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Aerobic exercise improves 
LPS‑induced sepsis via regulating 
the Warburg effect in mice
Xishuai Wang1,2*, Zhiqing Wang1 & Donghui Tang1*

We investigated the impact of aerobic exercise (AE) on multiple organ dysfunction syndrome (MODS), 
aortic injury, pathoglycemia, and death during sepsis. ICR mice were randomized into four groups: 
Control (Con), Lipopolysaccharide (LPS), Exercise (Ex), and Exercise + LPS (Ex + LPS) groups. Mice were 
trained with low‑intensity for 4 weeks. LPS and Ex + LPS mice received 5 mg/kg LPS intraperitoneally 
for induction of sepsis. Histopathological micrographs showed the organ morphology and damage. 
This study examined the effects of AE on LPS‑induced changes in systemic inflammation, pulmonary 
inflammation, lung permeability, and bronchoalveolar lavage fluid (BALF) cell count, oxidative 
stress‑related indicators in the lung, blood glucose levels, plasma lactate levels, serum insulin 
levels, plasma high‑mobility group box 1 (HMGB1) levels, glucose transporter 1 (Glut1) and HMGB1, 
silent information regulator 1 (Sirt‑1), and nuclear factor erythroid 2‑related factor 2 (Nrf‑2) mRNA 
expression levels in lung tissue. AE improved sepsis‑associated multiple organ dysfunction syndrome 
(MODS), aortic injury, hypoglycemia, and death. AE prominently decreased pulmonary inflammation, 
pulmonary edema, and modulated redox balance during sepsis. AE prominently decreased neutrophil 
content in organ. AE prominently downregulated CXCL‑1, CXCL‑8, IL‑6, TNF‑α, Glu1, and HMGB1 
mRNA expression but activated IL‑1RN, IL‑10, Sirt‑1, and Nrf‑2 mRNA expression in the lung during 
sepsis. AE decreased the serum levels of lactate and HMGB1 but increased blood glucose levels and 
serum insulin levels during sepsis. A 4‑week AE improves sepsis‑associated MODS, aortic injury, 
pathoglycemia, and death. AE impairs LPS‑induced lactate and HMGB1 release partly because AE 
increases serum insulin levels and decreases the levels of Glut1. AE is a novel therapeutic strategy for 
sepsis targeting aerobic glycolysis.

Abbreviations
AE  Aerobic exercise
ALI  Acute lung injury
BG  Blood glucose
BALF  Bronchoalveolar lavage fluid
CXCL  C-X-C motif chemokine ligand
HMGB1  High Mobility Group Box 1
LPS  Lipopolysaccharide
MDA  Malondialdehyde
MODS  Multiple organ dysfunction syndromes
MPO  Myeloperoxidase
Nrf-2  Nuclear factor erythroid 2-related factor 2
Glu1  Glucose transporter 1
GSH  Glutathione
Sirt-1  Silent information regulator 1
SOD  Superoxide dismutase
IL  Interleukin
TNF  Tumor necrosis factor
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PFA  Paraformaldehyde
W/D  Wet weight/dry weight ratio

Sepsis, which has many complications, such as MODS, hypotension, and pathoglycemia, exhibits a high mortality 
rate stemming from a systemic  infection1–3. Sepsis is characterized by an uncontrolled inflammatory response 
and oxidative  stress4,5. Inflammatory mediators, including IL-1RN, IL-6, and TNF-α, and effector cells, including 
neutrophils and macrophages are important causes in the pathogenesis of  sepsis6,7.

The exercise was known to treat many autoimmune and inflammatory diseases, such as chronic lung diseases 
and atherosclerosis because AE had immunomodulatory effects and modulated redox  balance8–10. Previous 
researches demonstrated that LPS injection led to an excessive inflammatory response and oxidative stress 
injury and LPS injection generally accepted as somewhat modeling the septic  condition11,12. Strikingly, limited 
research has demonstrated that exercise was a novel tool to prevent sepsis and its  complications11–14. Exercised 
mice showed a survival benefit compared to unexercised mice in the septic  model15,16. Exercise reduced acute 
lung injury (ALI) in mice subjected to LPS-induced  sepsis17. Regular exercise reduced liver and kidney injury 
during severe polymicrobial  sepsis18. MODS was a common complication of  sepsis19. However, previous work 
ignored the impact of sepsis and exercise on the aorta. Besides, the underlying molecular mechanisms through 
which exercise improved sepsis-induced MODS have not yet been fully elucidated.

The ‘Warburg effect’, which was first found in cancer cells, was involved in innate and adaptive  immunity20,21. 
Increasing evidence has demonstrated that activated immune cells, including macrophages, neutrophils, and 
T cells, switched from oxidative phosphorylation to aerobic glycolysis in a manner similar to tumor  cells20. 
This alteration may contribute to the regulation of innate immune functions and represent a novel target for 
inflammatory  diseases21. LPS injection induced a switch from oxidative phosphorylation to aerobic glycolysis 
in the immune cells including dendritic cells and  macrophages22. Increased aerobic glycolysis consumed a large 
amount of glucose and produced a large amount of lactate. Increased serum lactate levels were a biomarker of 
mortality and organ failure during sepsis and that lactate clearance was a potential therapy for  sepsis23–25. Besides, 
lactate can effectively stimulate macrophages to release  HMGB126. HMGB1 was involved in the development 
of the inflammatory response and was a promising therapeutic target for sepsis  treatment27,28. The Warburg 
effect opened the door to developing new treatments for inflammatory diseases, including sepsis and  ALI21,29. 
We attempted to demonstrate whether AE can impair LPS-induced lactate and HMGB1 release during sepsis.

Materials and methods
Animal. All protocols used in this study were approved by the Animal Experimental Welfare of the Institute 
of Animal Science, Chinese Academy of Agricultural Sciences (Beijing, China). All experiments were performed 
in accordance with the Animal Experimental Welfare of the Institute of Animal Science, Chinese Academy of 
Agricultural Sciences and the Guide for the Care and Use of Laboratory Animals published by the US National 
Institutes of Health. The authors have read the ARRIVE guidelines and the study was carried out in compliance 
with the ARRIVE guidelines. All mice were anesthetized via intraperitoneal injection of pentobarbital (0.2 mg/
kg). The mice were euthanized with isoflurane.

Experimental design and sepsis‑induced protocol. The septic model was established by adminis-
tering an intraperitoneal injection of 5 mg/kg LPS (O55:B5, Sigma-Aldrich, St. Louis, MO, USA). Forty mice 
were randomized into the following groups: (1) control group (Con), mice received a volume of normal saline 
equivalent to the volume of LPS; (2) LPS group (LPS), mice received 5 mg/kg LPS via intraperitoneal injection; 
(3) exercise group (Ex), mice were submitted to AE for 4 weeks; and (4) exercise plus LPS group (Ex + LPS), mice 
were submitted to AE for 4 weeks. Forty-eight hours later, mice received 5 mg/kg LPS via intraperitoneal injec-
tion. LPS were dissolved and diluted with 0.9% normal saline. The mice were killed at 6 h after LPS injection. 
Each group contained 10 mice.

Exercise conditioning. Ex and Ex + LPS mice were submitted to aerobic exercise with the same treadmill 
protocol using a treadmill. After adaptive training for 3 days, the maximal exercise capacity test was measured, 
and Ex and Ex + LPS mice were trained in low-intensity exercise as previously  described30. Treadmill aerobic 
training lasted for 8 weeks, once a day, and 60 min per session.

Hemogram and BALF. Blood samples of mice were harvested and put into blood collection vessels. After 
centrifugation, the upper serum layer was harvested and frozen at − 20  °C immediately. The remaining lung 
tissues were frozen with liquid nitrogen. Two milliliters of ice-cold PBS was utilized for whole lung lavage, the 
whole BALF was flushed five times, and the output fluid was harvested. The supernatant was immediately stored 
at − 20 °C.

Histopathology. The lung, heart, liver, kidney, and aorta tissue samples were dehydrated and embedded 
in paraffin. Five-µm-thick sections were stained with HE as previously  described31. Photographs taken using an 
investigator (Olympus Corp., Japan) were used to perform morphometric measurements.

A semi-quantitative analysis of histopathologic acute injury was performed. The lung injury score, liver injury 
score, kidney injury score, and myocardial injury score were measured. The relevant content was provided in 
Supplementary Material 1.
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Detection of pulmonary permeability. To quantify the magnitude of pulmonary permeability, Wet dry 
weight ratio (W/D) was detected. Blotting papers were utilized to absorb liquid and blood on the surface of the 
lung tissues, and then the wet weight of the lung tissue was determined. The lung tissues were dried in a drying 
case until a stable dry weight was obtained. W/D = wet weight of the lung tissues/dry weight of the lung tissues.

Cytokines. BALF levels of the proinflammatory cytokines (IL-6, CXCL-1, CXCL-8, and TNF-α) and anti-
inflammatory cytokines (IL-10 and IL-1RN), and serum levels of IL-6, IL-10, and TNF-α were detected as previ-
ously  described30.

Detection of the Warburg effect. The blood glucose levels were detected using a blood glucose meter 
(Johnson Company). Lactate in serum was detected with a colorimetric l-lactate assay kit (Abcam, Cambridge, 
MA, USA). The serum insulin and HMGB1 levels were detected using Commercial kits (Shino Test Corpora-
tion, Tokyo, Japan). Besides, Glu1 and HMGB1 mRNA expression levels in the lung were detected.

qRT‑PCR. Total RNA which was extracted from lung tissue was used as a template for cDNA synthesis. We 
performed qRT-PCR as previously  described32. GAPDH was served as the housekeeping gene. Supplementary 
Material 2 shows the murine PCR primer sequence information.

Determination of oxidative stress index. MDA, MPO, GSH, and SOD expression was detected using 
spectrophotometry, as previously described following the  instructions33–36.

Assessment of survival rates. For survival analyses, 60 male mice (6 weeks old, 20–22 g) were randomly 
divided into three groups: (1) Con group, the mice received equal volumes of saline via intraperitoneal injection; 
(2) LPS group, the mice received 12 mg/kg LPS via intraperitoneal injection; (3) Ex + LPS group, the mice were 
trained for 4 weeks as previously  described30. After the last training of 48 h, the mice received 12 mg/kg LPS via 
intraperitoneal injection. The number of dead mice was recorded every 6 h for 48 h. Each group included 20 
mice.

Data processing. We performed one-way ANOVA and graphed the figures using GraphPad Prism 9 soft-
ware. The significance threshold was set to P < 0.05. All data are expressed as the mean ± SD (x ± s).

Results
Exercise regulated the Warburg effect during sepsis. LPS injection markedly upregulated blood lac-
tate levels (P < 0.001; Fig. 1A), serum HMGB1 levels (P < 0.001; Fig. 1D), and the mRNA expression levels of Glut 
(P < 0.001; Fig. 1E) and HMGB1 (P < 0.001; Fig. 1F) in lung tissue but markedly downregulated blood glucose 

Figure 1.  4 weeks of exercise pretreatment regulated the Warburg effect during sepsis. (A) Detection of serum 
lactate levels, (B) detection of blood glucose levels, (C) detection of serum insulin levels, (D) detection of serum 
HMGB1 levels, (E) detection of Glut1 mRNA expression levels in lung tissue, (F) detection of HMGB1 mRNA 
expression levels in lung tissue. @P < 0.05, Con versus LPS groups; # P < 0.05, Con versus Ex groups; *P < 0.05, 
LPS versus Ex + LPS groups; &P < 0.05, Ex versus Ex + LPS groups. Glut1 glucose transporter 1, HMGB1 High 
Mobility Group Box 1.
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levels (P < 0.001; Fig. 1B) and serum insulin levels (P < 0.001; Fig. 1C) compared to Con. A 4-week exercise pre-
treatment markedly upregulated serum insulin levels (P < 0.01) and blood glucose levels (P < 0.01) but markedly 
downregulated blood lactate levels (P < 0.05), serum HMGB1 levels (P < 0.05), and Glut (P < 0.001) and HMGB1 
(P < 0.001) mRNA expression levels compared to LPS.

AE prevented acute lung injury. Histologic assessment showed evidence of the degree of lung injury. In 
the Con group (Fig. 2A) and the Ex group (Fig. 2C), the lung tissues were intact and clear, the cells were neatly 
arranged, the intercellular substance was free of edema, and there were no symptoms of injury. LPS administra-
tion significantly increased lung injury, inflammatory infiltrates, and interstitial edema (Fig. 2B) compared to 
Con. AE significantly reduced the degree of lung injury, inflammatory cell infiltration, and interstitial edema 
(Fig. 2D). AE significantly decreased lung injury score compared to LPS (P < 0.001) (Supplementary Material 1).

AE attenuated neutrophil content in lung tissue. Compared with the Con group (Fig. 3A) and the 
Ex group (Fig. 3C), there was a large amount of neutrophil infiltration after LPS administration (Fig. 3B). Com-
pared with the LPS group, a 4-week exercise pretreatment prevented the upregulation of the neutrophil infiltra-
tion (Fig. 3D). The number of neutrophils increased significantly after the administration of LPS (P < 0.001). A 
4-week exercise pretreatment prevented the upregulation of the number of neutrophils (P < 0.001) in mice with 
sepsis (Fig. 3E).

Cell counts in BALF. LPS injection prominently increased the number of macrophages (P < 0.001) and 
neutrophils (P < 0.001) in BALF. A 4-week exercise pretreatment prevented the increase in the number of mac-
rophages (P < 0.01) and neutrophils (P < 0.01) in mice with sepsis. LPS injection or AE administration did not 
change the number of lymphocytes and eosinophils in BALF (Table 1).

LPS injection prominently increased neutrophil content in the liver (P < 0.001), kidney (P < 0.001), and 
heart tissues (P < 0.001), while exercise prominently attenuated neutrophil content in the liver (P < 0.01), kidney 
(P < 0.01), and heart tissues (P < 0.01) during sepsis (Supplementary Material 1).

BALF and serum cytokine levels. We detected a prominent effect of LPS administration in upregu-
lating BALF levels of CXCL-1 (P < 0.001), CXCL-8 (P < 0.001), IL-6 (P < 0.001), IL-10 (P < 0.001), and TNF-α 
(P < 0.001) and downregulating BALF levels of IL-1RN (P < 0.001). We detected a prominent effect of AE admin-
istration downregulating BALF levels of CXCL-1 (P < 0.05), CXCL-8 (P < 0.01), IL-6 (P < 0.05), IL-10 (P < 0.01), 
and TNF-α (P < 0.001) and upregulating BALF levels of IL-10 (P < 0.05) and IL-1RN (P < 0.05) during sepsis 
(Table 2).

Figure 2.  A photomicrograph of lung parenchyma used for morphological analysis. (A) Con group, (B) LPS 
group, (C) Ex group, (D) Ex + LPS group [(A–D) × 100 magnification].
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Figure 3.  The density of neutrophils in lung tissue. (A) Con group, (B) LPS group, (C) Ex group, (D) Ex + LPS 
group, (E) detection of the density of neutrophils in lung tissue. Black arrows indicate neutrophils. @P < 0.05, 
Con versus LPS groups; *P < 0.05, LPS versus Ex + LPS groups; &P < 0.05, Ex versus Ex + LPS groups [(A–D) 
× 100 magnification].

Table 1.  Total and differential cell counts in BALF (cells/mL). The number of total cells, neutrophils, and 
macrophages, lymphocytes, and eosinophils in BALF was measured. @P < 0.05, Con versus LPS groups. 
*P < 0.05, LPS versus Ex + LPS groups.

Group Con Ex LPS Ex + LPS P

Total cells 1.33 ± 1.11 1.26 ± 1.41 10.88 ± 2.14@@@ 8.58 ± 0.94* < 0.01

Neutrophils 0.04 ± 0.02 0.03 ± 0.02 7.55 ± 1.23@@@ 5.84 ± 2.38* < 0.01

Lymphocytes 0.04 ± 0.03 0.05 ± 0.04 0.16 ± 0.11 0.14 ± 0.16 < 0.01

Macrophages 1.06 ± 0.48 0.96 ± 0.39 3.14 ± 0.60@@@ 2.64 ± 0.19* < 0.01

Eosinophils 0.02 ± 0.04 0.02 ± 0.03 0.01 ± 0.03 0.04 ± 0.05 < 0.01

Table 2.  Cytokine levels in BALF (pg/mL). The levels of CXCL-1, CXCL-8, IL-6, IL-1RN, IL-10, and TNF-α 
in BALF were detected. @@@P < 0.05, Con versus LPS groups. *P < 0.05, LPS versus Ex + LPS groups. **P < 0.01, 
LPS verus Ex + LPS groups. ***P < 0.001, LPS verus Ex + LPS groups.

Con Ex LPS Ex + LPS P

CXCL-1 9.99 ± 5.65 6.88 ± 4.25 594.82 ± 128.67@@@ 466.94 ± 103.79* < 0.01

CXCL-8 12.38 ± 3.54 7.62 ± 2.65 365.45 ± 82.66@@@ 255.45 ± 76.51** < 0.01

IL-6 8.68 ± 2.36 50.57 ± 15.47 1226.56 ± 97.69@@@ 1064.44 ± 30.75* < 0.01

IL-1RN 54.15 ± 3.88 47.86 ± 4.11 20.45 ± 10.79@@@ 38.52 ± 15.17* < 0.05

IL-10 9.56 ± 1.6 56.37 ± 38.01 495.83 ± 136.6@@@ 660.74 ± 174.17** < 0.01

TNF-α 18.34 ± 16.43 25.19 ± 14.45 343.28 ± 97.7@@@ 251.64 ± 59.62*** < 0.01

Table 3.  Cytokine levels in serum (pg/mL). The levels of IL-6, IL-10, and TNF-α in serum were detected. 
@P < 0.05, Con versus LPS groups.

Con Ex LPS Ex + LPS P

IL-6 10 ± 5.65 6.88 ± 4.25 1419.98 ± 580.11@@@ 1669.21 ± 216.26 < 0.01

IL-10 36.44 ± 32.23 50.57 ± 15.41 249.89 ± 97.68@@@ 254.44 ± 110.75 < 0.01

TNF-α 14.15 ± 3.88 17.86 ± 4.11 130.45 ± 36.79@@@ 138.51 ± 58.17 < 0.01
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We detected an effect of LPS administration in upregulating the serum levels of IL-6 (P < 0.001), IL-10 
(P < 0.001), and TNF-α (P < 0.001). The serum levels of TNF-α, IL-6, and IL-10 were no difference between the 
LPS and Ex + LPS groups (Table 3).

AE relieved liver injury. The liver lobules of the mice in the Con group (Fig.  4A,E) and the Ex group 
(Fig. 4B,F) were intact and clear, the cells were neatly arranged, the intercellular substance was free of edema, 
the liver stripes were clear and regular, and there were no symptoms of injury. The liver lobules of the mice in 
the LPS group were severely damaged, the liver cells swelled, the intercellular substance disappeared, and there 
was a large amount of neutrophil infiltration (Fig. 4C,G). The liver lobules of the mice in the Ex + LPS group 
had significantly less liver tissue structural damage, with clearer liver lobules and a small amount of neutrophil 
infiltration (Fig. 4D,H).

LPS administration notably upregulated the markers of liver disease ALT (P < 0.001) and AST (P < 0.001) 
levels compared to Con. AE notably downregulated the ALT (P < 0.05) and AST (P < 0.05) levels compared to 
LPS. AE notably reduced the lung injury score compared to LPS (P < 0.001) (Table 4).

AE relieved kidney injury. The kidney tissues of the mice in the Con group (Fig. 5A,E) and in the Ex 
group (Fig. 5B,F) were intact and clear, the cells were neatly arranged, the intercellular substance was free of 
edema, and there were no symptoms of injury. Cortical tubular epithelial cells were well-shaped, and almost 
every epithelial cell owned intact nuclei. The kidneys of the mice in the LPS group were severely damaged, the 
cells swelled, and the intercellular substance disappeared, accompanied by a large amount of neutrophil (black 
arrows) and hemocyte infiltration, severe epithelial vacuolization (yellow arrows), flattening of the tubular epi-
thelium (blue arrows), and the appearance of an atypical shape with almost no nuclei (green arrow) (Fig. 5C,G). 
The kidneys of the mice in the Ex + LPS group had significantly less kidney tissue structural damage than those 
of the LPS group, with clearer nephrons and a small amount of inflammatory cell infiltration, less flattening of 
tubular epithelium, and less vacuolization than those of septic mice, and the degree of damage was significantly 
reduced (Fig. 5D,H).

Compared with the Con group, LPS administration notably increased the levels of markers of kidney injury 
Cre (P < 0.001) and BUN (P < 0.001), while Cre (P < 0.05) and BUN (P < 0.05) levels were notably decreased in 
the Ex + LPS group compared with those in the LPS group. Compared with the LPS group, AE notably reduced 
the liver injury score (P < 0.001) (Table 4).

Figure 4.  A photomicrograph of liver tissues used for morphological analysis. (A) Con group, (B) LPS group, 
(C) Ex group, (D) Ex + LPS group. White arrows indicate neutrophils [(A–D) × 100 magnification; (E–H) × 400 
magnification].

Table 4.  Effects of AE on Gre, BUN, ALT and AST levels in serum. The markers of liver damage (ALT and 
AST) and markers of kidney damage (Cre and BUN) in serum were detected. @@@P < 0.001, Con versus LPS 
groups. *P < 0.05, LPS versus Ex + LPS groups. **P <  0.01, LPS verus Ex + LPS groups.

Group Con Ex LPS Ex + LPS P

Cre (μmol/L) 55.91 ± 11.98 61.3817.65 214 ± 10.35@@@ 134 ± 15.49** < 0.01

BUN (mmol/L) 7.99 ± 1.64 6.82 ± 1.93 13.56 ± 2.31@@@ 10.59 ± 2.16* < 0.01

ALT 27.65 ± 0.31 28.64 ± 0.39 48.55 ±  86@@@ 37.2 ± 32.46** < 0.01

AST 112.13 ± 15.9 108.97 ± 11.68 160.94 ± 49.6@@@ 130.45 ± 26** < 0.01
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AE prevented septicemic cardiomyopathy. In the Con group (Fig. 6A) and the Ex group (Fig. 6C), the 
myocardial tissue was uniformly stained, the myocardial fibers were arranged regularly and the interstitial spaces 
were normal. In the LPS group, myocardial tissues were disordered, myocardial degeneration occurred, dissolu-
tion occurred, and a large number of inflammatory cells infiltrated the muscle space (Fig. 6B). The inflammatory 
cells in the Ex + LPS group were less infiltrated, and the myocardial fiber tissue structure was normal. The distri-
bution of muscle fibers was improved, but it did not completely return to the normal form (Fig. 6D). AE notably 
reduced the myocardial injury score (P < 0.001) compared to LPS (Supplementary Material 1).

AE prevented aortic injury. In the Con group (Fig. 7A) and the Ex group (Fig. 7C), the aorta was uni-
formly stained and arranged regularly, the endothelium was smooth and orderly, and the elastic fibers had a 
regular wavy-like shape. After LPS administration, the endothelium was not smooth and regular, the elastic fib-

Figure 5.  A photomicrograph of kidney tissues used for morphological analysis. (A) Con group, (B) LPS group, 
(C) Ex group, (D) Ex + LPS group. Black arrows indicate neutrophils. Yellow arrows indicate severe epithelial 
vacuolization. Blue arrows indicate flattening of the tubular epithelium. Green arrows indicate the appearance of 
an atypical shape with almost no nuclei [(A–D) × 100 magnification; (E–H) × 400 magnification].

Figure 6.  A photomicrograph of heart tissues used for morphological analysis. (A) Con group, (B) LPS group, 
(C) Ex group, (D) Ex + LPS group [(A–D) × 100 magnification].
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ers of the media became sparse, elastic fibers lost a regular wavy-like shape, and LPS administration significantly 
increased the aortic media thickness and decreased the area ratio of elastic fibers (Fig. 7B). AE notably increased 
the area ratio of elastic fibers and increased the aorta media thickness during sepsis (Fig. 7D).

LPS prominently increased the medial thickness of the aorta (P < 0.001) and prominently decreased the 
medium membrane elastic fiber area ratio (P < 0.001), which was reserved by a 4-week AE (Supplementary 
Material 1).

AE prevented oxidative stress injury in lung tissue. LPS injection prominently upregulated MDA 
(Fig.  8A; P < 0.001) and MPO (Fig.  8B; P < 0.001) expression but prominently downregulated GSH (Fig.  8C; 
P < 0.001) and SOD (Fig. 8D; P < 0.001) expression compared to Con. AE prominently downregulated MDA 
(P < 0.001) and MPO (P < 0.001) expression but prominently upregulated SOD (P < 0.05) and GSH (P < 0.05) 
expression in lung tissue of septic mice.

AE prevented lung injury via activating the Sirt‑1/Nrf‑2 pathway. LPS injection prominently 
upregulated the gene expression levels of CXCL-1 (Fig. 9A; P < 0.001), CXCL-8 (Fig. 9B; P < 0.001), IL-6 (Fig. 9D; 
P < 0.001), and TNF-α (Fig. 9H; P < 0.001) but prominently downregulated the gene expression levels of IL-1RN 
(Fig. 9C; P < 0.01), IL-10 (Fig. 9E; P < 0.01), Nrf-2 (Fig. 9F; P < 0.01), and Sirt-1 (Fig. 9G; P < 0.01) compared 
to Con. AE prominently upregulated the gene expression levels of IL-1RN (P < 0.001) and IL-10 (P < 0.001), 
Nrf-2 (P < 0.001), and Sirt-1 (P < 0.001) but prominently downregulated the gene expression levels of CXCL-1 
(P < 0.001), CXCL-8 (P < 0.001), IL-6 (P < 0.001), and TNF-α (P < 0.001) in lung tissue.

AE improved mortality. Sham-operated mice exhibited 100% survival. Compared with untrained mice, 
trained mice showed dramatically improved survival during sepsis (P < 0.01; Fig. 10A).

AE relieved pulmonary edema. Compared with the Con group, the W/D of lung tissues increased signif-
icantly after LPS injection (P < 0.001). AE prevented the upregulation of W/D in lung tissues (P < 0.01; Fig. 10B).

Discussion
Previous studies have demonstrated that the Warburg effect was involved in innate and adaptive  immunity21. 
However, it was not clear whether AE can regulate the Warburg effect during sepsis. There was convincing 
evidence that increased serum lactate levels were a biomarker of mortality and MODS during sepsis and lactate 
clearance was a novel therapeutic strategy for  sepsis23–25. It was well documented that HMGB1 was involved 
in the development of sepsis and was a promising therapeutic target for sepsis  treatment26,27. Increased aerobic 
glycolysis released a lot of lactate which stimulated macrophages to release  HMGB128. Our data demonstrated 
that LPS injection prominently upregulated the levels of lactate and HMGB1 in serum, while AE prominently 

Figure 7.  A photomicrograph of aortic tissues used for morphological analysis. (A) Con group, (B) LPS group, 
(C) Ex group, (D) Ex + LPS group [(A–D) × 100 magnification].
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downregulated the levels of lactate and HMGB1 in serum during sepsis. It has been suggested that insulin can 
decrease serum HMGB1 levels in septic  animals1, implying a possible role of glucose metabolism in the regula-
tion of HMGB1 release. It’s well documented that exercise can improve insulin resistance. We came up with a 
hypothesis that exercise may serum insulin concentrations during sepsis. Our data demonstrated that exercise 
prominently increased serum insulin concentrations during sepsis. Based on these results, AE improved sepsis 
via impairing LPS-induced HMGB1 release. AE impaired HMGB1 release via decreasing lactate and Glut1 
expression and increasing insulin expression during sepsis. Our research found a new mechanism through 
which AE improved sepsis.

Increased aerobic glycolysis consumed a large amount of glucose. Strikingly, our data demonstrated that LPS 
administration markedly decreased blood glucose levels. However, a 4-week exercise pretreatment markedly 

Figure 8.  Detection of oxidative stress injury in lung tissue. The levels of MDA (A), MPO (B), GSH (C), and 
SOD (D) were detected. @P < 0.05, Con versus LPS groups; #P < 0.05, Con versus Ex groups; *P < 0.05, LPS versus 
Ex + LPS groups; &P < 0.05, Ex versus Ex + LPS groups. MDA malondialdehyde, MPO myeloperoxidase, GSH 
glutathione, SOD superoxide dismutase.

Figure 9.  Detection of gene expression levels in lung tissues. The gene expression levels of CXCL-1 (A), 
CXCL-8 (B), IL-1RN (C), IL-6 (D), IL-10 (E), Nrf-2 (F), Sirt-1 (G), and TNF-α (H) were detected. @P < 0.05, 
Con versus LPS groups; #P < 0.05, Con versus Ex groups; *P < 0.05, LPS versus Ex + LPS groups; &P < 0.05, Ex 
versus Ex + LPS groups.
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increased blood glucose levels. Some studies found that LPS administration resulted in  hyperglycemia37,38. How-
ever, other studies found that LPS administration resulted in  hypoglycemia39–41. Our data demonstrated that 
LPS administration resulted in hypoglycemia, in part because increased aerobic glycolysis consumed a large 
amount of blood glucose during sepsis. Hypoglycemia was a common complication of sepsis. If sepsis-induced 
hypoglycemia was not treated promptly, patients can deteriorate further and fall into a coma, which was eas-
ily confused with coma caused by infection, leading to delayed diagnosis and treatment or even death. Hence, 
septicemia patients should be monitored, and the blood glucose should be supplemented in a timely manner. 
Our data showed that AE prevented the decrease in blood glucose levels. Our data demonstrated that AE can be 
used as a preventive tool for LPS-induced hypoglycemia.

Our data revealed that a 4-week exercise pretreatment reduced sepsis-associated lung, liver, kidney, and heart 
injury. Our data were consistent with previous  conclusions15–19. Strikingly, we found that AE prevented sepsis-
induced aortic injury. The aortic injury occurred before the onset of inflammatory infiltration and organ injury. 
Previous studies have overlooked the effects of sepsis on the aorta. Aorta could regulate arterial blood pressure 
and hypotension was one of the most frequent complications of sepsis. Sepsis-induced hypotension led to organ 
dysfunction and septic shock, which were the most severe complications of sepsis and deadly  disease20. Our 
data identified that LPS administration increased aortic media thickness and reduced the area ratio of elastic 
fibers, which was improved by a 4-week AE pretreatment. These results demonstrated that AE could be used as 
a preventive tool for LPS-induced aortic injury.

Previous researches demonstrated that neutrophils were involved in the development of  sepsis42. Previous 
work identified that deleterious accumulation of neutrophils in organs resulted in  MODS43. Our data showed 
that LPS injection resulted in severe neutrophil infiltration in lung, liver, kidney, and heart tissues. Strikingly, our 
data showed that AE reduced neutrophil infiltration in lung, liver, kidney, and heart tissues during sepsis. Our 
data identified that deleterious activation of neutrophils was a critical reason leading to host tissue injury and 
organ damage during sepsis and AE improved sepsis-induced MODS in part by decreasing neutrophil content. 
There was convincing evidence that TNF-α, CXCL-1, and CXCL-8 were chemotactic for neutrophils. Our data 
demonstrated that AE prominently reduced BALF levels of CXCL-1, CXCL-8, and TNF-α and CXCL-1, CXCL-8, 
and TNF-α mRNA expression levels in lung tissue. Hence, AE inhibited neutrophil infiltration via suppressing 
TNF-α, CXCL-1, and CXCL-8 expression.

Our data demonstrated that LPS injection led to an excessive inflammatory response, pulmonary edema, and 
the infiltration of inflammatory cells, which were the three main features of  ALI6. A 4-week exercise pretreatment 
improved the degree of pulmonary edema and neutrophil infiltration. Hence, AE could be used as a preventive 
tool for sepsis-associated ALI.

Oxidant/antioxidant imbalance was involved in the pathogenesis of sepsis and LPS administration led to 
oxidative stress  injury5. We demonstrated the antioxidant effects of exercise during sepsis. Our data identified 
that AE prominently increased MDA and MPO expression and prominently decreased SOD and GSH expression 
during sepsis. Based on these results, AE was a preventive tool for sepsis partly because AE increased antioxidant 
capacity in lung tissue.

Sirt-1 exerted the effects of promoting lung cell proliferation and vitality and exerted immunomodulatory 
effects and modulated redox  balance44,45. Activation of Sirt-1 by agents including resveratrol improved sepsis 
because Sirt-1 reduced inflammatory response and modulated redox  balance46,47. Sirt-1 was known to protect 
against sepsis through Sirt-1/Nrf-2  signaling47. Previous studies showed that exercise activated Sirt-1 in mus-
cle tissue because exercise increased NAD/NADH  ratio48. Sirt-1/Nrf-2 signaling was established as a crucial 
mechanism underlying lung protection, our data identified that AE could activate Sirt-1/Nrf-2 signaling and 
reduced inflammatory response and modulated redox balance. Sirt-1/Nrf-2 signaling was a novel therapeutic 
strategy for sepsis. In contrast to traditional therapeutic methods, AE was a comprehensive intervention treat-
ment. AE improved sepsis through multiple mechanisms simultaneously. The protective effects of 4 weeks of 
exercise pretreatment on LPS-induced changes MODS, aortic injury, neutrophilic inflammation, pulmonary 
inflammation, and oxidative stress injury were detected. All of these factors cooperated to improve the survival 
rate of septic mice.

Figure 10.  4 weeks of exercise pretreatment improved mortality and W/D. (A) Survival rate analysis, (B) 
Detection of W/D in lung tissue. @P < 0.05, Con versus LPS groups; *P < 0.05, LPS versus Ex + LPS groups; 
&P < 0.05, Ex versus Ex + LPS groups. W/D wet weight/dry weight ratio.
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Perspective. In conclusion, our results showed that physical exercise can be used as a preventive tool for 
sepsis-associated death, hypoglycemia, MODS, and aortic injury partly because AE regulated the Warburg effect. 
AE, which impaired HMGB1 release during sepsis, was a new therapeutic strategy targeting aerobic glycolysis 
for sepsis. AE impaired HMGB1 release via decreasing lactate and Glut 1 expression and increasing insulin 
expression during sepsis. AE improved lung injury by alleviating neutrophilic inflammation, oxidative stress 
injury as well as activating Sirt-1/Nrf-2 signaling. AE inhibited neutrophil infiltration in part by suppressing 
TNF-α, CXCL-1, and CXCL-8 expression. Our work was still not deep enough, further studies will be needed 
to identify the underlying mechanism of AE on aortic injury, Warburg effect, and glucose homeostasis during 
sepsis.

Data availability
The datasets used or analyzed in the current study were available from the corresponding author TD on reason-
able request.

Received: 6 June 2021; Accepted: 12 August 2021

References
 1. Bone, N. B. et al. AMPK activates Parkin independent autophagy and improves post sepsis immune defense against secondary 

bacterial lung infections. Sci. Rep. 11, 12387. https:// doi. org/ 10. 1038/ s41598- 021- 90573-0 (2021).
 2. Cecconi, M., Evans, L., Levy, M. & Rhodes, A. Sepsis and septic shock. Lancet 392, 75–87. https:// doi. org/ 10. 1016/ S0140- 6736(18) 

30696-2 (2018).
 3. Takaoka, Y. et al. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) prevents lipopolysaccharide (LPS)-induced, sepsis-related 

severe acute lung injury in mice. Sci. Rep. 4, 5204. https:// doi. org/ 10. 1038/ srep0 5204 (2014).
 4. Delano, M. J. & Ward, P. A. The immune system’s role in sepsis progression, resolution and long-term outcome. Immunol. Rev. 

274, 330–353. https:// doi. org/ 10. 1111/ imr. 12499 (2016).
 5. Molina, V. et al. Oxidative stress biomarkers in pediatric sepsis: A prospective observational pilot study. Redox Rep. 22, 330–337. 

https:// doi. org/ 10. 1080/ 13510 002. 2016. 12398 66 (2017).
 6. Denstaedt, S. J. et al. Sepsis and nosocomial infection: Patient characteristics, mechanisms, and modulation. Front. Immunol. 9, 

2446–2449. https:// doi. org/ 10. 3389/ fimmu. 2018. 02446 (2018).
 7. Nesargi, P. et al. Neutrophil volume, conductivity and scatter (VCS) as a screening tool in neonatal sepsis. Sci. Rep. 10, 4457. https:// 

doi. org/ 10. 1038/ s41598- 020- 61434-z (2020).
 8. Machado, A. et al. Exercise training in patients with chronic respiratory diseases: Are cardiovascular comorbidities and outcomes 

taken into account? A systematic review. J. Clin. Med. 8, 1458–1462. https:// doi. org/ 10. 3390/ jcm80 91458 (2019).
 9. Lang, J. E. The impact of exercise on asthma. Curr. Opin. Allergy Clin. Immunol. 19, 118–125. https:// doi. org/ 10. 1097/ ACI. 00000 

00000 000510 (2019).
 10. Yang, J. et al. Physical exercise is a potential “medicine” for atherosclerosis. Adv. Exp. Med. Biol. 999, 269–286. https:// doi. org/ 10. 

1007/ 978- 981- 10- 4307-9_ 15 (2017).
 11. Miron, V. V. et al. Physical exercise prevents alterations in purinergic system and oxidative status in lipopolysaccharide-induced 

sepsis in rats. J. Cell. Biochem. 120, 3232–3242. https:// doi. org/ 10. 1002/ jcb. 27590 (2019).
 12. Irahara, T. et al. Low-intensity exercise in the acute phase of lipopolysaccharide-induced sepsis improves lipid metabolism and 

survival in mice by stimulating PGC-1alpha expression. J. Trauma Acute Care Surg. 80, 933–940. https:// doi. org/ 10. 1097/ TA. 00000 
00000 001023 (2016).

 13. Yamada, M., Hokazono, C. & Okutsu, M. Maternal exercise training attenuates endotoxin-induced sepsis in mice offspring. Bio-
chem. Biophys. Rep. 15, 19–24. https:// doi. org/ 10. 1016/j. bbrep. 2018. 06. 001 (2018).

 14. Tyml, K. et al. Voluntary running exercise protects against sepsis-induced early inflammatory and pro-coagulant responses in 
aged mice. Crit. Care 21, 210. https:// doi. org/ 10. 1186/ s13054- 017- 1783-1 (2017).

 15. Williams, P. T. Inadequate exercise as a risk factor for sepsis mortality. PLoS One 4, e79344. https:// doi. org/ 10. 1371/ journ al. pone. 
00793 44 (2013).

 16. Kim, D. & Kang, H. Exercise training modifies gut microbiota with attenuated host responses to sepsis in wild-type mice. FASEB 
J. 33, 5772–5781. https:// doi. org/ 10. 1096/ fj. 20180 2481R (2019).

 17. de Araújo, C. C. et al. Regular and moderate exercise before experimental sepsis reduces the risk of lung and distal organ injury. 
J. Appl. Physiol. 112, 1206–1214. https:// doi. org/ 10. 1152/ jappl physi ol. 01061. 2011 (2012).

 18. Sossdorf, M. et al. Physical exercise induces specific adaptations resulting in reduced organ injury and mortality during severe 
polymicrobial sepsis. Crit. Care Med. 41, e246–e255. https:// doi. org/ 10. 1097/ CCM. 0b013 e3182 8a2ae3 (2013).

 19. Chen, H. I. et al. Exercise training attenuates septic responses in conscious rats. Med. Sci. Sports Exerc. 39, 435–442. https:// doi. 
org/ 10. 1249/ mss. 0b013 e3180 2d11c8 (2007).

 20. Vander Heiden, M. G., Cantely, L. C. & Thompson, C. B. Warburg effect: The metabolic requirements of cell proliferation. Science 
324, 1029–1033. https:// doi. org/ 10. 1126/ scien ce. 11608 09 (2009).

 21. Wen, H., Ting, J.P.-Y. & O’Neill, L. A. J. A role for the NLRP3 inflammasome in metabolic diseases—Did Warburg miss inflam-
mation?. Nat. Immunol. 13(4), 352–357. https:// doi. org/ 10. 1038/ ni. 2228 (2012).

 22. Yang, L. et al. PKM2 regulates the Warburg effect and promotes HMGB1 release in sepsis. Nat. Commun. 5, 4436. https:// doi. org/ 
10. 1038/ ncomm s5436 (2014).

 23. Bakker, J. et al. Blood lactate levels are superior to oxygen-derived variables in predicting outcome in human septic shock. Chest 
99, 956–962. https:// doi. org/ 10. 1378/ chest. 99.4. 956 (1991).

 24. Régnier, M.-A. et al. Prognostic significance of blood lactate and lactate clearance in trauma patients. Anesthesiology 117(6), 
1276–1288. https:// doi. org/ 10. 1097/ ALN. 0b013 e3182 73349d (2012).

 25. Shapiro, N. I. et al. Serum lactate as a predictor of mortality in emergency department patients with infection. Ann. Emerg. Med. 
45, 524–528. https:// doi. org/ 10. 1016/j. annem ergmed. 2004. 12. 006 (2005).

 26. Scaffidi, P. et al. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 418, 191–195. https:// doi. 
org/ 10. 1038/ natur e00858 (2002).

 27. Wang, H. et al. HMGB1 as a late mediator of lethal systemic inflammation. Review. Am. J. Respir. Crit. Care Med. 164, 1768–1773. 
https:// doi. org/ 10. 1164/ ajrccm. 164. 10. 21061 17 (2001).

 28. Lotze, M. T. et al. High-mobility group box 1 protein (HMGB1): Nuclear weapon in the immune arsenal. Nat. Rev. Immunol. 5(4), 
331–342. https:// doi. org/ 10. 1038/ nri15 94 (2005).

 29. O’Neill, L. A. J. & GrahameHardie, D. Metabolism of inflammation limited by AMPK and pseudo-starvation. Nature 17, 346–355. 
https:// doi. org/ 10. 1038/ natur e11862 (2013).

https://doi.org/10.1038/s41598-021-90573-0
https://doi.org/10.1016/S0140-6736(18)30696-2
https://doi.org/10.1016/S0140-6736(18)30696-2
https://doi.org/10.1038/srep05204
https://doi.org/10.1111/imr.12499
https://doi.org/10.1080/13510002.2016.1239866
https://doi.org/10.3389/fimmu.2018.02446
https://doi.org/10.1038/s41598-020-61434-z
https://doi.org/10.1038/s41598-020-61434-z
https://doi.org/10.3390/jcm8091458
https://doi.org/10.1097/ACI.0000000000000510
https://doi.org/10.1097/ACI.0000000000000510
https://doi.org/10.1007/978-981-10-4307-9_15
https://doi.org/10.1007/978-981-10-4307-9_15
https://doi.org/10.1002/jcb.27590
https://doi.org/10.1097/TA.0000000000001023
https://doi.org/10.1097/TA.0000000000001023
https://doi.org/10.1016/j.bbrep.2018.06.001
https://doi.org/10.1186/s13054-017-1783-1
https://doi.org/10.1371/journal.pone.0079344
https://doi.org/10.1371/journal.pone.0079344
https://doi.org/10.1096/fj.201802481R
https://doi.org/10.1152/japplphysiol.01061.2011
https://doi.org/10.1097/CCM.0b013e31828a2ae3
https://doi.org/10.1249/mss.0b013e31802d11c8
https://doi.org/10.1249/mss.0b013e31802d11c8
https://doi.org/10.1126/science.1160809
https://doi.org/10.1038/ni.2228
https://doi.org/10.1038/ncomms5436
https://doi.org/10.1038/ncomms5436
https://doi.org/10.1378/chest.99.4.956
https://doi.org/10.1097/ALN.0b013e318273349d
https://doi.org/10.1016/j.annemergmed.2004.12.006
https://doi.org/10.1038/nature00858
https://doi.org/10.1038/nature00858
https://doi.org/10.1164/ajrccm.164.10.2106117
https://doi.org/10.1038/nri1594
https://doi.org/10.1038/nature11862


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:17772  | https://doi.org/10.1038/s41598-021-97101-0

www.nature.com/scientificreports/

 30. Wang, X., Wang, Z. & Tang, D. Aerobic exercise alleviates inflammation, oxidative stress, and apoptosis in mice with chronic 
obstructive pulmonary disease. Int. J. Chron. Obstruct. Pulmon. Dis. 16, 1369–1379. https:// doi. org/ 10. 2147/ COPD. S3090 41 (2021).

 31. Wang, X. et al. Regular aerobic exercise activates PDGF-BB/PDGFR-β signaling and modulates the inflammatory-anti-inflamma-
tory balance in diet-induced obese mice. Obes. Res. Clin. Pract. 15(4), 387–394. https:// doi. org/ 10. 1016/j. orcp. 2021. 04. 003 (2021).

 32. Yu, J. et al. Effect of heme oxygenase-1 on mitofusin-1 protein in LPS-induced ALI/ARDS in rats. Sci. Rep. 6, 36530. https:// doi. 
org/ 10. 1038/ srep3 6530 (2016).

 33. Aebi, H. Catalase in vitro. Methods Enzymol. 16, 121–126. https:// doi. org/ 10. 1016/ s0076- 6879(84) 05016-3 (1984).
 34. Buege, J. A. & Aust, S. D. Microsomal lipid peroxidation. Methods Enzymol. 16, 302–310. https:// doi. org/ 10. 1016/ s0076- 6879(78) 

52032-6 (1978).
 35. Li, Y. et al. B7H3 ameliorates LPS-induced acute lung injury via attenuation of neutrophil migration and infiltration. Sci. Rep. 6, 

31284. https:// doi. org/ 10. 1038/ srep3 1284 (2016).
 36. Reis Gonçalves, C. T. et al. Protective effects of aerobic exercise on acute lung injury induced by LPS in mice. Crit. Care 16(5), 199. 

https:// doi. org/ 10. 1186/ cc118 07 (2012).
 37. Noda, A. et al. Hyperglycemia and lipopolysaccharide decrease depression effect of interleukin 8 production by hypothermia: An 

experimental study with endothelial cells. Intensive Care Med. 34, 109–115. https:// doi. org/ 10. 1007/ s00134- 007- 0861-2 (2008).
 38. Hagiwara, S. et al. Hyperglycemia contributes to cardiac dysfunction in a lipopolysaccharide-induced systemic inflammation 

model. Crit. Care Med. 37, 2223–2227. https:// doi. org/ 10. 1097/ CCM. 0b013 e3181 a007c6 (2009).
 39. Raetzsch, C. F. et al. Lipopolysaccharide inhibition of glucose production through the Toll-like receptor-4, myeloid differentiation 

factor 88, and nuclear factor kappa b pathway. Hepatology 50, 592–600. https:// doi. org/ 10. 1002/ hep. 22999 (2009).
 40. Tweedell, A. et al. Metabolic response to endotoxin in vivo in the conscious mouse: Role of interleukin-6. Metabolism 60, 92–98. 

https:// doi. org/ 10. 1016/j. metab ol. 2009. 12. 022 (2011).
 41. Brown, K. A. et al. Neutrophils in development of multiple organ failure in sepsis. Lancet 368, 157–169. https:// doi. org/ 10. 1016/ 

S0140- 6736(06) 69005-3 (2006).
 42. Kovach, M. A. & Standiford, T. J. The function of neutrophils in sepsis. Curr. Opin. Infect. Dis. 25, 321–327. https:// doi. org/ 10. 

1097/ QCO. 0b013 e3283 528c9b (2012).
 43. Murphy, D. L. et al. Predicting prolonged intensive care unit stay among patients with sepsis-induced hypotension. Am. J. Crit. 

Care 28, e1–e7. https:// doi. org/ 10. 4037/ ajcc2 019931 (2019).
 44. Zhang, Y. et al. Review of the anti-inflammatory effect of SIRT1 and SIRT2 modulators on neurodegenerative diseases. Eur. J. 

Pharmacol. 867, 172847. https:// doi. org/ 10. 1016/j. ejphar. 2019. 172847 (2020).
 45. Rada, P. et al. SIRT1 controls acetaminophen hepatotoxicity by modulating inflammation and oxidative stress. Antioxid. Redox 

Signal. 28(13), 1187–1208. https:// doi. org/ 10. 1089/ ars. 2017. 7373 (2018).
 46. Fu, C. et al. Activation of SIRT1 ameliorates LPS-induced lung injury in mice via decreasing endothelial tight junction permeability. 

Acta Pharmacol. Sin. 40(5), 630–641. https:// doi. org/ 10. 1038/ s41401- 018- 0045-3 (2019).
 47. Li, L. et al. Research progress on SIRT1 and sepsis. Histol. Histopathol. 34(11), 1205–1215. https:// doi. org/ 10. 14670/ HH- 18- 146 

(2019).
 48. Cantó, C. et al. AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity. Nature 458, 1056–1060. 

https:// doi. org/ 10. 1038/ natur e07813 (2009).

Acknowledgements
We would like to thank the anonymous reviewers for their helpful remarks.

Author contributions
W.X. and T.D. planned and designed the work. W.X. also designed the figures and performed the statistical 
analysis. W.X. performed the experiments and processed the experimental data. W.Z. aided in the experimental 
work and animal handling. W.X. and T.D. drafted the manuscript. All authors approved the submitted version.

Funding
This study was supported by the National Natural Science Foundation of China (NSFC) (Grant Nos. 71874017 
and 81472992) and the BNU Interdisciplinary Research Foundation for First-Year Doctoral Candidates (Grant 
No. BNUXKJC1814).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 97101-0.

Correspondence and requests for materials should be addressed to X.W. or D.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021, corrected publication 2022

https://doi.org/10.2147/COPD.S309041
https://doi.org/10.1016/j.orcp.2021.04.003
https://doi.org/10.1038/srep36530
https://doi.org/10.1038/srep36530
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1016/s0076-6879(78)52032-6
https://doi.org/10.1016/s0076-6879(78)52032-6
https://doi.org/10.1038/srep31284
https://doi.org/10.1186/cc11807
https://doi.org/10.1007/s00134-007-0861-2
https://doi.org/10.1097/CCM.0b013e3181a007c6
https://doi.org/10.1002/hep.22999
https://doi.org/10.1016/j.metabol.2009.12.022
https://doi.org/10.1016/S0140-6736(06)69005-3
https://doi.org/10.1016/S0140-6736(06)69005-3
https://doi.org/10.1097/QCO.0b013e3283528c9b
https://doi.org/10.1097/QCO.0b013e3283528c9b
https://doi.org/10.4037/ajcc2019931
https://doi.org/10.1016/j.ejphar.2019.172847
https://doi.org/10.1089/ars.2017.7373
https://doi.org/10.1038/s41401-018-0045-3
https://doi.org/10.14670/HH-18-146
https://doi.org/10.1038/nature07813
https://doi.org/10.1038/s41598-021-97101-0
https://doi.org/10.1038/s41598-021-97101-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Aerobic exercise improves LPS-induced sepsis via regulating the Warburg effect in mice
	Materials and methods
	Animal. 
	Experimental design and sepsis-induced protocol. 
	Exercise conditioning. 
	Hemogram and BALF. 
	Histopathology. 
	Detection of pulmonary permeability. 
	Cytokines. 
	Detection of the Warburg effect. 
	qRT-PCR. 
	Determination of oxidative stress index. 
	Assessment of survival rates. 
	Data processing. 

	Results
	Exercise regulated the Warburg effect during sepsis. 
	AE prevented acute lung injury. 
	AE attenuated neutrophil content in lung tissue. 
	Cell counts in BALF. 
	BALF and serum cytokine levels. 
	AE relieved liver injury. 
	AE relieved kidney injury. 
	AE prevented septicemic cardiomyopathy. 
	AE prevented aortic injury. 
	AE prevented oxidative stress injury in lung tissue. 
	AE prevented lung injury via activating the Sirt-1Nrf-2 pathway. 
	AE improved mortality. 
	AE relieved pulmonary edema. 

	Discussion
	Perspective. 

	References
	Acknowledgements


