     Thus, MCTs and GPR81 may be involved in skeletal muscle responses to lactate, 

either separately or in relation to each other.  Although our previous study demonstrated 

that administration of lactate caused muscle hypertrophy in mice [20], it is not clear whether 

MCTs or GPR81 are involved in lactate-induced muscle hypertrophy in animals.  
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Therefore, we tried to investigate the potential role of GPR81 in the lactate-induced muscle 

hypertrophy by evaluating the expression of GPR81 in fast- and slow-twitch muscles. 
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Methods 

Animals and grouping 

     All animal experimental procedures were conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals, as adopted and promulgated by the National 

Institutes of Health (Bethesda, MD, USA).  The Animal Use Committee of Toyohashi 

SOZO University approved the procedures of animal experiments in this study (A2016003, 

A2017002, A2018002).  Male 8-week-old C57BL/6J mice (n = 52) were used.  To 

investigate the effect of GPR81 activation on skeletal muscle mass (muscle weight and 

protein content), mice were randomly divided into control (Con; n = 26) and GPR81 agonist-

administered (AG; n = 26) groups.  All mice were housed in a clean room maintained at 

approximately 23 °C with a 12/12 hours light-dark cycle.  Solid diet and water were 

provided ad libitum.  

 

Administration of GPR81 agonist 

In the present study, a 3-chloro-5-hydroxybenzoic acid (CHBA, Tokyo Chemical 

Industry, Tokyo, Japan), was used as the GPR81 agonist [31,32].  In the AG group, CHBA 

(50 mg/kg body weight) was administered to the mice with an oral sonde 5 days a week for 3 

weeks, according to the previously reported method [20].  To avoid the side effects of 

CHBA on mice, its dose was selected with consideration for the study in mice [31].  A 

stock solution of CHBA (100 mg/ml) was prepared in dimethylsulfoxide (DMSO) and 

diluted with water to the final DMSO concentration of 5%.  The same amount of 5% 

DMSO in water was administered to the Con group.  
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Sample preparation and evaluation of muscle mass 

Mice were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 

mg/kg) and then sacrificed by cervical dislocation 1, 2, and 3 weeks after the initiation of 

CHBA administration (n = 8-9 mice per group in each time point).  The left plantaris and 

soleus muscles were dissected from the hindlimb of mice immediately after sacrifice.  

Isolated muscle tissues were rapidly weighed, frozen in liquid nitrogen, and stored at −80 °C 

until later analysis. 

Frozen muscles were homogenized with a tissue lysis reagent (CelLyticTM-MT, 100 

μl/mg muscle weight, Sigma-Aldrich, St. Louis, MO, USA) containing 1% (v/v) 

Protease/Phosphatase Inhibitor Cocktail (5872, Cell Signaling Technology, Danvers, MA, 

USA) on ice.  To measure the muscle protein content, part of each tissue lysate (50 μl) was 

mixed with the equal amount of 2 N NaOH and completely solubilized at 37 °C for 1 h [33].  

The protein content of the lysate was determined using the Bradford technique (protein 

Assay kit, Bio-Rad, Hercules, CA, USA) and bovine serum albumin (Sigma-Aldrich) as the 

standard protein.  And then the absolute muscle protein content in each muscle sample was 

calculated. 

 

Western blot analysis 

Western blot analysis was performed with some modifications to previously reported 

methods [19,33].  The rest of each tissue lysate was sonicated to extract proteins, 

centrifuged at 20,000 g at 4 °C for 10 min, and the supernatant was collected.  After 

measuring the protein content in the supernatant using the Bradford technique, the 

supernatant solutions were mixed with sodium-dodecylsulfate (SDS) sample buffer (62.5 
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mM Tris-HCl (pH 6.8), 2.3% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 30% (v/v) glycerol, 

0.05% (w/v) bromophenol blue) and heated at 95 °C for 5 min.  The SDS-polyacrylamide 

gel electrophoresis (PAGE) was performed in a Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell (Bio-Rad) at 200 V.  Equal amounts of protein (3 μg) were loaded into 

the wells on each gel (Mini-PROTEAN TGX precast gels, Bio-Rad).  Molecular weight 

markers (Prestained Protein Standards, Bio-Rad) were applied to the gels to check the 

electrophoresis and transfer process. 

Following SDS-PAGE, proteins were transferred to polyvinylidene difluoride (PVDF) 

membranes (Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs, Bio-Rad) using Trans-

Blot Turbo Transfer System (Bio-Rad) at 1.3 A and 25 V for 7 min.  After the transfer, the 

membranes were blocked for 20 min using Blocking One-P (Nacalai Tesque, Kyoto, Japan).  

The membranes were then incubated with a primary antibody: phosphorylated ERK1/2 

Thr202/Tyr204 (p-ERK1/2: 9101, Cell Signaling), total ERK1/2 (t-ERK1/2: 9102, Cell 

Signaling), phosphorylated p90RSK Ser380 (p-p90RSK: 11989, Cell Signaling), total 

p90RSK (t-p90RSK: 9355, Cell Signaling) overnight at 4 °C, followed by a secondary 

antibody: anti-rabbit immunoglobulin G conjugate to horseradish peroxidase (Cell 

Signaling) for 2 h at room temperature.  After the final wash, protein bands were visualized 

with chemiluminescence (ImmunoStar LD, Fujifilm Wako Pure Chemical Corporation, 

Osaka, Japan), were captured using LumiCube (Liponics, Tokyo, Japan), and were analyzed 

using JustTLC software (Sweday, Sodra Sandby, Sweden).   

The protein expression level of GPR81 in mouse skeletal muscles (n=7) was also 

evaluated by western blotting using a primary antibody: GPR81 (sc-32647, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), β-actin (4967, Cell Signaling Technology) [19].  
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Statistical analysis 

All values were expressed as means ± SEM.  The statistically significant level of 

GPR81 expression was assessed using F-test followed by unpaired Student's t-test.  Other 

significant levels in animal experiments were tested using two-way (agonist administration 

and time) ANOVA.  The significance level was set at 0.05. 
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Results 

GPR81 expression in mouse skeletal muscle 

     Protein expression of GPR81 was observed in both fast-twitch plantaris and slow-

twitch soleus muscles of mice.  There was no significant difference in the expression level 

of GPR81 between the two types of muscles (Figure 1). 

 

Effects of lactate receptor agonist on muscle mass and intracellular signals in mouse skeletal 

muscle 

     Figures 2 and 3 show the body weight, plantaris and soleus muscle mass (muscle 

weight and protein content) of mice in response to oral administration of CHBA, a GPR81 

agonist.   

     There was no significant difference in mouse body weight between Con and AG 

groups during the experimental period (Figure 2A).  In the plantaris and soleus muscles, a 

significant main effect of CHBA administration and time was observed on the muscle weight 

(Figure 2B).  In the AG group, the absolute muscle weight and the muscle weight relative to 

body weight was significantly higher than that in the Con group (p < 0.05).   

     A significant main effect of CHBA administration and time was also found on the 

protein content (Figure 3).  Administration of CHBA significantly increased absolute and 

relative muscle protein content in both plantaris and soleus muscles (p < 0.05).   

     The changes in phosphorylation levels of ERK1/2 and p90RSK in response to CHBA 

administration were shown in Figure 4.  There was a significant main effect of CHBA 

administration on the relative expression level of phosphorylated ERK1/2 (p-ERK1/2) and p-

p90RSK in mouse plantaris and soleus muscles.  CHBA administration significantly 
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upregulated the relative expression level of p-ERK1/2 and p-p90RSK (p < 0.05).  A 

significant main effect of time was observed on the relative expression level of p-p90RSK.  
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Discussion 

     The present study demonstrated that no significant difference in the expression level of 

GPR81 was observed between the fast-twitch plantaris and slow-twitch soleus muscles of 

mice.  Oral administration of CHBA to mice increased the muscle weight and protein 

content in both plantaris and soleus muscles.  Furthermore, in both muscles, there was also 

CHBA-associated increase in the phosphorylation level of ERK1/2 and p90RSK. 

 

Effect of GPR81 agonist on skeletal muscle mass 

     The present study confirmed GPR81 expression in mouse skeletal muscles, such as 

fast-twitch plantaris and slow-twitch soleus muscles (Figure 1).  This result is consistent 

with the report using mice [23].  In the present study, the oral administration of CHBA 

increased the absolute and relative muscle weight and protein content in both plantaris and 

soleus muscles of mice.  This is the first report showing administration of GPR81 agonist 

increased skeletal muscle mass in mice in vivo.  Additionally, there was no significant 

difference in the expression level of GPR81 between fast-twitch plantaris and slow-twitch 

soleus muscles, suggesting that GPR81 agonist increased muscle mass similarly in both 

types.  Taken together with the previous observation that GPR81 agonists increased the 

diameter of C2C12 myotubes [19], the findings from the present study demonstrate that 

activation of GPR81 stimulates increases in muscle mass at both cellular and tissue levels of 

skeletal muscle. 

 

GPR81-associated intracellular signals 

The present study demonstrated that phosphorylation level of ERK1/2 and p90RSK 
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was significantly increased following administration of CHBA to mice.  This result is 

supported by the studies showing that ERK pathway was activated by the GPR81 agonist 

3,5-DHBA in rat L6 [25] and mouse C2C12 skeletal muscle cells [19].  Therefore, it was 

suggested that the ERK/p90RSK pathway exists downstream of GPR81 in mouse skeletal 

muscle tissue.  It is well known that the ERK/p90RSK pathway is an anabolic signal 

involved in protein synthesis, leading to muscle hypertrophy [3-5].  Moreover, the previous 

study showed that inhibition of the ERK/p90RSK pathway attenuated myotube hypertrophy 

induced by the GPR81 ligand lactate in C2C12 cells [19].  There is a possibility that 

GPR81-mediated activation of the ERK/p90RSK pathway contribute to the increase in 

skeletal muscle mass. 

 

GPR81 stimulation and skeletal muscle hypertrophy 

It has been suggested that extracellular lactate is one of the regulators of skeletal 

muscle plasticity [19,20,34,35].  In skeletal muscle cells, extracellular lactate positively 

affected the myotube hypertrophy and myotube formation [19,20,34].  The previous study 

reported that oral lactate administration to mice increased blood lactate concentrations and 

enhanced skeletal muscle hypertrophy and regeneration [20].  Similarly, the study in mice 

has demonstrated that lactate promotes glycerol-induced muscle regeneration [34].  

Recently, lactate has been shown to inhibit the loss of muscle mass due to caloric restriction 

[35].  On the other hand, it has been reported that lactate administration has no additional 

hypertrophic effect in synergist ablation-induced mechanical overload in mouse skeletal 

muscle [36].  Judging from the gain of muscle mass by synergist ablation and lactate 

administration [36], the hypertrophic effect of lactate is not necessarily strong, but rather 
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small, compared to exercise-associated mechanical loading. 

Although the mechanisms of lactate-induced increase in skeletal muscle mass have not 

been fully elucidated, as shown in the present study, lactate receptor GPR81 in skeletal 

muscle may play a role in the mechanism of increasing skeletal muscle mass.  If GPR81 

activation induces skeletal muscle hypertrophy in pathological as well as healthy human 

skeletal muscle, CHBA and lactate might be a possible countermeasure to muscle atrophy 

due to reduced physical activity.  Further studies including human experiments are needed 

to elucidate this issue. 

     Numerous studies have been performed using young mice on the effects of various 

external stimuli on skeletal muscle hypertrophy and atrophy [7,8,37,38].  Furthermore, the 

age-related suppression of muscle hypertrophy in response to various stimuli is also reported 

[39-42].  In the present study, therefore, young mice were used to investigate the effects of 

GPR81 agonist on skeletal muscle mass.  Time-related changes in skeletal muscle mass and 

intracellular signal were observed in the present study, but the reasons for these changes 

cannot be explained at present.  The mice used in this study were in the growth phase, 

which may have influenced the time-related changes.  

In conclusion, the present study demonstrated GPR81 agonist-associated increase in 

muscle mass and activation of ERK pathway in mouse skeletal muscles.  Stimulation of 

lactate receptor GPR81 may have a positive impact on skeletal muscle mass. 

  



 16 

Conflict of interest 

The authors declare no conflict of interest.  

  



 17 

Acknowledgments 

     This study was partially supported by JSPS KAKENHI (18K10796, Y.O.; 18H03160, 

K.G.; 19K22825, K.G.; 19KK0254, K.G.; 21K11276, Y.O.; 22H03474, K.G.; 22K19722, 

K.G.; 22H03319, K.G.; 22K18413, K.G.), the Uehara Memorial Foundation (Y.O.), the 

Meiji Yasuda Life Foundation of Health and Welfare (Y.O.), a grant from Graduate School 

of Health Science, Toyohashi SOZO University (K.G.), and a research grant from Toyohashi 

SOZO university (K.G.). 

  



 18 

References 

1. Goldspink G. Changes in muscle mass and phenotype and the expression of autocrine and 

systemic growth factors by muscle in response to stretch and overload. J Anat 

1999;194:323-334. 

2. Goldspink DF, Garlick PJ, McNurlan MA. Protein turnover measured in vivo and in vitro 

in muscles undergoing compensatory growth and subsequent denervation atrophy. 

Biochem J 1983;210:89-98. 

3. Mirzoev TM. Skeletal muscle recovery from disuse atrophy: protein turnover signaling 

and strategies for accelerating muscle regrowth. Int J Mol Sci 2020;21:7940. 

4. Williamson DL, Kubica N, Kimball SR, Jefferson LS. Exercise-induced alterations in 

extracellular signal-regulated kinase 1/2 and mammalian target of rapamycin (mTOR) 

signalling to regulatory mechanisms of mRNA translation in mouse muscle. J Physiol 

2006;573:497-510. 

5. Miyazaki M, McCarthy JJ, Fedele MJ, Esser KA.Early activation of mTORC1 signalling 

in response to mechanical overload is independent of phosphoinositide 3-kinase/Akt 

signalling. J Physiol 2011;589:1831-1846. 

6. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, Zlotchenko E, 

Scrimgeour A, Lawrence JC, Glass DJ, Yancopoulos GD. Akt/mTOR pathway is a crucial 

regulator of skeletal muscle hypertrophy and can prevent muscle atrophy in vivo. Nat Cell 

Biol 2001;3:1014-1019. 

7. Siriguleng S, Koike T, Natsume Y, Iwama S, Oshida Y. Effect of prior chronic aerobic 

exercise on overload-induced skeletal muscle hypertrophy in mice. Physiol Res 

2018;67:765-775. 



 19 

8. Siriguleng S, Koike T, Natsume Y, Jiang H, Mu L, Oshida Y. Eicosapentaenoic acid 

enhances skeletal muscle hypertrophy without altering the protein anabolic signaling 

pathway. Physiol Res 2021;70:55-65. 

9. Abe T, Kearns CF, Sato Y. Muscle size and strength are increased following walk training 

with restricted venous blood flow from the leg muscle, Kaatsu-walk training. J Appl 

Physiol (1985) 2006;100:1460-1466. 

10. Takarada Y, Takazawa H, Sato Y, Takebayashi S, Tanaka Y, Ishii N. Effects of 

resistance exercise combined with moderate vascular occlusion on muscular function in 

humans. J Appl Physiol (1985) 2000;88:2097-2106. 

11. Takarada Y, Nakamura Y, Aruga S, Onda T, Miyazaki S, Ishii N. Rapid increase in 

plasma growth hormone after low-intensity resistance exercise with vascular occlusion. J 

Appl Physiol (1985) 2000;88:61-65. 

12. Serrano AL, Baeza-Raja B, Perdiguero E, Jardí M, Muñoz-Cánoves P. Interleukin-6 is an 

essential regulator of satellite cell-mediated skeletal muscle hypertrophy. Cell Metab 

2008;7:33-44. 

13. Reihmane D, Dela F. Interleukin-6: possible biological roles during exercise. Eur J Sport 

Sci 2014;14:242-250. 

14. Velloso CP. Regulation of muscle mass by growth hormone and IGF-I. Br J Pharmacol 

2008;154:557-568. 

15. Gladden LB. Lactate metabolism: a new paradigm for the third millennium. J Physiol 

2004;558:5-30. 

16. Brooks GA. Cell-cell and intracellular lactate shuttles. J Physiol 2009;587:5591-600. 

17. Bisetto S, Wright MC, Nowak RA, Lepore AC, Khurana TS, Loro E, Philp NJ. New 



 20 

Insights into the Lactate Shuttle: Role of MCT4 in the Modulation of the Exercise 

Capacity. iScience 2019;22:507-518. 

18. Oishi Y, Tsukamoto H, Yokokawa T, Hirotsu K, Shimazu M, Uchida K, Tomi H, 

Higashida K, Iwanaka N, Hashimoto T. Mixed lactate and caffeine compound increases 

satellite cell activity and anabolic signals for muscle hypertrophy. J Appl Physiol (1985) 

2015;118:742-749. 

19. Ohno Y, Oyama A, Kaneko H, Egawa T, Yokoyama S, Sugiura T, Ohira Y, Yoshioka T, 

Goto K. Lactate increases myotube diameter via activation of MEK/ERK pathway in 

C2C12 cells. Acta Physiol (Oxf) 2018;223:e13042. 

20. Ohno Y, Ando K, Ito T, Suda Y, Matsui Y, Oyama A, Kaneko H, Yokoyama S, Egawa 

T, Goto K. Lactate stimulates a potential for hypertrophy and regeneration of mouse 

skeletal muscle. Nutrients 2019;11:869. 

21. Goldspink DF, Garlick PJ, McNurlan MA. Biochem J. Protein turnover measured in vivo 

and in vitro in muscles undergoing compensatory growth and subsequent denervation 

atrophy. Biochem J 1983;210:89-98. 

22. Li J, Johnson SE. ERK2 is required for efficient terminal differentiation of skeletal 

myoblasts. Biochem Biophys Res Commun 2006;345:1425-1433. 

23. Liu C, Wu J, Zhu J, Kuei C, Yu J, Shelton J, Sutton SW, Li X, Yun SJ, Mirzadegan T, 

Mazur C, Kamme F, Lovenberg TW. Lactate inhibits lipolysis in fat cells through 

activation of an orphan G-protein-coupled receptor, GPR81. J Biol Chem 2009;284:2811-

2822. 

24. Nordström F, Liegnell R, Apró W, Blackwood SJ, Katz A, Moberg M. The lactate 

receptor GPR81 is predominantly expressed in type II human skeletal muscle fibers: 



 21 

potential for lactate autocrine signaling. Am J Physiol Cell Physiol 2023;324:C477-C487. 

25. Li G, Wang HQ, Wang LH, Chen RP, Liu JP. Distinct pathways of ERK1/2 activation 

by hydroxy-carboxylic acid receptor-1. PLoS One 2014;9:e93041. 

26. Muthny T, Kovarik M, Sispera L, Tilser I, Holecek M. Protein metabolism in slow- and 

fast-twitch skeletal muscle during turpentine-induced inflammation. Int J Exp Pathol 

2008;89:64-71. 

27. Holecek M, Sispera L. Glutamine deficiency in extracellular fluid exerts adverse effects 

on protein and amino acid metabolism in skeletal muscle of healthy, laparotomized, and 

septic rats. Amino Acids 2014;46:1377-1384. 

28. Holeček M, Mičuda S. Amino acid concentrations and protein metabolism of two types 

of rat skeletal muscle in postprandial state and after brief starvation. Physiol Res 

2017;66:959-967. 

29. Juel C, Halestrap AP. Lactate transport in skeletal muscle - role and regulation of the 

monocarboxylate transporter. J Physiol 1999;517:633-642. 

30. Bonen A. The expression of lactate transporters (MCT1 and MCT4) in heart and muscle. 

Eur J Appl Physiol 2001;86:6-11. 

31. Dvorak CA, Liu C, Shelton J, Kuei C, Sutton SW, Lovenberg TW, Carruthers NI. 

Identification of hydroxybenzoic acids as selective lactate receptor (GPR81) agonists with 

antilipolytic effects. ACS Med Chem Lett 2012;3:637-639. 

32. Zan X, Fan K, Chen K, Zhi Y, Li L, Yang Y, Hu K, Lin L, Tang L, Liu G, Zhang L. 

Activation of GPR81 aggravates remote organ injury during hepatic ischemia-reperfusion 

injury. Transplant Proc 2022;54:1992-1997. 

33. Ohno Y, Egawa T, Yokoyama S, Nakai A, Sugiura T, Ohira Y, Yoshioka T, Goto K. 



 22 

Deficiency of heat shock transcription factor 1 suppresses heat stress-associated increase 

in slow soleus muscle mass of mice. Acta Physiol (Oxf) 2015;215:191-203. 

34. Tsukamoto S, Shibasaki A, Naka A, Saito H, Iida K. Lactate promotes myoblast 

differentiation and myotube hypertrophy via a pathway involving MyoD in vitro and 

enhances muscle regeneration in vivo. Int J Mol Sci 2018;19:3649. 

35. Shirai T, Uemichi K, Hidaka Y, Kitaoka Y, Takemasa T. Effect of lactate administration 

on mouse skeletal muscle under calorie restriction. Curr Res Physiol 2021;4:202-208. 

36. Shirai T, Kitaoka Y, Uemichi K, Tokinoya K, Takeda K, Takemasa T. Effects of lactate 

administration on hypertrophy and mTOR signaling activation in mouse skeletal muscle. 

Physiol Rep 2022;10:e15436. 

37. Yasuhara K, Ohno Y, Kojima A, Uehara K, Beppu M, Sugiura T, Fujimoto M, Nakai A, 

Ohira Y, Yoshioka T, Goto K. Absence of heat shock transcription factor 1 retards the 

regrowth of atrophied soleus muscle in mice. J Appl Physiol 2011;111:1142-9. 

38. Liu X, Cheng C, Deng B, Liu M. Ellagic acid attenuates muscle atrophy in STZ-induced 

diabetic mice. Physiol Res 2022;71:631-641. 

39. Degens H, Alway SE. Skeletal muscle function and hypertrophy are diminished in old 

age. Muscle Nerve 2003;27:339-347. 

40. Ballak SB, Jaspers RT, Deldicque L, Chalil S, Peters EL, de Haan A, Degens H. Blunted 

hypertrophic response in old mouse muscle is associated with a lower satellite cell density 

and is not alleviated by resveratrol. Exp Gerontol 2015;62:23-31. 

41. Ballak SB, Busé-Pot T, Harding PJ, Yap MH, Deldicque L, de Haan A, Jaspers RT, 

Degens H. Blunted angiogenesis and hypertrophy are associated with increased fatigue 

resistance and unchanged aerobic capacity in old overloaded mouse muscle. Age (Dordr) 



 23 

2016;38:39. 

42. Hendrickse PW, Krusnauskas R, Hodson-Tole E, Venckunas T, Degens H. Regular 

endurance exercise of overloaded muscle of young and old male mice does not attenuate 

hypertrophy and improves fatigue resistance. Geroscience 2021;43:741-757. 

 



 24 

Figure captions 

Figure 1.  Representative expression patterns and mean expression of GPR81 in mouse 

plantaris and soleus muscles.  GPR81: G-protein-coupled receptor 81.  Values are 

expressed relative to the value of plantaris muscle.  Values are means ± SEM.  n = 7 

per group. 

 

Figure 2.  Effects of oral CHBA administration on mouse body weight (A), absolute and 

relative muscle weight of plantaris and soleus muscles (B).  Relative muscle weight: 

relative muscle weight to body weight; Con: control group; AG: 3-Chloro-5-hydroxybenzoic 

acid (CHBA)-administered group; 1W, 2W, and 3W: CHBA administration for 1, 2, and 3 

weeks, respectively.  Values are means ± SEM.  n = 8-9 per group in each time point.  §: 

Significant main effect of CHBA administration, p < 0.05.  ||: Significant main effect of 

time, p < 0.05.  

 

Figure 3.  Effects of oral CHBA administration on absolute and relative protein content of 

plantaris and soleus muscles.  Relative protein content: relative protein content to 

body weight.  See Figure 2 for other abbreviations, statistics and symbols.  Values 

are means ± SEM.  n = 8-9 per group in each time point.   

 

Figure 4.  Representative expression patterns and mean expressions of p-ERK1/2/t-ERK1/2 

and p-p90RSK/t-p90RSK in plantaris (A) and soleus (B) muscles in response to 

CHBA.  p-ERK1/2: phosphorylated p42/44 extracellular signal-regulated kinase-1/2; 

t-ERK1/2: total ERK1/2; p-p90RSK: p90 ribosomal S6 kinase; t-p90RSK: total 
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p90RSK.  See Figure 2 for other abbreviations, statistics and symbols.  Values are 

expressed relative to the value of Con at 1W.  Values are means ± SEM.  n = 8-9 

per group in each time point. 
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