
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1108  | https://doi.org/10.1038/s41598-023-50589-0

www.nature.com/scientificreports

Lactate‑induced autophagy 
activation: unraveling 
the therapeutic impact 
of high‑intensity interval training 
on insulin resistance in type 2 
diabetic rats
Hossein Pirani 1, Afsaneh Soltany 2, Maryam Hossein Rezaei 3, Adeleh Khodabakhshi Fard 4, 
Rohollah Nikooie 3,5, Kimya Khoramipoor 6, Karim Chamari 7 & Kayvan Khoramipour 8*

Impaired autophagy is a hallmark of diabetes. The current study proposed to investigate if high 
intensity interval training (HIIT) induced lactate accumulation could stimulate autophagy in type 2 
diabetic male rats. 28 male Wistar rats were randomly assigned into four groups: Healthy Control 
(CO), Diabetes Control (T2D), Exercise (EX), and Diabetes + Exercise (T2D + EX). Diabetes was 
induced by feeding high‑fat diet and administrating single dose of streptozotocin (35 mg/kg). After 
becoming diabetic, the animals in the exercise groups (EX and T2D + EX) performed an eight‑week 
HIIT (4–10 interval, 80–100% Vmax, 5 days per week). Serum levels of lactate, glucose and insulin as 
well as the levels of lactate, pyruvate, lactate transporter monocarboxylate transporter 1 (MCT1), 
phosphorylated mitogen‑activated protein kinases (p‑MAP 1 and 2), phosphorylated extracellular 
signal‑regulated protein kinases 1 and 2 (p‑ERK 1 and 2), mammalian target of rapamycin (p‑mTOR), 
ribosomal protein S6 kinase beta‑1 (p‑70S6k), p90 ribosomal S6 kinases (p‑90RSK), autophagy related 
7 (ATG7), Beclin‑1, microtubule‑associated protein 1A/1B, and 2A/2B ‑light chain 3 levels (LC3‑I), 
(LC3‑ II), (LC3I/LC3II) in soleus muscle were measured. Homeostatic Model Assessment for Insulin 
Resistance (HOMA‑IR) and serum glucose was lower in T2D + EX compared to T2D group (P < 0.0001). 
While serum and soleus muscle levels of lactate was not different between T2D and T2D + Ex, the levels 
of Pyruvate (P < 0.01), MCT1, p‑ERK1/2, p‑mTOR, p70S6k, P‑90RSK, ATG7, LC3‑II, and LC3‑II/LC3I 
ratios were higher in T2D + EX compared to T2D group (P < 0.0001). We concluded that eight weeks of 
high‑intensity interval training could activated ERK/P90SRK while inhibiting mTOR/P70S6K signaling 
pathway in lactate dependent manner. It means increased autophagy which resulted in improve 
insulin resistance (IR) and reduce blood glucose.

Diabetic mellitus (DM), a chronic, metabolic disease, is currently considered the seventh leading cause of death 
 worldwide1,2. In addition to causing many other diseases such as cardiovascular failure, neuropathy, nephropathy 
and retinopathy, DM has imposed huge medical costs on the health systems. It has been reported that 214.8 mil-
lion dollars are spent annually on the outpatient treatment of DM and another 1.45 billion dollars on hospitalized 
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DM patients. Taking into account other disorders caused by DM, the medical expenses of DM exceed 100 billion 
dollars  annually3. These have made DM as one the top priority for countries  worldwide4.

The first step in managing DM is to uncover the pathophysiology of this disease in order to propose preventive 
and therapeutic solutions. Impaired autophagy is a leading pathophysiological mechanism of  DM5. Autophagy is 
a cellular process that degrades senescent or damaged organelles and  proteins6. It can be selective or nonselective. 
Under stress and starvation, nonselective autophagy increases helping with hydrolyzing cytosolic components to 
provide cell nutrients. On the other hand, selective autophagy defined as specific targeting of damaged organelles 
or invading  pathogens7.

It has been shown that IR (insulin resistance) could disrupt  autophagy8. Several animal studies showed nega-
tive correlation between IR and muscle autophagy but one study reported the positive  correlation9. Furthermore 
Møller et al. showed that the expression of autophagy-related genes (ATGs) (e.g. SQSTM1/p62 and ATG14) and 
proteins (e.g. LC3-II and ATG5) decreased in skeletal muscle of patients with type 2  DM10. Several mechanisms 
regulate autophagy in skeletal muscle. For example, activation of the AKT/mTORC1/PI3K pathway inhibits 
 autophagy11. On the other hand, AMPK activates several ATGs, including LC3-II and Gabarapl1, which are 
genes that increase phagosome  formation12.

Targeting autophagy has suggested as a therapeutic approach for DM. Recently Nikooei et al.,13 reported 
that lactate could regulate autophagy in skeletal muscle by activating ROS-mediated ERK1/2/mTOR/p70S6K 
pathway. The oxidation of lactate to pyruvate is associated with the production of NADH, which alters cytosolic 
redox potential and increases the production of ROS in mitochondria. This increased ROS levels can activate the 
ERK1/2/mTOR/p70S6K signaling pathway, thereby increasing autophagy in skeletal  muscle13,14.

Exercise is considered as the main stimulator of lactate production in our  body15. Because of severity, 
high intensity interval training (HIIT) stress anaerobic more than aerobic metabolism leading to more lactate 
 accumulation16. Therefore, we hypothesized that HIIT could attenuate T2D induced autophagy impairment 
through lactate dependent activation of ERK1/2/mTOR/p70S6K signaling pathway. The objective of this study 
was to explore the impact of an 8-week HIIT on autophagy in male rats with T2D, with a particular emphasis on 
lactate levels in the soleus muscle. The soleus muscle, characterized by its slow-twitch properties and possession 
of a lactate transporter, was a focal point in our investigation.

Materials and methods
Animals
Male Wistar rats (average age: 8 weeks), weighing 200–250 g were purchased from the Kerman University of 
Medical Sciences animal farm. The animals were housed in a 12-h light/dark cycle at constant temperature 
(22 ± 1/4 °C), and humidity (50 ± 4%) while had ad libitum access to food and water. After one week of adapta-
tion, animals were randomly divided into four groups (n = 7 in each group) as control (CO), type 2 diabetes 
(T2D), exercise (EX) and diabetes + exercise (T2D + EX). All procedures were carried out with the approval of 
the Kerman University of Medical Sciences Experimental Animals Ethics Committee (ethical code: IR.KMU.
ERC.1399.688). All experiments were performed in accordance with the American Veterinary Medical Associa-
tion and the Declaration of Helsinki.

Induction of diabetes
The animals in T2D and T2D + EX were fed a high-fat diet (HFD) (60% fat, 20% carbohydrate and 20% protein) 
for 2 months. After that, animals were injected with low-dose (35 mg/kg) streptozocin (STZ) which was dis-
solved in dissolved in a 0.1 mM citrate–phosphate buffer (pH4.5) 3 days after the injection, blood glucose levels 
were measured with a glucometer. Animals with blood glucose levels of 300 mg/dl or higher were accepted as 
 diabetics17,18.

Treadmill running protocol
Animals in training groups (EX, T2D + EX), were acclimated to treadmill running for 5 days (speed 8 m/min for 
10 min). To determine the maximum speed (Vmax), rats first walk on the treadmill (6 m/min, 2 min, incline 0). 
The treadmill speed was then increased stepwise (every 2 min by 2 m/min) until exhaustion. The final effort of 
each rat was taken as Vmax. It should be noted that the maximum speed of the rats was re-measured every two 
weeks. The main training protocol is described in details in our previous  studies17,19–23. Briefly, the HIIT proto-
col consisted of 4–10 intervals (2 min high intensity and 1 min low intensity interval) with 80–100% of Vmax.

Serum and issue sampling
48 h after the last training session, all trained animals were anesthetized by intraperitoneal administration of 
ketamine (80 mg/kg) and xylazine (10 mg/kg). Blood samples were taken from the animal’s heart after 12 h of 
fasting. Then, the soleus muscles were carefully removed, immediately frozen in liquid nitrogen, and then stored 
at 80°C further analysis.

Western blotting
The western blot method was used to examine the concentrations of ERK1/2, mTOR, P90RSK, p70S6K, MCT1, 
LC3-I, LC3-II, P62, Beclin1 and ATG7 in the soleus muscle. Western blot protocol is described in details else-
where. Briefly, to lyse tissues, lysis buffer (150 mM sodium chloride, Triton X-100: 1%, 0.25% sodium deoxycho-
late, 0.1% SDS, 50 mM Tris, pH 8.0) was used. The samples were centrifuged at 12,000 rpm at 4 °C for 10 min, 
using an Eppendorf 5415R and the supernatant was collected. Samples were stored at − 80 °C before use, and the 
protein concentrations were determined using a Bradford assay. The proteins were separated by SDS-PAGE and 
transferred to a PVDF membrane for 1.5 h at 120 mv. Membranes were blocked with 5% skim milk for 1 h at the 
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room temperature, and then incubated with specific primary antibodies for 18 h (ATG7 (B-9): sc-376212, BECN1 
(E-8): sc-48341, , LC3-I/ LC3-II: # 2775, p70 S6 kinase α (C-18): sc-230, p-ERK 1/2 (Thr 177)-R: sc-16981-R, 
p-mTOR (Ser 2481 55.42): sc-293089, p-p62 (Thr 180/Tyr 182)-R: sc-17852-R, MCT1 (SLC16A1): #AMT-011, 
P- P90RSK (Thr 359/ Ser 363)-R: # 9364. After that, the membranes were washed with TBS-T and incubated 
with secondary antibodies conjugated with horseradish peroxidase. The proteins of interest were visualized using 
ECL (enhanced chemiluminescence) reagents. Finally, qualitative measurements were converted into quantita-
tive data by the ImageJ software.

Elisa
Lactate and pyruvate in serum and soleus muscle and insulin concentration levels were measured by ELISA 
technique (Rat ELISA Kit, Eastbiopharm, Beijing, China) according to manufacturer’s  instructions24,25.

Calculation of insulin resistance
The homeostasis model assessment (HOMA) was used to assess insulin resistance (HOMA-IR). HOMA-IR 
scores were calculated using the following formula: HOMA-IR = [(fasting glucose (mmol/L) × fasting insulin 
(µU/mL))/22.5]26.

Statistical analysis
Results are presented as the mean ± standard error of the mean (SEM). Data normality was first tested with Kol-
mogorov Smirnov test. As the data was normal, we used Two Way ANOVA and Tukey post doc test to compare 
the variables between groups. The statistical significancy was set at 0.05. All statistical analysis performed by 
GraphPad Prism version 9.0

Ethics approval
All procedures were carried out with the approval of the Kerman University of Medical Sciences Experimental 
Animals Ethics Committee (ethical code: IR.KMU.ERC.1399.688).

Results
The study is reported in accordance with ARRIVE guidelines.

Body weight, fasting blood glucose (FBG), serum insulin level and HOMA‑IR
Animals’ weight showed a significant increase in T2D and T2D + Ex groups after diabetes induction (2 months 
of high fat diet and STZ injection) (P < 0.001). In addition, the weight was decreased in T2D and T2D + Ex 
groups (P < 0.001) with more decrease in the T2D group (P < 0.01) (Fig. 1A). We assessed FBG to confirm our 
diabetes induction method. Our results showed that FBG was significantly increased after diabetes induction (2 
months of high fat diet and STZ injection) (month 2) compared with baseline (month 0) in T2D and T2D + Ex 
group (P < 0.001), with no significant difference between these groups. In addition, HIIT reduced blood glucose 
significantly (P < 0.01) (Fig. 1B).

Serum insulin (INS-S) level showed no significant effect for T2D and Ex as well as their interaction (P > 0.05) 
(Fig. 1C). However, T2D had higher HOMA-IR than CO group (T2D effect)  (f1, 20 = 23.80, P < 0.0001). No sig-
nificant difference was found between EX and CO groups (EX effect). In addition, a significant difference was 
shown between T2D and T2D + EX groups (interaction)  (f1, 20 = 24.60, P < 0.0001) (Fig. 1D).

Lactate levels in serum and soleus muscle
Our results showed that serum lactate levels were significantly higher in T2D compared with CO (T2D effect), 
 (f1, 20 = 281.2, P < 0.0001) but we saw no difference between CO and EX (EX effect)  (f1, 20 = 0.055, P = 0.8), T2D + EX 
and T2D (interaction)  (f1, 20 = 281.2, P = 0.78). Lactate levels in the Soleus muscle showed a significant difference 
between CO and T2D group (T2D effect)  (f1, 20 = 56.47, P < 0.0001). EX group showed higher levels than CO 
group (EX effect)  (f1, 20 = 19.40, P < 0.0003). But there was no significant difference between T2D and T2D + EX 
(interaction effect) (Fig. 2).

MCT1
EX and T2D group showed higher (EX effect)  (f1, 20 = 539.2, P < 0.0001) and lower (T2D effect)  (f1, 20 = 662.0, 
P < 0.0001) MCT1 content in soleus muscle and showed lower levels than CO group. In addition, T2D + EX 
showed higher levels compared to T2D group (interaction)  (f1, 20 = 77.19, P < 0.0001) (Fig. 3).

Muscle pyruvate levels
Pyruvate levels were significantly lower in T2D compared to CO group (T2D effect)  (f1, 20 = 16.85, P < 0.0006). No 
changes in pyruvate levels were seen between CO and EX group (EX effect). But we showed significant difference 
between T2D + EX and T2D groups (interaction effect),  (f1, 20 = 7.446, P < 0.001) (Fig. 4).

Autophagy related proteins
Our results showed that p-ERK1  (f1, 20 = 23.96, P < 0.0001) and p-ERK2  (f1, 20 = 11.49, P < 0.0002) levels showed 
a significant difference between T2D and T2D + EX (interaction effect). EX group showed lower (EX effect) 
p-ERK1  (f1, 20 = 173.6, P < 0.0001) and p-ERK2  (f1, 20 = 112.0, P < 0.0001) and T2D showed higher (T2D effect) 
p-ERK1  (f1, 20 = 460.6, P < 0.0001) and p-ERK2  (f1, 20 = 166.7, P < 0.0001) levels compared to CO group (Fig. 5 
A, B). p- mTOR levels significantly decreased in EX  (f1, 20 = 110.2, P < 0.0001, EX effect) and increased T2D 
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 (f1, 20 = 531.0, P < 0.0001, diabetes effect) compared to CO group in muscle. So, we showed a significant difference 
between T2D + EX and T2D (f 1, 20 = 251.78, P < 0.0001, interaction effect) (Fig. 5C). As shown Fig. 5D, the level 
of p70S6k was lower in the T2D (T2D effect)  (f1, 20 = 110.2, P < 0.0001) and higher in EX (EX effect)  (f1, 20 = 110.2, 
P < 0.0001) compared to CO groups. In addition, we showed higher level of p70S6k in the T2D + EX compared 
to T2D group (interaction)  (f1, 20 = 110.2, P < 0.0001). Exercise  (f1, 20 = 16.07, P < 0.0001) and T2D  (f1, 20 = 39.69, 
P < 0.0001) increase and decrease, p-p90RSK levels in the soleus muscle respectively. Furthermore, p-p90RSK 
levels were significantly higher in the T2D + Ex than T2D group (interaction effect)  (f1, 20 = 32.80, P < 0.0001) 
(Fig. 5E). ATG7 levels were significantly lower in T2D with CO (T2D effect)  (f1, 20 = 66.93, P < 0.0001). But ATG7 
levels did not differ between EX with CO (EX effect). There were higher ATG7 levels in T2D + EX compared to 
T2D (interaction)  (f1, 20 = 77.49, P < 0.0001) (Fig. 5F). Our results showed that Beclin-1 levels showed a significant 
difference between CO and T2D group (T2D effect)  (f1, 20 = 198.4, P < 0.0001). T2D and T2D + EX showed higher 
levels than CO group (interaction effect)  (f1, 20 = 43.59, P < 0.0001). But not significant difference was seen between 
EX and CO (EX effect) (Fig. 5G). Our results showed that LC3-I levels were higher in T2D (Fig. 5H), in addi-
tion LC3-II showed higher level in EX (Fig. 5I) and LC3-II / LC3-I increased and decreased in EX  (f1, 20 = 211.5, 
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P < 0.0001) and T2D  (f1, 20 = 244.1, P < 0.0001) groups compared with Co group, respectively. In addition, this 
ratio was lower in T2D compared to T2D + Ex group  (f1, 20 = 990.3, P < 0.0001) (Fig. 5J). P62 levels was decreased 
by EX  (f1, 20 = 190.3, P < 0.0001) and increased by T2D  (f1, 20 = 156.9, P < 0.0001). The T2D and EX interaction was 
also significant for P62  (f1, 20 = 275.4, P < 0.0001) (Fig. 5K).

Discussion
Skeletal muscles account for 30–40% of total body mass and they are responsible for 80% of insulin-dependent 
glucose uptake. IR of skeletal muscle could lead to  T2D27. A growing body of evidence have shown that autophagy 
could regulate skeletal muscle metabolism helping with improving  IR28. Therefore, we aimed to study the effect of 
8 weeks HIIT on autophagy in the soleus muscle of T2D rats with special focus on lactate. Our data showed that 
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lactate mediates the increased autophagy induced by HIIT in the soleus muscle, which reduced IR and serum 
levels of glucose. Thus, our hypothesis has been approved.
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The results showed that the Beclin1 level, one of the key regulatory factors of autophagy, was significantly 
lower in the T2D + EX group compared to the T2D group after 8 weeks HIIT. This data is in line with the result 
of Yang et al.,4 who reported increased muscular levels of Beclin1 after 8 weeks of swimming (60 min every 
day). Furthermore, the levels of Beclin1 in the soleus muscle decreased with 35 weeks of high-fat diet but 
increased after 10 weeks of running on  treadmill11. Another important autophagy related protein is ATG7. Lu 
and  colleagues29 confirmed the negative correlation between ATG7 and IR and reported that lower ATG7 levels 
are associated with an increased risk of diabetes. In our study, ATG7 levels showed a significant decrease in the 
T2D group, but increased after 8 weeks of HIIT. According to a report, the administration of an HFD for 16 
weeks resulted in a decrease in the expression of ATG  730. However, an increase in ATG7 was observed in skeletal 
muscle following an 8-week  endurance31 and resistance  training32. These findings are consistent with the results 
of our study. ATG7 plays a role in the conjugation of LC3-I during autophagy, leading to the formation of LC3-
II. Increased ratio of LC3-II/LC3-I is necessary for autophagosome formation and considered as a hallmark of 
 autophagy33,34. Our results showed that soleus muscle LC3-II levels decreased significantly in the T2D group 
compared to the CO group, and the T2D + EX group showed a significant higher levels of LC3-II. In addition, 
we saw an increase in LC3-1 levels in diabetic rats which could be due to a decreasing ATG7 level and also a lack 
of LC3-II lipidation. On the other hand, a decrease in LC3-1 levels after exercise can confirm its conversion to 
LC3-II. It has been reported that the ratio of LC3-II/LC3-1 decreased in liver of diabetic mice, indicating the 
reduction in  autophagy35. Furthermore, Jamart et al.36 demonstrated that LC3-II levels increased after running 
on a treadmill human skeletal muscle. In contrast to our findings, resistance training resulted in a decrease in the 
LC3-II/LC3-I  ratio32. Furthermore, LC3-I increased in human skeletal muscle whereas there was no difference 
in LC3II after 8-week resistance  training37. These inconsistencies could be attributed to differences in the type 
of exercise (HIIT vs resistance training) and the type of subjects (rats vs human).

After the decrease in Beclin1, ATG7 and LC3-II levels autophagy decrease, leading to IR, which in turn 
increases serum levels of  lactate38,39. IR increases glycolysis, and subsequently NADH and pyruvate while decreas-
ing NAD+. Pyruvate is converted to lactate by lactate  dehydrogenase40. Increasing lactate could exacerbate IR 
by inhibiting glucose oxidation and suppressing glucose uptake into skeletal  muscles41,42. Lactate also increases 
serum glucose levels by stimulating  gluconeogenesis43. Our results showed a significant increase in serum levels 
of lactate in the T2D group compared to the CO group, which is consistent with the results of a previous  study44. 
Diabetes leads to a dramatic decrease in skeletal muscle  MCT113, which could be another reason for increased 
lactate levels in T2D group. After 8 weeks of HIIT, muscle MCT1 levels increased in the T2D + EX group. The 
authors reported that 7 weeks of endurance training increased MCT1  levels13. Muscular levels of MCT1 were also 
increased after 6 weeks of strength training in patients with  T2D45. In our study, serum lactate levels decreased in 
EX group, but the decrease was not significant. It is likely that factors other than the reduction in lactate uptake 
play a role in  hyperlactatemia46. It’s also possible that the high serum lactate level was caused by the effects of 
the last training session. A significant decrease in muscle lactate levels in the diabetic compared to the healthy 
CO group can confirm impaired uptake of lactate by muscle. The level of muscle lactate in the T2D + EX group 
did not increase significantly compared to the T2D group. We believe that this is due to the increase in lactate 
dehydrogenase activity following exercise which brings, as a consequence, increases in pyruvate  production47. 
Reducing lactate to pyruvate increase cytosolic redox potential moving muscle metabolism toward aerobic and 
increasing ROS is a potential  result48. ROS have been reported to play an important role in regulating autophagy 
in skeletal  muscles14,49, 50. ERK, an autophagy regulator, is upregulated by  ROS51. Our results showed a significant 
increase in p-ERK in the T2D + EX group after 8 weeks of HIIT. Therefore, the cause of the increase in the p-ERK 
in muscle seems to be increase in muscle MCT1 levels and the uptake of lactate after eight weeks of training. 
The downstream target of ERK is  mTOR13. mTOR is an autophagy inhibitor in skeletal muscle that exerts its 
inhibitory effects by preventing the formation of  autophagosomes52. In the present study the p-mTOR level in 
the T2D group showed a significant increase compared to the CO group. After 8 weeks of HIIT, we observed a 
significant decrease in p-mTOR levels in the T2D + EX group. The mTOR/p70S6K signaling pathway negatively 
regulates autophagosome  formation53. After decreasing p-mTOR, its downstream p70S6k is also inactivated 
and our results showed that after 8 weeks of training the inactive p70S6k level increased in the T2D + EX group. 
On the other hand, after eight weeks of HIIT, we observed an increase in the level of phosphorylated p90RSK, 
a downstream effector of ERK. All of the above-mentioned data confirmed increased autophagy in T2D + EX 
compared with T2D group. As mentioned earlier, increased autophagy could lead to improve IR. In line with 
this, our results showed decrees HOMA-IR and FBG in T2D + EX compared to T2D group. Therefore, we could 
suggest HIIT as a safe, unexpansive therapeutic approach for managing T2D (Fig. 6). However, it needs more 
studies especially clinical trials.

It’s important to acknowledge that the absence of ROS measurements restricts the scope of our study. Moreo-
ver, by suppressing the lactate receptor or targeting specific downstream molecules within the autophagy pathway, 
we could enhance our ability to discern the impact of HIIT on this pathway with increased confidence.
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Conclusion
Taken together we concluded that eight weeks of high-intensity interval training could activated ERK/P90SRK 
while inhibiting mTOR/P70S6K signaling pathway in lactate dependent manner. It means increased autophagy 
which resulted in improve insulin resistance (IR) and reduce blood glucose (Supplementary Information S1).

Data availability
Data that support the findings of this study are available at Kerman University of Medical Sciences. Correspond-
ing author should be contacted.
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