
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1600  | https://doi.org/10.1038/s41598-024-52042-2

www.nature.com/scientificreports

CPT1A as a potential 
therapeutic target 
for lipopolysaccharide‑induced 
acute lung injury in mice
Gui‑Yun Wang 1, Xia Xu 1, Da‑Yan Xiong 2, Lang Deng 2, Wei Liu 2 & Xiao‑Ting Huang 2*

Acute lung injury (ALI) remains a high mortality rate with dramatic lung inflammation and alveolar 
epithelial cell death. Although fatty acid β-oxidation (FAO) impairment has been implicated in the 
pathogenesis of ALI, whether Carnitine palmitoyltransferase 1A (CPT1A), the rate-limiting enzyme 
for FAO, plays roles in lipopolysaccharide (LPS)-induced ALI remains unclear. Accordingly, we focused 
on exploring the effect of CPT1A in the context of ALI and the underlying mechanisms. We found that 
overexpression of CPT1A (AAV-CPT1A) effectively alleviated lung injury by reduction of lung wet-to-
dry ratio, inflammatory cell infiltration, and protein levels in the BALF of ALI mice. Meanwhile, AAV-
CPT1A significantly lessened histopathological changes and several cytokines’ secretions. In contrast, 
blocking CPT1A with etomoxir augmented inflammatory responses and lung injury in ALI mice. 
Furthermore, we found that overexpression of CPT1A with lentivirus reduced the apoptosis rates of 
alveolar epithelial cells and the expression of apoptosis-related proteins induced by LPS in MLE12 
cells, while etomoxir increased the apoptosis of MLE12 cells. Overexpression of CPT1A prevented the 
drop in bioenergetics, palmitate oxidation, and ATP levels. In conclusion, the results rendered CPT1A 
worthy of further development into a pharmaceutical drug for the treatment of ALI.

Acute lung injury (ALI), a severe clinical condition of acute respiratory distress syndrome (ARDS), has a high 
mortality rate and substantially impacts public health1–3. ALI is a disorder of acute inflammation following 
infection, trauma, or aspiration of gastric contents, characterized by exaggerated production of pro-inflamma-
tory mediators, infiltration of inflammatory cells, and apoptosis of alveolar epithelial cells (AECs)4–7. Although 
numerous studies focus on the therapeutic strategy and understanding of the mechanism, the annual mortality 
rate of ALI remains high. Therefore, it is urgently required to explore novel therapeutic targets and methods for 
treating clinical ALI.

Alveolar type II epithelial cells (AEC II) are the essential part of lung epithelial cells, which could regulate 
alveolar surface tension in the lungs by secreting all surfactant components8,9. AEC II are the primary targeting 
cells for injuries10,11. Epithelial injuries occurring during the development of ALI may result from the apoptosis 
of AECs12,13. Apoptosis of AECs has been well recognized as one of ALI’s main mechanisms14,15. Protecting AEC 
II cells from apoptosis could alleviate the ALI in mice16–18.

Carnitine palmitoyltransferase 1A (CPT1A) is the rate-limiting enzyme for the fatty acid β-oxidation 
(FAO)19,20. CPT1A mediates the β-oxidation of fatty acid by catalyzing the cellular long-chain ester acyl CoA of 
fatty acids into long-chain ester acylcarnitine. Then it transports fatty acids across the mitochondrial membrane 
into the matrix for oxidative energy supply20,21. CPT1A is mainly expressed in the liver, kidney, and lung22–25. It 
has been reported that FAO impairment is an important contributing factor to the pathogenesis of ALI2. CPT1A 
is remarkably reduced in lung tissue and AECs of ALI mice induced by lipopolysaccharide (LPS)2. However, the 
potential role of CPT1A in ALI and LPS-induced AECs dysfunction remains unclear.

In the present study, we explored the role of CPT1A in LPS-induced ALI. Furthermore, we investigated the 
effect of CPT1A on inflammation and cell apoptosis. These findings may shed new insights into the treatment 
of ALI (Supplementary information).
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Results
CPT1A overexpression alleviated lung injury and suppressed the inflammatory response in 
lung tissue of ALI mice induced by LPS
It has been reported that CPT1A is remarkably reduced in lung tissue and AECs of ALI mice induced by lipopoly-
saccharide (LPS)2. To explore the effects of CPT1A in ALI induced by LPS, we injected CPT1A overexpression 
adeno-associated virus 9 (AAV-CPT1A) into mice with LPS-induced lung injury. The survival rate was signifi-
cantly increased in the LPS + AAV-CPT1A group, compared with the ALI group in Fig. 1A. LPS induced evidently 
pathologic changes by increasing the infiltration of inflammatory cells and the lung injury score. However, LPS-
induced severe histopathological changes were obviously weakened by the treatment of AAV-CPT1A (Fig. 1B,C). 
Additionally, AAV-CPT1A remarkably decreased the severity of edema formation, which was evaluated by 
the wet-to-dry ratio of the lungs in ALI mice (Fig. 1D). Decreased inflammatory cells and protein levels were 
observed in the bronchoalveolar lavage fluid (BALF) of ALI mice treated with AAV-CPT1A compared with ALI 
mice (Fig. 1E,F). Moreover, AAV-CPT1A not only markedly inhibited the expression of Il-1β and Tnf-α mRNA 
but also effectively reduced the releases of IL-1β and TNF-α (Fig. 1G–J). These observations support the notion 
that down-regulation of CPT1A mediates the development of ALI in vivo.

Figure 1.   CPT1A overexpression alleviated lung injury and suppressed the inflammatory response in the lungs 
of ALI mice induced by LPS. (A) The survival rate of mice subjected to LPS. (B) The lung histopathological 
change by H&E staining. Scale bar: 100 μm. (C) Lung inflammation score. (D) The lung wet-to-dry ratio was 
determined. (E, F) BALF was collected to measure the number of cells or the amount of protein. (G, H) Il-1β 
and Tnf-α mRNA in lung tissue were determined. (I, J) Levels of cytokines (IL-1β and TNF-α) secretion in 
BALF were determined. n = 5, **P < 0.01 and ***P < 0.001.
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CPT1A overexpression decreased cell apoptosis in the lungs of ALI mice
Next, we examined whether AAV-CPT1A pretreatment could reduce LPS-triggered cell apoptosis in lung tissue. 
Indeed, we found a more significant caspase-3 activity in ALI mice’s lungs than in normal subjects (Fig. 2A). 
A decrease in BCL2 expression and an increase in BAX expression were exhibited in the lungs of ALI mice 
(Fig. 2B–F). In contrast, ALI mice treated with AAV-CPT1A showed decreased caspase-3 activity and BAX 
expression. AAV-CPT1A also reduced the decrease of BCL2 expression in the lungs of ALI mice (Fig. 2A–F). 
Furthermore, we found that overexpression of CPT1A failed to increase the Ki67 in AEC II of ALI mice (Fig. 2G). 
Collectively, these data indicate that CPT1A plays an anti-apoptotic role in the lungs of ALI mice induced by LPS.

Figure 2.   CPT1A overexpression decreased cell apoptosis in the lungs of ALI mice. (A) Caspase-3 activity in 
the lungs was determined. (B, C) Bcl-2 and Bax mRNA in the lungs were determined. (D–F) BCL-2 and BAX 
proteins in the lungs were determined. (G) Immunofluorescence staining of lung tissue. SPC (Green) and Ki67 
(Red). n = 5. **P < 0.01 and ***P < 0.001.
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Blocking CPT1A with etomoxir augmented inflammatory responses and lung injury in ALI 
mice
Based on these results in vivo, we further investigated whether blocking CPT1A with its small-molecule inhibi-
tor etomoxir could augment lung injury induced by LPS. Mice treated with etomoxir were susceptible to LPS-
induced ALI. There was a significant increase in the histopathological changes and wet-to-dry ratio of lung tissue 
in LPS-induced mice (Fig. 3A–C). Increased inflammatory cells and protein levels were observed in the BALF 
of mice treated with etomoxir subjected to LPS compared with ALI mice (Fig. 3D,E). Furthermore, there were 
significantly elevated mRNA levels of Il-1β and Tnf-α in the lungs of mice treated with etomoxir subjected to 

Figure 3.   Blocking CPT1A with etomoxir augmented inflammatory responses and lung injury in ALI mice. 
(A) The lung histopathological change by H&E staining. Scale bar: 100 μm. (B) Lung inflammation score. (C) 
The lung wet-to-dry ratio was determined. (D, E) BALF was collected to measure the number of cells or the 
amount of protein. (F, G) Il-1β and Tnf-α mRNA in the lungs were determined. n = 5, *P < 0.05, **P < 0.01, and 
***P < 0.001.
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LPS (Fig. 3F,G). Taken together, these results indicate that blocking CPT1A is more susceptible to LPS-induced 
inflammatory response and lung injury in mice.

Overexpression of CPT1A protected MLE12 cells against LPS‑induced apoptosis in vitro
Then, we wondered whether CPT1A exerted a protective effect against AEC apoptosis in vitro. We found that 
treating MLE12 cells with LPS alone significantly increased caspase-3 activity and apoptotic ratio, whereas 
overexpression of CPT1A via lentivirus (OE-CPT1A) considerably inhibited the LPS-induced increase in cas-
pase-3 activity and apoptotic ratio (Fig. 4A–C). In addition, OE-CPT1A pretreatment could dramatically revise 
the LPS-induced upregulation of BAX expression and the downregulation of BCL-2 expression in MLE12 cells 
(Fig. 4D–H). As illustrated in Fig. 4I–K, compared with the LPS group, pretreated with etomoxir dramatically 
increased caspase-3 activity and augmented the change of BCL2 and BAX expression. These data indicate that 

Figure 4.   Effects of CPT1A on LPS-induced apoptosis in MLE12 cells in vitro. (A) Caspase-3 activity in 
MLE12 cells treated with Lenti-CPT1A was determined. (B, C) The apoptosis rates of MLE12 cells treated with 
Lenti-CPT1A were determined by flow cytometry. (D, E) Bcl-2 and Bax mRNA in MLE12 cells treated with 
Lenti-CPT1A were determined. (F–H) BCL-2 and BAX protein in MLE12 cells treated with Lenti-CPT1A were 
determined. (I) Caspase-3 activity in MLE12 cells treated with etomoxir (10 μM) was determined. (J-K) Bcl-2 
and Bax mRNA in MLE12 cells treated with etomoxir (10 μM) were determined. n = 4, *P < 0.05, **P < 0.01, and 
***P < 0.001.
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the protective effects of CPT1A overexpression on LPS-induced ALI may be associated with suppressing the 
apoptosis in epithelial cells.

CPT1A overexpression mitigated mitochondrial dysfunction and restored FAO in lung tissue 
of ALI mice and LPS‑treated MLE12 cells
CPT1A overexpression decreased the reduction in mtDNA copy number in the lungs of ALI mice (Fig. 5A). 
Defective FAO was observed in the lungs of ALI mice, while CPT1A overexpression alleviated this impair-
ment (Fig. 5B). Furthermore, CPT1A overexpression prevented the drop in ATP content in whole lung tissue 
(Fig. 5C). As expected, LPS significantly reduced the expression of genes involved in peroxisomal/mitochondrial 
function-related genes, including Acox1, Cpt2, Ppara, Ppargc1a, Lrpprc, Ndufu2, Sdha, and Tfam (Fig. 5D). 
CPT1A overexpression recovered the decreased expression of these genes (Fig. 5D). Next, we investigated the 
metabolic functional consequences of CPT1A overexpression in the MLE12 cells in vitro. We found that MLE12 
cells with CPT1A overexpression exhibited reduced LPS-induced FAO inhibition (Fig. 5E) and suppression of 
glycolysis, as reflected by ECAR levels (Fig. 5F). The decrease in ATP levels related to treatment with LPS was also 
recovered under CPT1A overexpression (Fig. 5G). Collectively, these data indicate that CPT1A overexpression 
mitigates mitochondrial dysfunction and restores FAO in lung tissue of ALI mice and LPS-treated MLE12 cells.

Discussion
In the current study, we found that overexpression of CPT1A alleviated LPS-induced pulmonary edema, inflam-
mation, and inflammation cell infiltration. The elevation of lung wet-to-dry ratio and protein level in BALF 
were markedly decreased by overexpression of CPT1A. Overexpression of CPT1A inhibited the expressions of 
pro-inflammatory cytokines, such as IL-1β and TNF-α, in the lungs of ALI mice. Furthermore, the blockade of 
CPT1A aggravated ALI induced by LPS in vitro and in vivo. Besides, CPT1A played an anti-apoptotic role in 
the lungs and MLE12 cells induced by LPS. Taken together, these investigations imply that CPT1A might be a 
potential target of ALI.

Studies in ALI have focused on the role of epithelial cells as a critical feature in disease pathogenesis14,26. 
It has been reported that epithelial cell apoptosis is required for the development of ALI14,15. Epithelial cells 
exhibit two apoptosis pathways, intrinsic and extrinsic, during ALI27–29. Protecting AEC II cells from apoptosis 
could alleviate the ALI in mice16,18. CPT1A is the rate-limiting enzyme for FAO, which resides in the outer 
mitochondrial membrane. CPT1A initiates FAO by converting long-chain acyl-CoA to long-chain acyl-car-
nitines. A previous study has shown that FAO is strikingly impaired in AECs of mice with LPS, and CPT1A is 
decreased in LPS-treated MLE12 cells2. Inhibition of FAO increases the de novo synthesis of ceramide, leading 
to apoptosis30, whereas augmenting FAO protects against palmitate-induced apoptosis31. Further, enhancing 
FAO protects against hyperoxia-induced apoptosis in mouse lungs32. Overexpression of CPT1A alleviated lung 
dysfunction and reduced inflammatory response and apoptosis of lung tissue in COPD mice33. Consistent with 
these studies, our results showed that CPT1A overexpression could reduce LPS-induced apoptosis in MLE12 
cells, while etomoxir increased apoptosis-related gene expression induced by LPS in MLE12 cells. In addition, 
Cpt1a deficiency can inhibit endothelial cell proliferation and angiogenesis34. Another study found that CPT1A 
inhibits the proliferation and migration of lung cancer cells35. In view of these findings, the role of CPT1A in 
proliferation is controversial. Here, we found that overexpression of CPT1A failed to increase the Ki67 induced 
by LPS in type II alveolar epithelial cells of ALI mice. Thus, the protective effect of CPT1A is partially associated 
with its anti-apoptotic pathways.

The initiation of apoptosis is closely associated with mitochondrial dysfunction36. The Bcl-2 family of pro-
teins, including anti-apoptotic proteins (Bcl-2 and Bcl-xl) and proapoptotic proteins (Bad, Bax, and Bid), play 
an essential role in programmed cell death37,38. Caspase-3 is referred to as the executor of cell apoptosis39. A 
previous study has demonstrated that CPT1A mediates apoptosis resistance in monocyte-derived macrophages 
by directly binding to Bcl-223. And Cpt1a deficiency promotes fibroblast apoptosis in a fibrosis model23. In our 
study, we also observed the upregulation of BAX and the downregulation of BCL-2 in MLE12 cells treated with 
LPS and lung tissue of ALI mice. Our study further showed that CPT1A overexpression decreased cell apoptosis 
in ALI mice lung tissue and MLE12 cells treated with LPS while blocking CPT1A increased apoptosis in vitro. 
We concluded that CPT1A provokes apoptosis resistance in epithelial cells of ALI mice.

Mitochondrial abnormalities and dysfunction are features in the pathogenesis of ALI40,41. Compromising 
mitochondrial homeostasis promotes lung damage, reflected in increased oxidative stress and apoptosis, which 
contribute to the deterioration of lung function1,42. It has been reported that FAO is significantly impaired in 
AECs of ALI lungs, and the defective FAO leads to apoptosis of AECs2. In our study, we showed that overexpres-
sion of CPT1A enhanced OCR and increased ATP production in conditions of lung injury. On the contrary, 
CPT1A overexpression exhibited lower ECAR. This appeared to occur at the expense of glycolysis, which was 
also confirmed in kidney fibrosis2.

In conclusion, our findings demonstrated that overexpression of CPT1A effectively protected against lung 
injury in ALI mice by suppressing epithelial cell apoptosis. This study indicates that CPT1A is a promising 
therapeutic target for LPS-induced ALI.

Methods
Ethics statement
The animal studies were approved by the Ethics Committee of animal experiments at Central South University, 
and all the processes are in strict accordance with the National Institutes of Health (NIH) Guide for the Care and 
Use of Animals in laboratory experiments. All methods were reported in accordance with ARRIVE guidelines. 
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Figure 5.   CPT1A overexpression mitigated mitochondrial dysfunction and restored FAO in lung tissue of 
ALI mice and LPS-treated MLE12 cells. (A) Mitochondrial DNA copy number (mtDNA) was determined 
in the lungs. (B) Radiolabeled palmitate-derived CO2 was determined after incubating 14C-palmitate with 
lung tissue after doxycycline induction. (C) ATP levels in total lung tissue. (D) Peroxisomal/mitochondrial 
function-associated genes were determined in the lungs after doxycycline induction. (E) OCR of MLE12 cells 
was measured with a Seahorse XF24 Extracellular Flux Analyzer. Bar graphs show the rates of OCR associated 
with basal, proton-leak, ATP-linked, maximum, reserve capacity, and nonmitochondrial respiratory statuses. (F) 
Extracellular acidification rate (ECAR) of MLE12 cells. (G) ATP levels of MLE12 cells. n = 6, *P < 0.05, **P < 0.01, 
and ***P < 0.001.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1600  | https://doi.org/10.1038/s41598-024-52042-2

www.nature.com/scientificreports/

During all procedures, pain was minimized using the anesthetic sodium pentobarbital. Mice were euthanized 
by injection of sodium pentobarbital.

Animal and experimental model
ALI model of mice was induced as previously described43 via LPS (E. coli O111:B4; 5 mg/kg; Sigma-Aldrich, St. 
Louis, MO, USA) intratracheal injection (i.t.). Twelve hours after LPS treatment, the mice were sacrificed for 
further detection. To explore the role of CPT1A in ALI mice, mice were randomly divided into 4 groups: control, 
ALI, AAV-CPT1A, and ALI + AAV-CPT1A groups. Overexpression of CPT1A was administered by 1.5 × 1012 
genome copies (gc)/kg of AAV9 via tail-vein injection. The mice in the control group were treated with saline 
and the control AAV9. The ALI mice were treated with LPS and the control AAV9. To explore the role of CPT1A 
blocking on ALI mice, mice were randomly divided into 3 groups: control, ALI, and ALI + etomoxir groups. 
Mice in the ALI + etomoxir group received etomoxir (20 mg/kg; MedChemExpress, USA) via intraperitoneal 
injection 1 h before saline or LPS administration. For the survival study, mice were treated with LPS at a lethal 
dose (25 mg/kg, i.t.). Mice in the control group received saline only. The survival rate was monitored every 6 h.

Histological analysis
Lung tissue samples from the left lungs of mice were fixed in 4% paraformaldehyde, dehydrated in a series of 
graded ethanol, embedded in paraffin wax, and cut into 5-μm-thick sections. The sections were stained with 
Hematoxylin–Eosin (HE). Lung injury scores were evaluated by three researchers. Each slide was scored for five 
randomly selected fields at 400 × magnification.

Lung wet‑to‑dry ratio
Whole-lung tissue was collected, and surface blood was removed. Then, the weights of the samples were recorded 
as the wet weight. Lung tissue was dried for 72 h at 65 °C and recorded as the dry weight.

Collection and analysis of BALF
The BALF was collected by flushing the lungs three times with 1 mL of cold sterile physiological saline (0.9% 
NaCl) via the tracheal cannula. After removing the erythrocytes in the BALF by lysis buffer, the total cell number 
was counted. BALF protein concentrations were determined by the bicinchoninic acid (BCA) protein assay kit 
(Beyotime Biotechnology, China).

Immunofluorescence
Lung tissue was fixed overnight in 4% paraformaldehyde and then embedded in paraffin. Serial 4-μm sections 
were mounted on slides. Localization of SPC and Ki67 in lung tissue was performed by a double-labeled immu-
nofluorescence method. Sections were incubated overnight at 4 °C with a cocktail of two antibodies: rabbit 
anti-SPC antibody (1:50, Abcam, USA) and rat anti-Ki67 antibody (1:20, Abcam, USA). Then, sections were 
incubated with FITC and Cy3-conjugated secondary antibodies after washing in PBS. Sections were viewed with 
a fluorescence microscope (Thermo, USA).

Cell culture and treatments
Mouse lung epithelial cell line MLE12 cells were obtained from American Type Culture Collection (ATCC). 
MLE12 cells were cultured in DMEM-F12 medium (HyClone, USA) supplemented with 10% fetal bovine serum 
(FBS, Gibco, USA). To achieve the overexpression of CPT1A, we used an overexpression lentivirus vector. While 
a CPT1A inhibitor etomoxir (10 μM)44 was used to block the activity of CPT1A.

Enzyme‑linked immunosorbent assay (ELISA)
Levels of IL-1β and TNF-α in the BALF were evaluated using ELISA in accordance with the manufacturer’s 
instructions (R&D Systems, USA).

Quantitative RT‑PCR (qPCR)
Total RNA was extracted from tissues and cells using the Trizol reagent, and then cDNA was generated using a 
reverse transcription kit (Takara, Japan). The qPCR was performed using SYBR Green PCR Master Mix (Cwbi-
otech, Beijing, China) in the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA). The primer 
sequences are listed as follows: Tnf-α, cttctcattcctgcttgtg, acttggtggtttgctacg; Il-1β, cctgggctgtcctgatgagag, tccacgg-
gaaagacacaggta; Bcl-2, aagctgtccacaggagggcta, cacagagctcatgtgtcccac; Bax, tgcagaaggatgattgctgac, cacgccatcctctc-
cagat; Gapdh, caatgtgtccgtcgtggatct, gtcctcagtgtagcccaagatg. The expression levels of genes were normalized to 
Gapdh with the 2-ΔΔCt method.

The caspase‑3 activity detection
The lung tissue and cells were lysed in a cell lysis buffer. The reaction buffer and DEVD-ρNA substrate (caspase-3) 
were supplemented into the lysis buffer. After cultured at 37 °C for 2 h, the absorbance at 405 nm was assessed 
via a microplate reader (Meigu, Shanghai, China).

Western blot analysis
Total proteins extracted from harvested tissues and cells were prepared, and the protein concentration was 
determined using the BCA protein assay kit (Beyotime Biotechnology, China). Subsequently, sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis was performed, and 40 μg protein was loaded. The membranes were 
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incubated with primary antibody (BCL2, 1:1000, CST; BAX, 1:1000, CST; β-actin,1:7500, Sigma-Aldrich) at 
4 °C overnight. Afterward, the membranes were incubated with secondary antibodies for 2 h. The protein levels 
were detected with an enhanced chemiluminescence reagent, and the intensities were quantified using Image J 
gel analysis software (representative images for each western blot result presented in Supplementary material).

Cell apoptosis detection
Cells were collected and labeled by binding buffer, including 5 μL of Annexin V-FITC and 5 μL of propidium 
iodide (Roche, USA) to each sample. After being mixed gently and incubated at room temperature in the dark 
for 15 min, cells were immediately analyzed on flow cytometry (Beckman Coulter MoFloTM XDP, USA).

Mitochondrial DNA copy number determination
DNA was extracted from lung tissue using the DNeasy Blood and Tissue Kit (Qiagen, USA). The Mouse Mito-
chondrial DNA Copy Number Assay Kit (Detroit R&D) was used to determine mitochondrial abundance.

ATP content detection
ATP levels in lung tissue were measured using Luminescent ATP Detection Assay Kit (Abcam, USA) according 
to the manufacturer’s instructions. Data were normalized for total protein content.

OCR analysis
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured by XF-24 Extracel-
lular Flux Analyzer (Seahorse Bioscience, USA).

Statistical analysis
All the data, displayed as mean ± standard deviation, were analyzed applying SPSS 25.0. The significance of the 
difference was analyzed by ANOVA, followed by Tukey–Kramer’s post-hoc test. The results were considered 
statistically significant when P < 0.05.

Data availability
The data supporting this study’s findings are available from the corresponding author upon reasonable request.

Received: 28 June 2023; Accepted: 12 January 2024

References
	 1.	 Hou, L. et al. MitoQ alleviates LPS-mediated acute lung injury through regulating Nrf2/Drp1 pathway. Free Radic. Biol. Med. 165, 

219–228 (2021).
	 2.	 Cui, H. et al. Impairment of fatty acid oxidation in alveolar epithelial cells mediates acute lung injury. Am. J. Respir. Cell Mol. Biol. 

60, 167–178 (2019).
	 3.	 Long, M. E., Mallampalli, R. K. & Horowitz, J. C. Pathogenesis of pneumonia and acute lung injury. Clin. Sci. 136, 747–769 (2022).
	 4.	 Herrero, R. et al. Fas activation alters tight junction proteins in acute lung injury. Thorax 74, 69–82 (2019).
	 5.	 Xie, W. et al. miR-34b-5p inhibition attenuates lung inflammation and apoptosis in an LPS-induced acute lung injury mouse model 

by targeting progranulin. J. Cell Physiol. 233, 6615–6631 (2018).
	 6.	 Liu, P. et al. Ferrostatin-1 alleviates lipopolysaccharide-induced acute lung injury via inhibiting ferroptosis. Cell. Mol. Biol. Lett. 

25, 10 (2020).
	 7.	 Nieman, G. F. et al. Acute lung injury: how to stabilize a broken lung. Crit. Care 22, 136 (2018).
	 8.	 Liu, F. et al. Nickel oxide nanoparticles induce apoptosis and ferroptosis in airway epithelial cells via ATF3. Environ. Toxicol. 37, 

1093–1103 (2022).
	 9.	 Wang, J. et al. Study of the common activating mechanism of apoptosis and epithelial-to-mesenchymal transition in alveolar type 

II epithelial cells. Respir. Physiol. Neurobiol. 284, 103584 (2021).
	10.	 Hu, Y. et al. Activation of MTOR in pulmonary epithelium promotes LPS-induced acute lung injury. Autophagy 12, 2286–2299 

(2016).
	11.	 Yang, Y. et al. STAT6 inhibits ferroptosis and alleviates acute lung injury via regulating P53/SLC7A11 pathway. Cell Death Dis. 13, 

530 (2022).
	12.	 Xu, X. et al. A2BAR activation attenuates acute lung injury by inhibiting alveolar epithelial cell apoptosis both in vivo and in vitro. 

Am. J. Physiol. Cell Physiol. 315, C558-c570 (2018).
	13.	 Zemans, R. L. & Matthay, M. A. Bench-to-bedside review: The role of the alveolar epithelium in the resolution of pulmonary edema 

in acute lung injury. Crit. Care 8, 469–477 (2004).
	14.	 Liu, J. et al. Loss of MBD2 ameliorates LPS-induced alveolar epithelial cell apoptosis and ALI in mice via modulating intracellular 

zinc homeostasis. Faseb J. 36, e22162 (2022).
	15.	 Ge, J., Yang, H., Zeng, Y. & Liu, Y. Protective effects of wogonin on lipopolysaccharide-induced inflammation and apoptosis of 

lung epithelial cells and its possible mechanisms. Biomed. Eng. Online 20, 125 (2021).
	16.	 Li, J. & Liu, S. LncRNA GAS5 suppresses inflammatory responses and apoptosis of alveolar epithelial cells by targeting miR-429/

DUSP1. Exp. Mol. Pathol. 113, 104357 (2020).
	17.	 Zhu, H. P. et al. Regulatory mechanism of NOV/CCN3 in the inflammation and apoptosis of lung epithelial alveolar cells upon 

lipopolysaccharide stimulation. Mol. Med. Rep. 21, 1872–1880 (2020).
	18.	 Cui, J., Ding, H., Yao, Y. & Liu, W. Inhibition Mir-92a alleviates oxidative stress and apoptosis of alveolar epithelial cells induced 

by lipopolysaccharide exposure through TLR2/AP-1 pathway. BioMed Res. Int. 2020, 9673284 (2020).
	19.	 Luo, X., Sun, D., Wang, Y., Zhang, F. & Wang, Y. Cpt1a promoted ROS-induced oxidative stress and inflammation in liver injury 

via the Nrf2/HO-1 and NLRP3 inflammasome signaling pathway. Can. J. Physiol. Pharmacol. 99, 468–477 (2021).
	20.	 Li, R. et al. Mitochondrial STAT3 exacerbates LPS-induced sepsis by driving CPT1a-mediated fatty acid oxidation. Theranostics 

12, 976–998 (2022).
	21.	 Xiong, X. et al. Upregulation of CPT1A is essential for the tumor-promoting effect of adipocytes in colon cancer. Cell Death Dis. 

11, 736 (2020).



10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1600  | https://doi.org/10.1038/s41598-024-52042-2

www.nature.com/scientificreports/

	22.	 Sun, W. et al. Hepatic CPT1A facilitates liver-adipose cross-talk via induction of FGF21 in mice. Diabetes 71, 31–42 (2021).
	23.	 Gu, L. et al. Targeting Cpt1a-Bcl-2 interaction modulates apoptosis resistance and fibrotic remodeling. Cell Death Differ. 29, 

118–132 (2022).
	24.	 Weber, M. et al. Liver CPT1A gene therapy reduces diet-induced hepatic steatosis in mice and highlights potential lipid biomarkers 

for human NAFLD. Faseb J. 34, 11816–11837 (2020).
	25.	 Miguel, V. et al. Renal tubule Cpt1a overexpression protects from kidney fibrosis by restoring mitochondrial homeostasis. J. Clin. 

Investig. https://​doi.​org/​10.​1172/​JCI14​0695 (2021).
	26.	 Tu, Q. et al. gypenosides inhibit inflammatory response and apoptosis of endothelial and epithelial cells in LPS-induced ALI: a 

study based on bioinformatic analysis and in vivo/vitro experiments. Drug Des. Dev. Therapy 15, 289–303 (2021).
	27.	 Perl, M. et al. Fas-induced pulmonary apoptosis and inflammation during indirect acute lung injury. Am. J. Respir. Crit. Care Med. 

176, 591–601 (2007).
	28.	 Jiang, Y., Wang, X., Yang, W. & Gui, S. Procyanidin B2 suppresses lipopolysaccharides-induced inflammation and apoptosis in 

human type II alveolar epithelial cells and lung fibroblasts. J. Interferon Cytokine Res. Off. J. Int. Soc. Interferon Cytokine Res. 40, 
54–63 (2020).

	29.	 Shao, L., Meng, D., Yang, F., Song, H. & Tang, D. Irisin-mediated protective effect on LPS-induced acute lung injury via suppressing 
inflammation and apoptosis of alveolar epithelial cells. Biochem. Biophys. Res. Commun. 487, 194–200 (2017).

	30.	 Brandsma, C. A., Van den Berge, M., Hackett, T. L., Brusselle, G. & Timens, W. Recent advances in chronic obstructive pulmonary 
disease pathogenesis: From disease mechanisms to precision medicine. J. Pathol. 250, 624–635 (2020).

	31.	 Taylor, J. D. COPD and the response of the lung to tobacco smoke exposure. Pulm. Pharmacol. Ther. 23, 376–383 (2010).
	32.	 Yao, H. et al. Fatty acid oxidation protects against hyperoxia-induced endothelial cell apoptosis and lung injury in neonatal mice. 

Am. J. Respir. Cell Mol. Biol. 60, 667–677 (2019).
	33.	 Li, L. et al. Cpt1a alleviates cigarette smoke-induced chronic obstructive pulmonary disease. Exp. Ther. Med. 25, 54 (2023).
	34.	 Schoors, S. et al. Fatty acid carbon is essential for dNTP synthesis in endothelial cells. Nature 520, 192–197 (2015).
	35.	 Tan, Z. et al. Targeting CPT1A-mediated fatty acid oxidation sensitizes nasopharyngeal carcinoma to radiation therapy. Theranostics 

8, 2329–2347 (2018).
	36.	 Gupta, R., Ambasta, R. K. & Pravir, K. Autophagy and apoptosis cascade: which is more prominent in neuronal death?. Cell. Mol. 

Life Sci. CMLS 78, 8001–8047 (2021).
	37.	 Edlich, F. BCL-2 proteins and apoptosis: Recent insights and unknowns. Biochem. Biophys. Res. Commun. 500, 26–34 (2018).
	38.	 Peña-Blanco, A. & García-Sáez, A. J. Bax, Bak and beyond—Mitochondrial performance in apoptosis. FEBS J. 285, 416–431 (2018).
	39.	 Jiang, M., Qi, L., Li, L. & Li, Y. The caspase-3/GSDME signal pathway as a switch between apoptosis and pyroptosis in cancer. Cell 

Death Discov. 6, 112 (2020).
	40.	 Li, W. et al. Oxaloacetate acid ameliorates paraquat-induced acute lung injury by alleviating oxidative stress and mitochondrial 

dysfunction. Front. Pharmacol. 13, 1029775 (2022).
	41.	 Long, G., Gong, R., Wang, Q., Zhang, D. & Huang, C. Role of released mitochondrial DNA in acute lung injury. Front. Immunol. 

13, 973089 (2022).
	42.	 Ning, L. et al. A novel mechanism for the protection against acute lung injury by melatonin: mitochondrial quality control of lung 

epithelial cells is preserved through SIRT3-dependent deacetylation of SOD2. Cell. Mol. Life Sci. CMLS 79, 610 (2022).
	43.	 Huang, X. T. et al. Galectin-1 ameliorates lipopolysaccharide-induced acute lung injury via AMPK-Nrf2 pathway in mice. Free 

Radic. Biol. Med. 146, 222–233 (2020).
	44.	 Yan, S. et al. The mTORC1 signaling support cellular metabolism to dictate decidual NK Cells Function in early pregnancy. Front. 

Immunol. 13, 771732 (2022).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (82100084) and the science and 
technology innovation program of Hunan province (2022WZ1033).

Author contributions
X.T.H. and G.Y.W. conceived and designed the experiments. G.Y.W., D.Y.X., and L.D. performed the experiments. 
G.Y.W. and D.Y.X. analyzed the data. X.X. and W.L. contributed reagents/materials/analysis tools. G.Y.W. wrote 
the paper. X.X., D.Y.X., L.D., W.L., and X.T.H. critically reviewed the manuscript. All authors had final approval 
of the submitted versions.

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-​024-​52042-2.

Correspondence and requests for materials should be addressed to X.-T.H.

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) 2024

https://doi.org/10.1172/JCI140695
https://doi.org/10.1038/s41598-024-52042-2
https://doi.org/10.1038/s41598-024-52042-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	CPT1A as a potential therapeutic target for lipopolysaccharide-induced acute lung injury in mice
	Results
	CPT1A overexpression alleviated lung injury and suppressed the inflammatory response in lung tissue of ALI mice induced by LPS
	CPT1A overexpression decreased cell apoptosis in the lungs of ALI mice
	Blocking CPT1A with etomoxir augmented inflammatory responses and lung injury in ALI mice
	Overexpression of CPT1A protected MLE12 cells against LPS-induced apoptosis in vitro
	CPT1A overexpression mitigated mitochondrial dysfunction and restored FAO in lung tissue of ALI mice and LPS-treated MLE12 cells

	Discussion
	Methods
	Ethics statement
	Animal and experimental model
	Histological analysis
	Lung wet-to-dry ratio
	Collection and analysis of BALF
	Immunofluorescence
	Cell culture and treatments
	Enzyme-linked immunosorbent assay (ELISA)
	Quantitative RT-PCR (qPCR)
	The caspase-3 activity detection
	Western blot analysis
	Cell apoptosis detection
	Mitochondrial DNA copy number determination
	ATP content detection
	OCR analysis
	Statistical analysis

	References
	Acknowledgements


