
Vol.:(0123456789)1 3

Journal of Cell Communication and Signaling (2021) 15:107–123 
https://doi.org/10.1007/s12079-020-00599-8

RESEARCH ARTICLE

Lactate regulates autophagy through ROS‑mediated activation 
of ERK1/2/m‑TOR/p‑70S6K pathway in skeletal muscle

Rohollah Nikooie1,2   · Daruosh Moflehi1   · Samira Zand1 

Received: 8 March 2020 / Accepted: 26 November 2020 / Published online: 4 January 2021 
© The International CCN Society 2021

Abstract
The role of autophagy and lysosomal degradation pathway in the regulation of skeletal muscle metabolism was previously 
studied. However, underlying molecular mechanisms are poorly understood. L-lactate which is utilized as an energetic sub-
strate by skeletal muscle can also augment genes expression related to metabolism and up-regulate those being responsive 
to reactive oxygen species (ROS). Since ROS is the most important regulator of autophagy in skeletal muscle, we tested if 
there is a link between cellular lactate metabolism and autophagy in differentiated C2C12 myotubes and the gastrocnemius 
muscle of male wistar rats. C2C12 mouse skeletal muscle was exposed to 2, 6, 10, and 20 mM lactate and evaluated for 
lactate autophagic effects. Lactate dose-dependently increased autophagy and augmented ROS generation in differentiated 
C2C12 myotubes. The autophagic effect of lactate deterred in N-acetylcysteine presence (NAC, a ROS scavenger) indicated 
lactate regulates autophagy with ROS participation. Lactate-induced up-regulation of extracellular signal-regulated kinase 
1/2 (ERK1/2) through ROS was required to regulate the autophagy by lactate. Further analysis about ERK1/2 up- and down-
stream indicated that lactate regulates autophagy through ROS-mediated the activation of ERK1/2/mTOR/p70S6K pathway 
in skeletal muscle. The in vitro effects of lactate on autophagy also occurred in the gastrocnemius muscle of male Wistar 
rats. In conclusion, we provided the lactate-associated regulation evidence of autophagy in skeletal muscle by activating 
ROS-mediated ERK1/2/mTOR/p70S6K pathway. Since the increase in cellular lactate concentration is a hallmark of energy 
deficiency, the results provide insight into a skeletal muscle mechanism to fulfill its enhanced energy requirement.

Keywords  Autophagy · Differentiated C2C12 myotubes · Extracellular signal-regulated kinase ½ · Lactate · Skeletal 
muscle

Introduction

Autophagy, lysosomal degradation pathway, is a natural 
mechanism of cell which functions during basal conditions 
in organelle and protein quality control (Glick et al. 2010). 

The autophagic/lysosome system allows cytosolic renova-
tion through degradation and recycling of unnecessary or 
dysfunctional cellular components (Yu et al. 2017) and 
permits a cell to degrade a part of its materials to fulfill 
energetic needs through the starvation and stress s (Young 
et al. 2006). In general, the autophagy is categorized by three 
main types: microautophagy, chaperone-mediated autophagy 
(CMA), and macroautophagy. They mainly differ in their 
mode of substrate delivery to lysosome (Yu et al. 2017). 
Macroautophagy, hereafter referred to as autophagy, delivers 
cytoplasmic cargo to lysosome through the intermediary of a 
double-membrane structure containing sequestered cytoplas-
mic material; autophagosome which ultimately fuses with 
lysosome in which the cargo degrades into amino acids takes 
place (Yu et al. 2017).

Several factors and signaling pathways were shown to 
contribute to a basal- and stress-induced autophagy regu-
lation in skeletal muscle. Phosphatidylinositol 3-phosphate 
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kinase/Akt/mammalian target of rapamycin (mTOR) is the 
most potent autophagy inhibitor in skeletal muscles which 
exerts its inhibitory effects by blocking autophagosome for-
mation (Risson et al. 2009). On the other hand, the acti-
vation of forkhead box O3 (FoxO3a) by AMP-activated 
protein kinase (AMPK) augments the expression of several 
autophagy-specific genes (Atgs) including LC3-phosphati-
dylethanolamine conjugate (LC3-II) and GABAA receptor-
associated protein-like 1 (Gabarapl1) which acts as the 
promoters of autophagosome fabrication (Sanchez et al. 
2012). Moreover, p38 αβ MAPK pathway was described to 
regulate Atgs expression independent of FoxO3. (McClung 
et al. 2009).

A growing body of work suggests that reactive oxygen 
species (ROS) are important cellular signal transducers 
controlling autophagy in skeletal muscle (Dobrowolny 
et  al. 2008; McClung et  al. 2009; Rahman et  al. 2014; 
Scherz-Shouval et al. 2007). Endogenous ROS, particularly 
mitochondrial-derived ROS, was shown to promote basal- 
and nutrient starvation-induced autophagy in differentiated 
C2C12 myotubes, the effect which is mediated through 
AMPK activation and AKT inhibition (Rahman et al. 2014). 
Nutrient starvation-induced autophagy requires hydrogen 
peroxide (H2O2) production, which directly inhibits Atg4, 
an enzyme involved in Atg8 protein maturation and delipi-
dation, thereby increasing the formation of LC3-associated 
autophagosomes (Scherz-Shouval et al. 2007). Also, H2O2 
induces early transcriptional activation of genes involved 
in autophagy lysosome-mediated proteolysis in cultured 
C2C12 myotubes through the activation of p38 αβ MAPK 
(McClung et al. 2009). Moreover, in MLC/SOD1G93A trans-
genic mice expressing a mutant form of superoxide dis-
mutase 1 (SOD1), ROS accumulation serves as a signal to 
initiate autophagy and muscle atrophy (Dobrowolny et al. 
2008). These results indicate that alterations in redox bal-
ance and subsequent oxidative stress are major factors which 
regulate muscle autophagy. Therefore, any factor changing 
muscle redox balance could be involved in skeletal muscle 
autophagy.

For several years, L-lactate was largely considered to be 
a dead-end product of anaerobic glycolysis. However, recent 
evidence proposed a lactate role in regulating genes related 
to its metabolism (Aveseh et al. 2014; Gabriel-Costa et al. 
2015; Hashimoto et al. 2007; Latham et al. 2012) and redox 
state in cells (Echigoya et al. 2012; Galardo et al. 2014; 
Hashimoto et al. 2007; Hunt et al. 2007). Indeed, the con-
version of lactate to pyruvate catalyzed by lactate dehydro-
genase (LDH) is accompanied by NADH production, and 
consequently, by a change in redox balance which could be 
associated to alterations in ROS levels. To support this idea, 
lactate was shown to increase ROS production and up-regu-
late various genes in L6 cells, many known to be responsive 

to ROS (Hashimoto et al. 2007). Meanwhile, the oxidation of 
lactate to pyruvate within germ cells results in NADH accu-
mulation, a substrate for NAD(P)H oxidase (NOX), which 
causes ROS production and, consequently, up-regulation 
of Akt- and p38-MAPK signaling pathways (Galardo et al. 
2014). Also, Lactic acid induces increased cellular H2O2 
levels in K562 cells and promotes erythroid differentiation 
in a ROS-dependent manner (Luo et al. 2017). Also, there is 
some evidence of enhanced mitochondrial activity following 
lactate treatment in neuroblastoma cells, associated to a mild 
elevation in ROS levels (Tauffenberger et al. 2019). There is 
a possibility that NADH, produced during the conversion of 
lactate into pyruvate, could enter the mitochondria, thereby 
boosting the electron transport chain and ROS levels. These 
findings raise the possibility that there is also a link between 
cellular lactate metabolism and autophagy-lysosome system-
mediated protein degradation through ROS production and 
changes in cellular redox state in skeletal muscle. However, 
there is still no substantial evidence.

This study’s primary goals were to test the central hypoth-
esis which lactate affects autophagy in skeletal muscle. To 
evaluate this hypothesis, we investigated: 1) whether lac-
tate is able to regulate autophagy-related gene expression in 
differentiated C2C12 myotubes, if ROS participates in this 
regulation; 2) possible mechanisms which may be involved 
in the lactate stimulation of autophagy regulation in differ-
entiated C2C12 myotubes, 3) the in vivo effects of lactate on 
autophagy regulation in skeletal muscle of male Wistar rats.

Materials and methods

Cell culture

C2C12 mouse skeletal muscle cells were obtained from 
Pasteur Institute. C2C12 myoblast cells were cultured in 
Dulbecco’s Modified Eagle’s medium (DMEM, Invitrogen, 
Carlsbad, CA) supplemented with 10% fetal bovine serum 
(FBS) and penicillin/streptomycin (Invitrogen) at 37 °C 
and 5% CO2. Myogenic differentiation was induced at 80% 
confluence by changing growth medium to differentiation 
medium (DM) supplemented with 2% horse serum instead 
of FBS for 6 days. DM used to generate myotubes was daily 
replaced with a fresh medium. Then, differentiated C2C12 
myotubes were treated with L-lactate (Sigma-Aldrich) at dif-
ferent final dilutions (2, 6, 10, and 20 mM) in the absence or 
presence of 5 mM N-acetylcysteine (NAC), 10 mM oxam-
ate, 10 µM SB203580, 2 mM 3-hydroxy-butyrate (3-OBA), 
10 µM BI-D1870, 10 nM rapamycin, or 2.5 µM U0126, and 
dependent variables were measured as described below.
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Lactate treatment

Differentiated C2C12 myotubes were exposed to 2, 6, 10, 
and 20 mM of lactate for 8 h for protein and RNA measure-
ments. Autophagy-related gene expression (Beclin 1, Atg7, 
Atg9, Lc3b, Gabarapl1, and P62) and autophagic flux (pro-
tein levels of free (LC3-I), lipidated (LC3-II) forms, and 
LC3-I/LC3-II ratio) were measured following lactate treat-
ment. Differentiated C2C12 myotubes incubated with 2, 6, 
10, and 20 mM of lactate for 15, 30, or 60 min were used for 
thiobarbituric acid reactive substances (TBARS) or reactive 
oxygen species (ROS) assay. Positive control was included 
H2O2 500 mM for 15 min.

Reactive oxygen species (ROS) assay

The intracellular levels of ROS in C2C12 myocytes were 
measured using a dichlorofluorescein assay, as previously 
described. (Wang and Joseph 2005). In brief, differenti-
ated C2C12 myocytes in 96-well plates were incubated 
with 10  µM 2´,7´-dichlorodihydrofluorescein diacetate 
(H2DCFDA; Sigma-Aldrich) in Krebs–Ringer buffer solu-
tion for 30 min at 37 C. After washing with PBS, the cells 
were treated for 15, 30, or 60 min with 2, 6, 10, and 20 mM 
lactate or H2O2 500 mM in phenol red-free Minimum Essen-
tial Media. Then, intracellular intensity ROS was monitored 
at excitation and emission wavelengths of 480 and 520 nm, 
respectively, or fluorescence images were acquired. The 
fluorescent images were captured using a Nikon Eclipse 
TE2000-U fluorescence inverted microscope (Nikon, Tokyo, 
Japan). Images were acquired using an Olympus C-5060 
digital camera attached to Nikon TE2000U inverted micro-
scope with a 4x  objective. Fluorescence intensity was meas-
ured using excitation and emission wavelengths at 495 and 
529 nm, respectively. Fluorescence intensity was quantified 
using ImageJ software.

Thiobarbituric acid reactive substances (TBARS) 
assay

Lipid peroxidation in C2C12 myotubes was measured using 
a TBARS assay as previously described (Keles et al. 2001). 
The methodology measures malondialdehyde (MDA) and 
other aldehydes which were produced by lipid peroxida-
tion and induced by hydroxyl free radicals. The cells were 
resuspended in PBS at 1 × 106 cells/ml. The cellular sus-
pension (400 mL) or 400 mL of PBS for blank were mixed 
with 500 mL of 35% TCA and 500 mL of Trishydrochlorid 
(Tris–HCl; 200 mM, pH 7.4) which incubated for 10 min 
at room temperature. Then, 1 ml solution involving 2 M 
Na2SO4 and 55 mM thiobarbituric acid was added. Then, the 
samples were incubated at 95 °C for 45 min. In the next step, 
the samples were cooled on ice for 5 min, mixed with 1 ml of 

70% TCA, centrifuged at 15,000 × g for 3 min, and superna-
tant absorbance was read at 530 nm. A baseline absorbance 
was taken by running a blank along with all samples during 
the measure-ment. The total protein concentration in cell 
suspension was assayed using Bradford method. Calculating 
TBARS concentration was based on the molar extinction 
coefficient of malondialdehyde.

Autophagic flux in vitro

Differentiated C2C12 myotubes were preincubated in DM 
in the absence or presence of 5 mM NAC, 10 mM oxam-
ate, 10 µM SB203580, 2 mM 3-OBA, 10 µM BI-D1870, 
rapamycin, 10 nM rapamycin, or 2.5 µM U0126 for 2 h and 
then exposed to lactate (2, 6, 10, and 20 mM) for 8 h. Protein 
levels of free (LC3-I), lipidated (LC3-II) forms, and LC3-I/
LC3-II ratio) were measured to reflect autophagic flux.

Western blotting

Differentiated C2C12 myotubes were resuspended in 
200 µl lysis buffer (50 mM Tris pH 7.6; 250 mM NaCl; 
5 mM EDTA; 0.1% NP-40; protease inhibitor) which passed 
through a syringe. The cell extracts were centrifuged at 
5000 g for 5 min to pellet cell debris, and the supernatant 
was extracted. For skeletal muscle sample, approximately 
100-150 mg of whole gastrocnemius muscle was homog-
enized in ice-cold RIPA buffer (50 mM TriseHCl, 1 mM 
EDTA,150mMNaCl, NP40 1%, Na deoxycholate 1%, 
SDS 1%, Protease and phosphatase inhibitor 0.01 M, pH 
7.4), centrifuged at 14,000 RPM for 15 min at 4 °C, and 
supernatant was recovered. Total protein was determined 
by Bradford protein assay using bovine serum albumin 
(BSA) as a standard and western blotting was performed 
(Mansouri et al. 2014). In brief, 20 μg total protein of each 
sample was loaded and separated on 12.5% SDS- PAGE 
and transferred by electroblotting onto polyvinylidenedif-
luoride membranes (Amersham). Thereafter, PVDF mem-
branes were stained in 0.1% Ponceau S in 1% acetic acid for 
3 min by shaking. Membranes were destained by rinsing in 
water for 2 min. Ponceau S staining total protein loading 
was recorded to monitor transfer efficiency and quantifica-
tion of whole protein loading. Then, after washing in TBST 
buffer (150 mM NaCl, 5% skimmed milk, 0.1% Tween 20, 
and 50 mM Tris, pH 7.5) for 5 min, the membranes were 
incubated for 1.5 h at room temperature on an orbital shaker 
in + 5% skimmed milk in TBST and incubated in primary 
antibody overnight at 4 °C in blocking buffer. Membranes 
were washed and incubated for 90 min at room tempera-
ture with a secondary antibody in TBST. Membranes were 
washed, and protein expression was detected by enhanced 
chemiluminescence according to manufacture instructions. 
Autoradiographic film were exposed to membranes and 
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developed. Molecular weight standards (Prestained Pro-
tein Ladder, Abcam Cat# ab116027) were used to identify 
appropriate antibody binding. Band densities were deter-
mined with ImageJ densitometer software. Applied primary 
antibodies were LC3-II/LC3-I (Cell Signaling Technology 
Cat# 2775, RRID:AB_915950), P62 (Cell Signaling Tech-
nology Cat# 5114, RRID:AB_10624872), ERK 1/2 (Cell 
Signaling Technology Cat# 9102, RRID:AB_330744), 
Phospho-mTOR (Cell Signaling Technology Cat# 2971, 
RRID:AB_330970), Phospho-Erk1/2 (Cell Signaling 
Technology Cat# 4370, RRID:AB_2315112) p38-MAPK 
(Abcam Cat# 197348), Phospho-p38-MAPK (Abcam Cat# 
ab45381, RRID:AB_881838). Goat Anti-Rabbit IgG Anti-
body, Peroxidase Conjugated (Millipore Cat# AP132P, 
RRID:AB_90264) was used as the secondary antibody.

Real Time‑PCR

Differentiated C2C12 myotubes or powdered muscle 
samples (~ 50 mg) was added to 1 ml ice-cold Isol RNA-
Lysis reagent (5 prime, Cat# 2302700) and homogenized. 
Homogenates were centrifuged at 12,000 × g for 10 min at 
4 °C to remove the pellet. Chloroform (200 μl) was added 
to supernatant fraction and vigorously shaken for 15 s. The 
organic and aqueous phases were separated by centrifu-
gation at 12,000 × g for 15 min. The aqueous phase was 
removed, 600 μl isopropanol was added, and RNA was 
isolated according to the manufacturer’s instructions (5 
prime, Cat# 2302700). RNA concentration and purity were 
estimated by OD 260/280. cDNA synthesis was performed 
with 1 μg RNA in a total reaction volume of 20 μl using 
random hexamer oligonucleotides. Reverse transcriptase 
reactions were performed according to the manufacturer’s 
instructions (Thermo Scientific, Cat# K1622). Quantitative 
real-time PCR was performed using a 7300 Real-Time PCR 
System (Applied Biosystems, Step One, Germany). PCR 

reaction was carried out using SYBR Green II, and ROX 
was used as a reference dye. The thermocycling conditions 
were: 10 min at 95 °C, followed by 40 cycles of 95 °C for 
15 s and 60 °C for 45 s. The primer sequences used are listed 
in Table 1. Gene expressions were expressed relative to the 
expression of 18S housekeeping gene. To avoid detecting 
nonspecific PCR products, each amplified product’s purity 
was confirmed using a melting curve analysis. Data quanti-
fication was carried out using the 2−ΔΔCT method.

In vivo study of lactate effect

Male Wistar rats (8-weeks- old) were purchased from the 
Neuroscience Research Center of Kerman, housed in stand-
ard conditions, and randomley divided into two groups: con-
trol (C; n = 18) and experimental (EX; n = 18). The animals 
from EX group were intramuscularly injected with 0.27 ml/
kg of a 0.25 M sodium lactate solution (pH 7.2). This lactate 
value was selected to elevate muscle lactate levels in the 
gastrocnemius muscle to an average value of 10 mM, as pre-
viousely described (Nikooie and Samaneh 2016). C group 
was administered with PBS at a volume which approximated 
the average volume administered to EX group. The animals 
were killed at intervals of 3, 10, and 24 h (six animals for 
each time) following lactate injection, and gastrocnemius 
was harvested, frozen in liquid nitrogen, and stored at 80 C 
for subsequent. The Ethical Committees approved all pro-
cedures in the present study on Animal Care at the Neuro-
science Research Centre of Kerman, University of Medical 
Sciences, Kerman, Iran. This study was conducted due to 
the principles of Declaration of Helsinki (version October 
2013).

Table 1   Primer sequences used 
for Real-time PCR

Gene Species Forward primer (5ʹ to 3ʹ) Reverse primer (5ʹ to 3ʹ)

Atg7 Mouse CCT​GCA​CAA​CAC​CAA​CAC​AC CAC​CTG​ACT​TTA​TGG​CTT​CCC​
Rat TGT​CAG​CCT​GGC​ATT​TGA​TAA​ TCA​CTC​ATG​TCC​CAG​ATC​TCA​

Beclin 1 Mouse GGC​CAA​TAA​GAT​GGG​TCT​GA CAC​TGC​CTC​CAG​TGT​CTT​CA
Rat TTG​GCC​AAT​AAG​ATG​GGT​CTGAA​ TGT​CAG​GGA​CTC​CAG​ATA​CGA​GTG​

Gabarapl1 Mouse CAT​CGT​GGA​GAA​GGC​TCC​TA ATA​CAG​CTG​GCC​CAT​GGT​AG
Rat AGA​AGG​CTC​CTA​AAG​CCA​GG GTC​CTC​AGG​TCT​CAG​GTG​GA

p62 Mouse CAC​AGG​CAC​AGA​AGA​CAA​ CCG​ACT​CCA​AGG​CTA​TCT​
Rat TCC​CTG​TCA​AGC​AGT​ATC​C TCC​TCC​TTG​GCT​TTG​TCT​C

Lc3B Mouse CGT​CCT​GGA​CAA​GAC​CAA​GT ATT​GCT​GTC​CCG​AAT​GTC​TC
Rat CAA​GCC​TTC​TTC​CTC​CTG​GTGA​ CGC​TCT​CGT​ACA​CTT​CAG​AGA​

18S Mouse GTA​ACC​CGT​TGA​ACC​CCA​TT CCA​TCC​AAT​CGG​TAG​TAG​CG
Rat GTT​GGT​TTT​CGG​AAC​TGA​ GGC​ GTC​GGC​ATC​GTT​TAT​GGT​CG

GPR81 Rat GGC​TGA​GAA​AAG​CGG​TAT​GA TCG​TTA​ACT​CTC​TCC​GAG​CTAGA​
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Measurment of autophagic flux in vivo

Autophagic flux in skeletal muscle was measured using 
Colchicine method, as previousely described (Mofarrahi 
et al. 2013). Male Wistar rats (8-weeks-old) were randomly 
divided into two groups: control (C; n = 12) and experimen-
tal (EX; n = 12). The animals received an i.p. injection of 
PBS (C group) or colchicine (0.4 mg/kg/day, EX group). 
Twenty-four hours later, the animals were subjected to i.p. 
injections of PBS (C group) or colchicine combined with an 
intramuscular injection of lactate in gastrocnemius muscle 
(EX group). This design provided us four different cohorts of 
rats: untreated which received PBS for two continuous days 
(n = 6); colchicine treated which received colchicine for two 
continuous days (n = 6); lactate treated which received PBS 
at the fisrt day, followed by a second injection of lactate on 
the second day (n = 6); lactate plus colchicine treated which 
received a colchicine on the first day, followed by a second 
injection of lactate and colchicine on the second day (n = 6). 
Gastrocnemius muscles were harvested 24 h following the 
second injection, frozen in liquid nitrogen, and stored at 80 
C for subsequent. The whole muscle homogenate was used 
for all protein and RNA analysis to eliminate inconsistency 
in the sampling.

Statistical analysis

Data are represented as mean ± SD. One- or Two-way anal-
ysis of variance followed by post hoc Bonferroni evalua-
tion was used for multiple groups to determine significant 
differences. In Two-way ANOVA, a significant interaction 
was interpreted by a subsequent simple-effects analysis with 
Bonferroni correction. Before the final analysis, the assump-
tions for ANOVA, homogeneity of variance, and normal dis-
tribution were tested. In all comparisons, the significant level 
was set at α = 0.05.

Results

Lactate regulates autophagy in differentiated 
C2C12 myotubes

To explore possible autophagy regulation by lactate in vitro, 
autophagy-related gene expression (Atg9 which is the 
sole multi-spanning membrane protein essential for the 
autophagosome formation; Beclin 1 which plays a vital role 
to regulate early stages of autophagosome formation; Atg7 
which is involved in LC3-I conjugation process to PE dur-
ing autophagosome formation; Gabarapl1 which is crucial 
for autophagosome formation and the sequestration of cyto-
solic cargo into double-membrane vesicles; LC3B which is 
involved in autophagosome membrane expansion and fusion 

events; and p62, a cargo receptor for ubiquitinated substrates 
which is itself degraded during autophagy) in differentiated 
C2C12 myotubes treated with vehicle or lactate (2, 6, 10, 
and 20 mM) for 8 h were analyzed. The results are reported 
in Fig. 1a–d. Autophagy-related genes expression data dis-
played significant dose effect (all p <  0.01), treatment effect 
(all p <  0.01), and treatment × dose interaction (all p <  0.01). 
Lactate treatment increased the transcription of autophagy-
related genes expression in a dose-dependent manner while 
the vehicle did not induce any change in analyzed genes. 
All genes were no more expressed upon treatment with 
2 mM lactate compared to control values. However, signifi-
cant effects started to be observed at 6 mM, increased up to 
10 mM, which were maximally expressed upon treatment 
with 20 mM lactate.

Autophagic flux was monitored by measuring the pro-
tein levels of P62, LC3-I, LC3-II and LC3-I conversion into 
LC3-II, assessed by LC3-II/LC3-I ratio (Fig. 1b–d). LC3-II 
expression and the ratio of LC3II/LC3I displayed significant 
dose effect (all p < 0.01), treatment effect (all p <  0.01), and 
treatment × dose interaction (all p <  0.01). Lactate dose-
dependently increased LC3-II expression and LC3II/LC3I 
ratio. LC3-II and LC3II/LC3I levels were significantly larger 
at 6, 10, and 20 mM lactate compared to control values. 
To support increasing LC3B-II protein, p62, an autophagic 
adaptor protein, which can be degraded through increased 
autophagy was dramatically reduced in differentiated C2C12 
myotubes treated with lactate which could be interpreted as 
an increase in autophagy flux. These results suggest that lac-
tate significantly induces autophagy in differentiated C2C12 
myotubes.

Lactate regulates autophagy in C2C12 myotubes 
with the participation of ROS

To establish the role of intracellular ROS in lactate-induced 
autophagy regulation, differentiated C2C12 myotubes 
were treated with vehicle or lacate (2, 6, 10, and 20 mM) 
for variable periods (15, 30, or 60 min) or 500 mM H2O2 
(positive control), and ROS levels were indirectly estimated 
by TBARS assay. As shown in Table 2, TBARS indicated 
a significant dose effect (p <  0.01) and treatment effect 
(all p <  0.05). Higher doses of lactate (6, 10, and 20 mM) 
induced a significant increase in TBARS generation com-
pared to control values. TBARS values were significantly 
larger at 30- and 60-min time points in C2C12 myotubes 
treated with lactate compared to control values. To ensure 
accurate quantification of ROS generation, H2DCFDA, a 
common ROS detection dye, was used to monitor intracel-
lular ROS levels in cells treated with lactate (2, 6, 10, and 
20 mM) for 60 min. Figures 1e1, 2, 3, 4, 5, 6 shows that 
ROS generation significantly increased following treatment 
with 6, 10, and 20 mM lactate (one-way ANOVA: F = 14.5, 
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p <  0.01), not for lactate 2 mM compared to value found in 
untreated myotubes.

Then, we sought to test whether the autophagy regula-
tion induced by lactate is due to intracellular ROS gen-
eration. Differentiated C2C12 myotubes were pre-treated 
with NAC (a ROS scavenger) and incubated with 2, 6, 10, 
and 20 mM lactate for 60 min (Fig. 1e–g). ROS indicated 
significant dose effect (all p <  0.01), treatment effect (all 
p < 0.01), and treatment × dose interaction (all p <  0.01). 

ROS generation were increased following lactate treatment 
but had no changes following co-incubation with lactate and 
NAC (Fig. 1e, f). TBARS data indicated a significant dose 
effect (p <  0.01) and treatment effect (p < 0.01). TBARS 
levels were increased following lactate treatment but had 
no changes following co-incubation with lactate and NAC 
(Fig. 1g). TBARS levels were significantly lower in cells co-
incubated with lactate and NAC compared to those values 
found in cells treated solely with lactate.

Furthermore, autophagy-related gene expression and 
autophagy flux in cells solely treated with lactate indicated 
significant dose effect (all p < 0.01), treatment effet (all 
p <  0.01), and treatment × dose interaction (all p <  0.01), 
while co-incubation with lactate and NAC did not induce 
any change in analyzed genes (Fig. 1a). Autophagy-related 
gene expression was significantly lower in cells co-incubated 
with lactate and NAC compared to those values found in 
cells treated solely with lactate (Fig. 1a). Moreover, in 
NAC pre-incubated myotubes, lactate exerted no effect 
on autophagy flux markers but enhanced LC3B-II protein 
intensity and LC3B-II/LC3B-I ratio and attenuated p62 and 
LC3-I in cells treated solely with lactate in a dose dependent 
manner (Fig. 1b, c). LC3B-II and LC3B-II/LC3B-I values 
were significantly lower, while LC3B-I and p62 were sig-
nificantly higher in NAC pre-incubated myotubes compared 
to the cells treated solely with lactate. These results sug-
gest that ROS may act as mediators of lactate actions on 
autophagy regulation in C2C12 myotubes.

ERK1/2 activation was required for lactate‑induced 
regulation of autophagy through ROS

To understand the signaling pathway by which lactate regu-
lates autophagy through ROS in C2C12 myotubes, this study 
evaluated whether mitogen-activated protein kinase signal 
transduction pathway (p-38-MAPK and Erk1/2) mediates 
lactate-induced up-regulation of autophagy in C2C12 myo-
tubes. P-38-MAPK and Erk1/2 were shown implicated in 
mediating oxidative stress-induced regulation of autophagy 
in C2C12 myotubes (Ding et  al. 2017; McClung et  al. 
2009). To this purpose, differentiated C2C12 myotubes were 
treated with 6, 10, and 20 mM lacate or vehicle for 8 h in 
the absence or presence of NAC or SB203580, and the level 
of P-p38-MAPK and P-Erk1/2 were measured. The values 
of P-p38-MAPK and P-Erk1/2 only revealed a significant 
treatment effect (all p < 0.01, Fig. 2a2). P-p38-MAPK and 
P-Erk1/2 values were significantly higher in cells treated 
with lactate compared to control values (Fig. 2a2).

These results suggest possible roles of p38-MAPK and 
Erk1/2 in ROS-mediated regulation of autophagy by lactate. 
Therefore, P-p38-MAPK and P-Erk1/2 levels in myotubes 
co-incubated with lactate (6, 10, 20 mM) and 5 mM NAC 
for 8 h were first measured to check whether elevated levels 

Fig. 1   Lactate increased ROS generation, thereby augmenting 
autophagy in differentiated C2C12 myotubes. a Lactate treatment 
increased transcription of autophagy-related gene expression (two-
way ANOVA: main effect of dose, Atg9, F = 6; Atg7, F = 22.9; Bec-
lin 1, F = 12.3; Gabarapl1, F = 12.3; LC3B, F = 8.9; p62, F = 6.1; 
all p <  0.01; main effect of treatment, Atg9, F = 51; Atg7, F = 228; 
Beclin 1, F = 146; Gabarapl1, F = 135; LC3B, F = 89; p62, F = 44; 
treatment × dose interaction, Atg9, F = 5.7; Atg7, F = 22.7; Beclin 
1, F = 12.2; Gabarapl1, F = 12.2; LC3B, F = 8.7; p62, F = 6.4; all 
p <  0.01) and b, c autophagic flux (two-way ANOVA: increase in 
LC3-II, main effect of dose, F = 7.2, p <  0.01; main effect of treat-
ment, F = 52, p <  0.01; treatment × dose interaction, F = 5.1, p <  0.01; 
increase in LC3II/LC3I, main effect of dose, F = 38, p <  0.01; main 
effect of treatment, F = 209, p <  0.01: treatment × dose interac-
tion, F = 35, p <  0.01; decrease in p62, main effect of dose, F = 4.8, 
p <  0.01; main effect of treatment, F = 74, p <  0.01; treatment × dose 
interaction, F = 10.1, p <  0.01) in a dose-dependent manner in C2C12 
myotubes maintained in vehicle or lactate (2, 6, 10, and 20  mM, 
8  h) compared to the control values (dashed lines). d In-gel profile 
for densitometric scanning analysis of LC3-I, LC3-II, and p62. e 
Representative images of H2DCFDA fluorescence. Lactate dose-
dependently increased ROS generation and TBARS in differenti-
ated C2C12 myotubes maintained in 2, 6, 10, and 20 mM lactate for 
60 min e3-6 compared to the baseline values (vehicle), but exerted no 
effect in C2C12 myotubes co-incubated with 5 mM N-acetylcysteine 
(NAC) and lactate e7-10 (two-way ANOVA: ROS, main effect of 
dose, F = 12.3, p <  0.01; main effect of treatment, F = 42.1, p <  0.01; 
dose × treatment interaction, F = 8.4, p <  0.01; TBARS, main effect 
of dose, F = 4.5, p <  0.01, main effect of treatment, F = 4.5, p <  0.01; 
dose × treatment interaction, F = 2.2, p = 0.08). 500  mM H2O2 was 
used as a positive control. (f, g) Quantification of H2DCFDA fluo-
rescence. Pre-treatment with NAC (5 mM, 2 h) deterred stimulatory 
effect of lactate on autophagy-related gene expression a (two-way 
ANOVA: main effect of dose, Atg9, F = 7.4; Atg7, F = 23.1; Bec-
lin 1, F = 12.3; Gabarapl1, F = 11.6; LC3B, F = 7.7; p62, F = 6.9; 
all p <  0.01; main effect of treatment, Atg9, F = 13.9; Atg7, F = 187; 
Beclin 1, F = 71.7; Gabarapl1, F = 78.2; LC3B, F = 37.4; p62, F = 41; 
two-way ANOVA: treatment × dose interaction, Atg9, F = 2.0, p = 0.9; 
Atg7, F = 19.7; Beclin 1, F = 7.2; Gabarapl1, F = 7.5; LC3B, F = 5.6; 
p62, F = 3.1; all p <  0.01) and autophagic flux (b, c) (two-way 
ANOVA: main effect of dose, LC3B-I, F = 1.2; LC3B-II, F = 6.6; p62, 
F = 8.7; LC3B-II/LC3B-I, F = 38.7; all p <  001; Fig. 1b; main effect of 
treatment, LC3B-I, F = 46.9; LC3B-II, F = 31.2; p62, F = 50.4; LC3B-
II/LC3B-I, F = 38.7; all P <  001; treatment × dose interaction, LC3B-
I, F = 5; LC3B-II, F = 5.7; p62, F = 7.9; LC3B-II/LC3B-I, F = 34; all 
p <  001), suggesting lactate regulates autophagy in C2C12 myotubes 
with ROS participation. The values are mean ± SD. For autophagy-
related gene expression, values expressed as mean ± SD of fold 
change from basal values (vehicle). For autophagy flux markers, the 
fold changes in protein levels were normalized for β-actin and relative 
to their expression in basal condition (vehicle). # Significant differ-
ence with basal values (P < 0.01), * Significant difference with lac-
tate + NAC group (P <  0.01). N = 6 per group

◂
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of ROS and lactate regulation of P-p38-MAPK and P-Erk1/2 
are related. P-p38-MAPK and P-Erk1/2 values only indicated 
a significant treatment effect (all p <  0.01, (Fig. 2a2). P-p38-
MAPK and P-Erk1/2 values were significantly lower in cells 
co-incubated with lactate and NAC compared to those values 
found in cells treated solely with lactate (Fig. 2a2). These 
results suggest that ROS mediate the lactate regulation of 
P-p38-MAPK and P-Erk1/2 in C2C12 myotubes. Then, to 
confirm the roles of P-p38-MAPK and P-Erk1/2 in regulat-
ing the autophagy by lactate, differentiated myotubes were 
pre-incubated with SB203580 (p38-MAPK inhibitor) or 
U0126 (ERK1/2 inhibitor) for 2 h and then treated with 
lactate 10 mM for 8 h. Pre-incubation of myotubes with 
SB203580 did not affect the stimulatory effect of lactate on 
autophagy-related gene expression (Fig. 2b2) and autophagy 
flux indexes (Fig. 2b3, 4), suggesting p38-MAPK is not 
involved in the lactate-induced regulation of autophagy. To 
further evaluate this key regulatory pathway’s involvement, 
the effect of 3 different incubation times (3 h, 10 h and 16 h) 
with lactate 10 mM were also tested. P-p38-MAPK values 
only indicated a significant treatment effect (all p <  0.01, 
Fig. 3a3). In any incubation time, lactate treatment signifi-
cantly increased P-p38-MAPK compared to baseline values, 
while the vehicle did not induce any change (Fig. 3a3). Incu-
bation time had no significant effect on the expression levels 
of P-p38-MAPK. Autophagy-related gene expression and 
autophagy flux in cells solely treated with lactate indicated 
significant time effect (all p <  0.01). Autophagy-related gene 
expression and autophagy flux were significantly higher 
compared to baseline values (time 0) (Fig. 3b1). However, 
there was no significant difference regarding the expression 
levels of autophagy-related gene expression and autophagy 
flux among 3 different incubation times (3 h, 10 h, and 
16 h) (Figs. 3b1–4). Altogether these results suggest that 

the p38-MAPK pathway is not involved in regulating 
autophagy by lactate. On the other hand, co-incubation with 
U0126 prevented the lactate-induced changes in autophagy-
related gene expression (Fig. 2b3). Autophagy-related gene 
expression was significantly lower in cells co-incubated with 
lactate and NAC compared to those values found in cells 
solely treated with lactate (one-way ANOVA, all p <  0.01) 
(Fig. 2b2). Moreover, in NAC pre-incubated myotubes, 
LC3B-II and LC3B-II/LC3B-I ratio were significantly 
lower, and p62 and LC3B-II had higher values compared to 
the cells solely treated with lactate (one-way ANOVA, all 
p <  0.01) (Fig. 2b3). These results suggest that lactate regu-
lates autophagy in C2C12 myotubes with ROS participation, 
and P-Erk1/2 activation is required for this regulation.

To understand signaling pathways by which Erk1/2 
mediates lactate’s autophagic effect, the expression lev-
els of P-p70S6K, P-p90RSK, P-MEK1/2, P-mTOR, and 
P-STAT3 were analyzed in myotubes incubated with lactate 
or lactate and U0126 for 8 h. The results are reported in 
Fig. 4. P-MEK1/2 (50%) and Erk1/2 (112%) were increased 
in C2C12 myotubes treated with lactate, while p-mTOR 
(34%) and p-p70S6K (40%) expression were downregulated 
compared to control values (one-way ANOVA, all p < 0.01, 
Fig. 4a2). These results suggest ERK1/2/mTOR/p70S6K 
may be involved in the autophagic effect of lactate. To con-
firm this, myotubes were incubated in U0126 for 2 h and 
then treated with lactate 10 mM for 8 h. Erk1/2 inhibition 
decreased P-Erk1/2 and restored p-mTOR and p-p70S6K 
expression to their control values (Fig.  4a2), suggest-
ing mTOR and p70S6K are indeed downstream targets of 
ERK1/2. Therefore, we hypothesized that ERK1/2/mTOR/
p70S6K pathway positively regulates autophagy in C2C12 
myotubes following lactate treatment. To confirm this, myo-
tubes were incubated with rapamycin (mTOR inhibitor) or 
BI-D1870 (p90RSK inhibitor) for 2 h and then treated with 
lactate 10 mM for 8. Inhibition of mTOR by rapamycin did 
not change P-ERK1/2 expression, but significantly inhib-
ited P-mTOR and P-p90RSK expression following lactate 
treatment, suggesting p90RSK may be a downstream tar-
get of ERK1/2/mTOR (Fig. 4a2). On the other hand, myo-
tubes’ co-incubation with lactate and BI-D1870, a specific 
inhibitor of p90RSK, did not affect P-ERK1/2 P-mTOR 
expression (Fig. 4a2). All proteins’ expression did not dif-
fer from those values found in the myotubes treated solely 
with lactate. We measured autophagy level in C2C12 myo-
tubes through inhibiting mTOR and p70S6K (Fig. 4a4, 5, 6). 
The autophagic effect of lactate occurred in the presence of 
mTOR and p70S6K inhibitors, while inhibition of ERK1/2 
reversed their effect on autophagy. These data suggest that 
lactate regulates autophagy through ROS-mediated acti-
vation of the ERK1/2/mTOR/p70S6K pathway in skeletal 
muscle.

Table 2   TBARS (nmol MDA/µg protein) values in C2C12 myotubes 
incubated with different doses of lactate. H2O2 was used as a positive 
control

Values are means ± SD, each value is the average for six samples, 
* significant difference with C2C12 myotube treated with vehicle, P 
<   0.01; two-way ANOVA: main effect of dose, F = 10.4, p <   0.01; 
main effect of time, F = 4.8, p <   0.05; dose × time interaction, F = 
1.1, p = 0.39)

Time

15 min 30 min 60 min

Vehicle 0.60 ± 0.16 0.63 ± 0.16 0.61 ± 0.18
H2O2 1.02 ± 0.28* 1.21 ± 0.23* 1.21 ± 0.25*
Lactate 2 mM 0.69 ± 0.16 0.62 ± 0.17 0.67 ± 0.14
Lactate 6 mM 0.74 ± 0.18 0.88 ± 0.16* 0.93 ± 0.19*
Lactate 10 mM 0.74 ± 0.19 0.95 ± 0.17* 1.02 ± 0.26*
Lactate 20 mM 0.76 ± 0.21 0.95 ± 0.17 1.07 ± 0.25
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Fig. 2   Activation of ERK1/2 was required for lactate-induced regu-
lation of autophagy through ROS. a1 In-gel profile for densitometric 
scanning analysis of p38-MAPK and ERK l/2 and their phosphoryl-
ated level in C2C12 myotubes maintained in vehicle or H2O2, or 
lactate 10 mM for 8 h in the absence or presence of NAC. a2 Lac-
tate increased phosphorylataion of p38-MAPK (two-way ANOVA: 
main effect of treatment, F = 90.1 p <  0.01; dose × treatment interac-
tion, F = 1.5, p = 0.23) and ERK l/2 (two-way ANOVA: main effect 
of treatment, F = 113 p <  0.01; dose × treatment interaction, F = 0.86, 
p = 0.43) compared to control values (dashed lines), but its effects 
were deterred in the presence of NAC (two-way ANOVA: main effect 
of treatment, p38-MAPK, F = 56.8, p <  0.01; dose × treatment interac-
tion, F = 0.53, p = 0.59; main effect of treatment, P-Erk1/2, F = 64.2, 
p <  0.01; dose × treatment interaction, F = 0.44, p = 0.64). b1 In-gel 

profile and b2–4 bar plots for autophagy-related gene expression and 
autophagic flux in C2C12 cells maintained in vehicle or lactate (6, 
10, and 20 mM, 8 h) in the absence or presence of ERK1/2 inhibi-
tor U0126 (2.5 µM) and p38-MAPK inhibitor SB203580 (10 µM) for 
8 h. ERKl/2 inhibition by U0126 abolished the stimulatory effect of 
lactate on autophagy-related gene expression (one-way ANOVA, all 
p <  0.01) Atg9, F = 4.7; Atg7, F = 32.8; Beclin 1, F = 31.5; Gabarapl1, 
F = 13.9; LC3B, F = 18.7; p62, F = 10; all p <  0.01) and autophagic 
flux (one-way ANOVA: LC3B-I, F = 52; LC3B-II, 12.9; p62, F = 21.7, 
LC3B-II/LC3B-I, F = 19.3; all p <  0.01), but p38-MAPK inhibition by 
SB203580 had no effect, suggesting lactate-induced autophagy regu-
lation in C2C12 myotubes is mediated through activation of ERK1/2. 
* Significant difference between groups (P < 0.01). N = 6 per group
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Lactate‑induced regulation of autophagy 
is independent of GPR81

We were interested in understanding the molecular mecha-
nism in which lactate activates P-ERK1/2 signaling pathway 
and regulates autophagy in C2C12 myotubes. Lactate was 
shown to activate signaling pathways either by binding to 
its receptor, G protein-coupled receptor 81 (GPR81), (Liu 
et al. 2009; Ohno et al. 2018; Rooney and Trayhurn 2011), 

or changing the cell’s redox balance resulting from its con-
version to pyruvate (Galardo et al. 2014). First, GPR81 
contribution was checked. GPR81, a selective receptor 
for lactate, is expressed in adipocytes as well as skeletal 
muscle cells in mice (Liu et al. 2009), and some biological 
action of lactate in skeletal muscle is mediated by GPR81 
activation (Ohno et al. 2018; Rooney and Trayhurn 2011; 
Sun et al. 2016a). To address GPR81 contribution in the 
lactate regulation of P-ERK1/2 and autophagy, protein and 

Fig. 3   P38-MAPK pathway was not involved in regulating the 
autophagy by lactate. (a1 and b4) In-gel profile for densitometric 
scanning analysis of P-p38-MAPK, LC3-I, LC3-II, and p62. Three 
different incubation times (3 h, 10 h and 16 h) with lactate 10 mM 
significantly increased P-p38-MAPK (a3; two-way ANOVA: main 
effect of treatment, F = 90.3 p <  0.01) compared to control values, 
and upregulated autophagy-related gene expression (b1; two-way 
ANOVA: main effect of time, Atg9, F = 11.3; Atg7, F = 31.7; Beclin 
1, F = 22.7; Gabarapl1, F = 26.2; LC3B, F = 16.7; p62, F = 14.5; all 

p <  0.01; and autophagic flux (b2, 3; two-way ANOVA: main effect 
of time, LC3B-I, F = 83.9; LC3B-II, F = 27.7; p62, F = 89.5; LC3B-
II/LC3B-I, F = 13.2; all p <  001) compared to baseline values (dashed 
line). For autophagy-related gene expression, values expressed as 
mean ± SD of fold change from basal values (vehicle). For all pro-
tein expression the fold changes in protein levels were normalized for 
β-actin and relative to their expression in basal condition (vehicle). 
* Significant difference with basal values (P <  0.01). N = 6 per group
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mRNA of GPR81 were examined in C2C12 myotubes fol-
lowing treatment with 2, 6, 10, and 20 mM lactate for 8 h. 
Figure 5a shows that only treatment with 20 mM lactate 
induced a significant increase in GPR81 mRNA (one-way 
ANOVA, F = 43.3, p < 0.01), and protein expression (one-
way ANOVA, F = 10.3, p < 0.01) compared to control val-
ues. These results suggest, at least at high doses, lactate 
induced GPR81 expression in C2C12 cells and raised the 
possibility of GPR81 contribution in P-ERK1/2-mediated 
autophagic effects of lactate in C2C12 myotubes. Therefore, 
to investigate whether the lactate-induced increase in ROS 
and autophagy-related gene expression is induced GPR81 
activation, differentiated C2C12 myotubes were pre-treated 
to 3-OBA (a specific antagonist for GPR81) for 2 h, and 

incubated with 20 mM lactate for 8 h. Neither autophagy 
markers (Fig. 5c–e) nor P-ERK1/2 (Fig. 5f) was influenced 
GPR81 receptor inhibition, suggesting that P-ERK1/2-medi-
ated autophagic effects of lactate in C2C12 myotubes may 
not be associated to its binding to GPR81.

Then, we checked the role of changing cellular redox 
balance associated to lactate conversion to pyruvate in 
autophagy regulation by lactate. Differentiated C2C12 myo-
tubes were pre-treated with oxamate for 2 h which inhibits 
lactate oxidation to pyruvate utilizing LDH inhibition, and 
then incubated with 20 mM lactate for 8 h. Co-incubation 
significantly decreased P-ERK1/2 levels (one-way ANOVA, 
F = 19, p < 0.01)(Fig. 5f) which inhibited the stimulatory 
effect of lactate on autophagy-related gene expression 

Fig. 4   ERK1/2/mTOR/p70S6K pathway contributes to lactate-
induced autophagy activation in differentiated C2C12 myotubes. 
a1–a3 Effects of U0126 (2.5 µM), Rapamycin (10 nM), or BI-D1870 
(10 µM) on protein levels of ERK1/2/mTOR/p70S6K signaling path-
way components in C2C12 cells maintained in the vehicle or lactate 
10  mM for 8  h. Erk1/2 inhibition by U0126 deterred lactate effects 
on values of P-mTOR and p-p70S6K expression which restored them 
to their control values (dashed line). mTOR inhibition by SB203580 
decreased p-p70S6K levels, p70S6K inhibition had no effect on 

P-ERK 1/2 and P-mTOR levels. a4 Autophagy-related gene expres-
sion and a5, 6 autophagic flux in C2C12 cells maintained in vehi-
cle or lactate (6, 10, and 20 mM, 8 h) in the absence or presence of 
U0126, Rapamycin, or BI-D1870. For all protein measurements, 
fold changes in protein levels were normalized for β-actin and rela-
tive to their expression in basal condition (vehicle). * Significant dif-
ference with basal values (P < 0.01), + Significant difference with 
lactate + U0126 group (P < 0.01), ^ Significant difference with lac-
tate + Rapamycin group (P < 0.01). N = 6 per group
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(one-way ANOVA, all p < 0.01) compared to those values 
found in cells solely treated with lactate (Fig. 5c–e). Moreo-
ver, in myotubes incubated with lactate and oxamate, LC3B-
II and LC3B-II/LC3B-I ratio were significantly lower, and 
p62 and LC3B-I had higher values compared to the cells 
solely treated with lactate (one-way ANOVA, all p <  0.01) 
(Fig. 5d, e). These results suggest that P-ERK1/2-mediated 
autophagic effect of lactate on C2C12 myotubes is medi-
ated by changing cellular redox balance associated to lactate 
conversion to pyruvate rather than to its binding to GPR81. 
It is worth mentioning that in cell culture experiments with 
lactate and other additions, the possible effect of changing 
the medium’s osmolarity was not checked, which is a limita-
tion of the current study.

In vivo study of autophagic effects of lactate

To understand whether in vitro effect of lactate on autophagy 
regulation in C2C12 myotube could occur in in vivo skeletal 
muscle, male wistar rats were intramuscularly injected with 
PBS or lactate, autopsied at 3, 8, or 24 h following injec-
tion, and autophagy-related gene expression was measured. 
Autophagy-related gene expression displayed significant 
time effect (all p <  0.01), treatment effet (all p < 0.01), and 
treatment × time interaction (all p <  0.01) (Fig. 6). Lactate 
treatment increased the transcription of autophagy-related 
gene expression in a time-dependent manner (Fig. 6a). 
While, PBS did not induce any change in analyzed genes. 
All genes remained unchanged 3 h following lactate injec-
tion compared to control values. However, in the majority 

Fig. 5   Changing the cellular redox associated to lactate oxidation 
is vital for ERK1/2-mediated autophagic effect of lactate on C2C12 
myotubes. C2C12 cells maintained in the vehicle or lactate (2, 6, 10, 
and 20  mM, 8  h) in the absence or presence of 3-OBA (2  mM) or 
Oxamate (10  mM) for 8  h. a and b Only 20  mM lactate increased 
GPR81 gene and protein expression compared to the control val-
ues (dashed line). lactate oxidation inhibition by Oxamate abol-
ished lactate stimulatory effect on autophagy-related gene expres-
sion c; one-way ANOVA, Atg9, F = 13.5; Atg7, F = 537; Beclin1, 
F = 34.3, Gabarapl1, F = 23.6; LC3B, F = 29.8, p62, F = 19.4; all 

p <  0.01), autophagic flux markers (d, e; one-way ANOVA: LC3B-II, 
F = 23.3; LC3B-II/LC3B-I, F = 142.1; LC3B-I, 32.5; p62, F = 19.4, all 
p <  0.01), and P-ERK 1/2 (f), inhibition of GPR81 by 3-OBA had no 
effect. The values expressed as mean ± SD of fold change from basal 
values (dashed line). For all protein measurement, fold changes in 
protein levels were normalized for β-actin and relative to their expres-
sion in basal condition (dashed line). * Significant difference with 
basal values (P <  0.01), # Significant difference with lactate + oxam-
ate group (P <  0.01), N = 6 per group
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of genes, mRNA abundances were significantly increased 
at 8 h after lactate injection which significantly remained 
higher than baseline values after 24 h (Fig. 6a).

Colchicine treatment significantly increased LC3-II level 
compared to those values found in the animals solely treated 
with PBS (one-way ANOVA, F = 42.1, p <  0.01) (Fig. 6b). 
Lactate treatment alone did not significantly increase LC3-
II levels, however; lactate plus colchicine increased LC3-II 
levels which seen with colchicine alone (one-way ANOVA, 
F = 42.1, p <  0.01, Fig. 6b, c). Neither LC3-I nor p62 levels 
had a significant difference among the four groups.

Discussion

The current study examined the possible role of lactate in 
autophagy regulation in differentiated C2C12 myotubes. 
Four novel results were ascertained and discussed in more 
detail as follows: (1) lactate dose-dependently regulates 
autophagy in differentiated C2C12 myotubes with ROS 
participation; (2) lactate-induced regulation of autophagy 
through ROS is dependent on Erk1/2 activation, which 

might not be associated to its binding to GPR81; (3) changes 
in redox state associated to the conversion of lactate to pyru-
vate is vital to regulate the autophagy by lactate in skeletal 
muscle; (4) The in vitro effects of lactate on autophagy also 
occur in in vivo skeletal muscle.

The primary novel and most important finding of current 
study is a high concentration of lactate (6, 10, 20 mM) regu-
lates autophagy, quantified by LC3-I lipidation, LC3-II flux, 
and measurements of autophagy-related gene expression in 
skeletal muscle. Our choice for using these lactate values 
was designed to reflect lactate values through rest (2 mM) 
and exercise in blood circulation (6 and 10 mM) (Hasanli 
et al. 2015) and skeletal muscle (20 mM) (Nikooie and 
Samaneh 2016). High lactate values caused LC3-II accu-
mulation, an early autophagy biomarker and attenuated p62 
expression. Upon activating the autophagic pathway, LC3-I 
is lipidated to form LC3-II which is specifically recruited 
to phagophore membrane. LC3-II levels therefore correlate 
well with autophagosome number (Glick et al. 2010). How-
ever, LC3-II could be found in some intracellular structures 
which could not develop into autophagic vacuoles (Xie and 
Klionsky 2007). Also, it can be targeted to phagosomes 

Fig. 6   Lactate regulated autophagy in skeletal muscle in vivo. a The 
autophagy-related gene expression results in gastrocnemius mus-
cles of rats injected with the vehicle or lactate. Animals euthanized 
at 3, 8, or 24 h following vehicle or lactate injection. All genes sig-
nificantly increased following lactate treatment (two-way ANOVA: 
main effect of time, Atg9, F = 7; Atg7, F = 7.5; Gabarapl1, F = 8.6; 
LC3B, F = 4.3; p62, F = 6.6; all p <  0.01; main effect of the treatment, 
Atg9, F = 32.7; Atg7, F = 32; Gabarapl1, F = 58.5; LC3B, F = 46.6; 
p62, F = 42; treatment × dose interaction, Atg9, F = 7.2; Atg7, F = 7.7; 
Gabarapl1, F = 8.8; LC3B, F = 5.5; p62, F = 5.9; all p <  0.01). 

The values expressed as mean ± SD of fold change from basal val-
ues (PBS). # Significant difference with basal values (dashed line, 
P <  0.01), N = 6 per group. b–d In-gel profile for densitometric scan-
ning analysis of LC3-I, LC3-II, and p62 in rats injected with PBS or 
colchicine (0.4 mg/kg/day), followed by a second injection of PBS or 
lactate. Animals euthanized at 24 h following second injection. The 
fold changes in protein levels were normalized for β-actin and rela-
tive to their expression in basal condition (PBS). Values expressed as 
mean ± SD. ^ Significant difference among groups (P < 0.01), N = 6 
per group
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to promote maturation in a process called LC3-associated 
phagocytosis (Klionsky et al. 2016). Thus, the increase in 
LC3-II should be considered by caution when it is used as 
an index of autophagy. To avoid the problem of using LC3B-
II intensity alone, expression level of p62, an autophagic 
adaptor protein which can be degraded during increased 
autophagy, expression was also checked in differentiated 
C2C12 myotubes treated with lacate. Increased LC3B-II was 
accompanied by reducing in P62 expression following lac-
tate treatment, suggesting that lactate induces autophagy in 
differentiated C2C12 myotubes (Klionsky et al. 2016). The 
ability of lactate to regulate autophagy was previously indi-
cated in SiHa (Brisson et al. 2016) and B16 melanoma cells 
(Matsuo and Sadzuka 2018). For the first time, we showed 
regulatory effect in C2C12 cells. The lack of lower lactate 
concentration effect (2 mM) on autophagy regulation could 
suggest that lactate cannot be involved in basal autophagy 
regulation which occurs under basal conditions when low 
levels of lactate are available (1 mM to 2.5 mM). In vivo 
blockage of LC3-II degradation with colchicine enabled us 
to quantitate autophagy induction following lactate treatment 
in mature skeletal muscle. We selected colchicine because 
rats well tolerate it, unlike other blockers (i.e., chloroquine 
and bafilomycinA1), and it rapidly increases LC3-II protein 
in mature skeletal muscle within two days of treatment (Ju 
et al. 2010). Significant increases in LC3-II amount in mus-
cle from the colchicine-injected rats compared to vehicle-
treated animals, indicated the success of method. Colchicine 
inhibits microtubule polymerization and impairs autophago-
somes’ ability to travel to the lysosome for fusion and deg-
radation (Ju et al. 2010). Consistence to our in vitro experi-
ments, lactate was capable to regulate autophagy in vivo 
skeletal muscle, and lactate plus colchicine significantly 
increased LC3-II levels compared to colchicine treatment. 
Interpreting LC3-II levels using colchicine in vivo should 
consider compensatory response possibility against colchi-
cine-induced blocking of autophagosome-lysosome fusion. 
However, prolonged use of colchicine (more than five days) 
is required to induce such a response, and it does not seem to 
be apparent at two days (Ju et al. 2010). Consistent to previ-
ous studies, no significant change in LC3-I and p62 protein 
levels following colchicine treatment in skeletal muscle (Ju 
et al. 2016; Ju et al. 2010), we found no significant difference 
between colchicine-injected rats and vehicle-treated animals 
regarding LC3-I and p62 protein levels. Notably, p62 levels 
were unchanged following colchicine treatment despite sig-
nificant increase in LC3-II levels. These two substrates may 
have different degradation kinetics in mature skeletal muscle 
as compared to cell culture. Being associated to myofibrillar 
proteins such as titin, p62 may turnover more slowly than 
LC3-II (Lange et al. 2005).

To understand intracellular ROS role in lactate-induced 
autophagy regulation, we investigated whether ROS produc-
tion undergoes any change due to lactate injection and how it 
may be involved in the autophagic effect of lactate. ROS lev-
els were up-regulated, similar to those previously reported 
(Rahman et al. 2014; Willkomm et al. 2014), following lac-
tate injection. This regulatory effect of lactate on ROS could 
be attributed either to its cellular metabolism catalyzed with 
LDH enzyme or to NAD (P)H oxidase activation. NADH 
generated during lactate oxidation to pyruvate by LDHB 
is associated to the changes in a cell’s redox state (NAD+/
NADH) which can act as stimuli for ROS production. Also, 
lactate would be able to augment ROS production by activat-
ing NAD (P)H oxidase, membrane-bound epithelial superox-
ide (O2●−), and hydrogen peroxide (H2O2) producers, which 
is dependent on LDH activity (Mohazzab-H et al. 1997). 
The current findings showed that LDH inhibition by oxam-
ate significantly abolished the stimulatory effect of lactate 
on ROS production which provided evidence for increased 
ROS through lactate oxidation. Nevertheless, ROS produc-
tion through lactate-dependent NADH activity cannot be 
excluded. Also, it could be speculated that mitochondrial 
membranes are possible target places for lactate to enhance 
ROS formation (Willkomm et al. 2014). NAC deterred a 
lactate-induced increase in ROS content could support this 
notion because NAC’s antioxidant effects are mainly done 
in the mitochondrion (Moreira et al. 2007).

To determine whether the lactate-induced up-regulation 
of autophagy and ROS are related, the differentiated C2C12 
myotubes were co-incubated with lactate and NAC. The 
results showed that ROS might act as mediators of lactate 
effect on autophagy. These results agree with previous 
studies in which ROS mediated the lactate up-regulation of 
PGC1-α in C2C12 (Nalbandian et al. 2019), p38-MAPK 
signaling pathways in germ (Galardo et al. 2014), and IL-8 
expression in HUVEC cells (Végran et al. 2011). ROS’s 
nature mediating the autophagic effect of lactate in skel-
etal muscle cannot be determined from the present study. 
However, lactate was shown to up-regulate O2●− and H2O2 
production in different tissue including skeletal muscles 
(Hashimoto et al. 2007), the liver (de Bari et al. 2010), and 
the heart (Mohazzab-H et al. 1997). O2●− and H2O2 can act 
as second messengers, regulating the transcription of several 
genes such as those involved in lactate oxidation in skeletal 
muscle cells. This response is associated to increased H2O2 
levels (Hashimoto et al. 2007). Therefore, they could be can-
didates to mediate the autophagic effect of lactate in skeletal 
muscle. For more evaluation, the consequences of incubating 
C2C12 myotubes with pyrrolidine dithiocarbamate (PDTC), 
selective scavengers of O2●− (Shi et al. 2000), were studied, 
and the results were compared to those obtained from incu-
bating C2C12 myotubes with NAC which mainly scavenge 
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H2O2 (not shown). PDTC incubation did not completely 
deter lactate-induced increase in ROS production, as was 
found for NAC incubation suggest that H2O2 may be a more 
important regulator of lactate-induced autophagy regulation 
in C2C12 myotubes than other ROS. Nevertheless, the exact 
role of different ROS in regulating the autophagic effect of 
lactate in skeletal muscle should be elucidated in future 
studies.

To understand signaling pathways mediating the lactate-
induced autophagy regulation through ROS in C2C12 myo-
tubes, p-38-MAPK, and ERK1/2 changes were evaluated 
following lactate treatment. These pathways were selected 
because they are heavily involved in ROS-induced regula-
tion of autophagy in C2C12 myotubes (Ding et al. 2017; 
McClung et  al. 2009; Rossetti et  al. 2018). The results 
showed that ERK1/2 activation, not p-38-MAPK, is vital 
for the autophagic effect of lactate in skeletal muscle. The 
lack of p-38-MAPK effect on the autophagic effect of lac-
tate is hard to interpret because it is involved in autophagy 
regulation in skeletal muscle (Ding et al. 2017; McClung 
et al. 2009; Rossetti et al. 2018). The autophagic response 
mediated by p-38-MAPK may depend upon the nature of 
stimulus and strength and duration of activated MAPK 
pathways. The lack of p-38-MAPK effect on the autophagic 
effect of lactate, therefore, might be related to the time win-
dow of lactate incubation which was probably insufficient 
to induce enough transcription of p-38-MAPK which con-
sequently affected the autophagy. To analyze this possibil-
ity, the effect of 3 different incubation times (3 h, 10 h, and 
16 h) with lactate 10 mM were tested. 3 h incubation was 
used to check a possible early upregulation of P-p38-MAPK 
by lactate. Also, we test 10 h and 16 h incubation times 
to increase lactate stimulus strength. Neither a long time 
nor a short time further increased P-p38-MAPK expression 
and autophagy. No further up-regulation of P-p38-MAPK 
following longer incubation times indicates P-p38-MAPK 
was sufficiently expressed following lactate treatment which 
indicates P-p38-MAPK is not involved in lactate-induced 
regulation of autophagy in skeletal muscle. The stimulatory 
effect of 3 h and 16 h incubation with lactate on autophagy 
regulation was identical indicates even a short-time increase 
in muscle lactate concentration results in extensive regula-
tion of autophagy in skeletal muscle. This result is so impor-
tant from a physiological perspective since skeletal muscle 
lactate clearance usually occurs within 1 to 2 h. It means that 
every muscle lactate increase, at least in high concentration, 
plays a major regulatory role in muscle autophagy.

Considering previous researches which lactate activates 
ERK1/2 in skeletal muscle (Cerda-Kohler et  al. 2018; 
Willkomm et al. 2014), current data indicated that lactate-
induced up-regulation of ERK1/2 is necessary for the 
autophagic effect of lactate in C2C12 myotubes. ERK1/2, as 
a positive regulator of autophagy flux, negatively regulates 

mTOR, thereby promoting autophagy (Xu et al. 2018; Zhang 
et al. 2015). To check ERK1/2 role in autophagy regulation 
by lactate, the expression levels of ERK1/2 up- and down-
stream targets were analyzed following ERK1/2 inhibition. 
Lactate-induced augmentations of autophagy and reduction 
in mTOR and p70S6K were deterred following ERK1/2 inhi-
bition. The fact that p90RSK, an ERK1/2 canonical down-
stream effector, was not changed following lactate treatment 
suggested ERK1/2 may cross-talk with other pathways or 
use non-canonical downstream effectors to regulate lactate-
induced autophagy regulation in skeletal muscle. Because 
the inhibition of ERK1/2 blocked mTOR/p70S6K up-regu-
lation, in which mTOR inhibition did not affect ERK1/2, it 
is proposed that ERK1/2/mTOR/p70S6K is a signaling path-
way in which lactate regulates autophagy in skeletal muscle. 
Also, this notion could be indirectly supported by current 
finding that the autophagic effects of lactate in C2C12 myo-
tubes were independent of GPR81 because lactate binding 
to GPR81 activates ERK1/2 canonical pathway in skeletal 
muscle (Li et al. 2014; Ohno et al. 2018).

Changing cellular redox associated to lactate oxidation 
was vital for ERK1/2-mediated autophagic effect of lactate, 
while binding to GPR81 was not required for lactate effects. 
However, lactate at high doses induced GPR81 expression at 
mRNA and protein levels in C2C12 myotubes. EC50 value 
for L-lactate to activate GPR81 is extremely high (~ 5 mM)
(100), and 1.5–3 mM lactate is required to induction GPR81 
in adipocytes where expression of GPR81 is very high (Liu 
et al. 2009). In skeletal muscle expressing lower values of 
GPR81, higher values of lactate (more than 16 mM) are 
required to induce GPR81 (Sun et al. 2016b). Since GRP81 
induction was not involved in the autophagic effect of lactate 
in the current study, the GPR81 response probably acts as 
a positive feedback regulation of other lactate activities in 
muscle. It seems to be up-regulation of genes related to lac-
tate metabolism, including proton-linked monocarboxylate 
transporters 1/4 (MCT1/4) which move lactate in and out of 
cells. This lactate function is mediated by GPR81-induced 
inhibition of the cyclic AMP-protein kinase A (cAMP-PKA) 
pathway (Sun et al. 2016b). There is also some evidence 
which lactate may induce intramuscular triglyceride (TG) 
storage and mitochondrial maintenance in myotubes (Sun 
et al. 2016b) and suppress stimulated, not basal lipolysis 
in adipocytes (De Pergola et al. 1989). All these lactate 
activities are mediated by GPR81 activation which require 
high levels of lactate (more than 16 mM). This condition is 
very similar to our results which showed increase in GRP81 
expression only at lactate 20 mM.

In conclusion, we provided the evidence of the lactate-
associated regulation of autophagy in differentiated C2C12 
myotubes through the activation of ROS-mediated ERK1/2/
mTOR/p70S6K pathway (Fig.  7.). Lactate metabolism 
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might have a significant contribution to skeletal muscle 
metabolism.
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