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Acute lung injury (ALI) is the primary cause of death among patients with acute paraquat (PQ) poisoning, whereby peroxidative damage is an important mechanism underlying PQ-induced lung injury. There is a lack of effective interventional drugs for patients with PQ poisoning. Oxaloacetic acid (OAA) participates in multiple in vivo metabolic processes, whereby it facilitates the clearance of reactive oxygen species (ROS) and improves mitochondrial function. The study aimed to assess the protective effects of OAA on PQ-induced ALI and elucidate the underlying molecular mechanism. Our data demonstrated that OAA treatment significantly alleviated PQ-induced ALI and improved the survival rate of PQ-poisoned mice, and also alleviated PQ-induced cellular oxidative stress and mitochondrial dysfunction. OAA-mediated alleviation of PQ-induced mitochondrial dysfunction depends on the following mechanisms which may explain the above findings: 1) OAA effectively cleared intracellular ROS, inhibited ROS accumulation, and mitochondrial depolarization; 2) OAA inhibited the downregulation of L-OPA1 and MFN2 caused by PQ and promoted a dynamic balance of mitochondrial fusion and fission, and 3) the expression of PGC-1α, TFAM, COX2, and COX4I1, increased significantly following OAA intervention which improved mitochondrial respiratory functions and promoted its biogenesis and energy metabolism in damaged cells. In conclusion, OAA effectively cleared ROS and improved mitochondrial dysfunction, thereby significantly improving ALI caused by PQ poisoning and the animal survival rate. Therefore, OAA may be a potential drug for the treatment of PQ poisoning.
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1 INTRODUCTION
Paraquat (PQ), a bipyridine heterocyclic compound, is a water-soluble herbicide (Supplementary Material A1). It is widely used in agriculture worldwide owing to its high weed control efficiency, limited environmental pollution, and low price (Gil et al., 2014). However, PQ is extremely toxic to humans and animals. PQ poisoning progresses rapidly and is associated with a high mortality rate (Zyoud, 2018). PQ poisoning causes injuries to multiple organs of the body, with the lungs being the main target. PQ actively accumulates in the alveolar epithelial cells through the polyamine uptake system, resulting in the concentration of PQ in lung tissues, which is 6–10 times higher than that in the plasma (Dinis-Oliveira et al., 2008; Dong et al., 2016). Consequently, PQ poisoning can lead to acute lung injury (ALI) and irreversible pulmonary fibrosis in the early and later stages, respectively, ultimately resulting in respiratory failure which is the major cause of death among these patients (Weng et al., 2013).
The mechanism underlying ALI due to PQ poisoning remains largely unclear; however, peroxidative damage is considered to be the key initiating factor for PQ-induced lung injury (Blanco-Ayala et al., 2014). In the cell, PQ2+ transfers electrons to O2 via repeated cycles of acquisition, resulting in the formation of O2− and overproduction of reactive oxygen species (ROS). It induces cellular peroxidative damage and promotes inflammatory responses and apoptosis. Mitochondria are the most important source of intracellular ROS, and mitochondrial dysfunction plays a significant role in the pathogenesis of PQ poisoning (Liao et al., 2017). Effective interventional drugs for alleviating PQ-induced mitochondrial dysfunction and peroxidative damage are lacking.
Oxaloacetic acid (OAA), a dihydroxy acid (Supplementary Material SA2), is an important metabolic intermediate that participates in several metabolic and energy production pathways, including the citric acid cycle, gluconeogenesis, and glycolic acid cycle. OAA reportedly supports glycolysis and respiratory flux and promotes biogenesis in neuronal cells (Wilkins et al., 2016) and mitochondrial biogenesis in the mouse brain (Wilkins et al., 2014). OAA also alleviates oxidative stress. OAA prevents oxidative damage by clearing ROS in hepatocytes and maintaining the normal mitochondrial structure (Kuang et al., 2018). It also prevents alterations in cellular metabolism by inhibiting hydrogen peroxide (Long and Halliwell, 2012). Thus, OAA contributes to improving mitochondrial function, promoting biogenesis and energy metabolism, and alleviating peroxidative damage, thus implicating it as a potential interventional drug for the treatment of PQ poisoning.
In this study, we used C57BL/6J mice and human normal lung epithelial line BEAS-2B cells (B2B) to establish a PQ-induced lung injury model for investigating the role and mechanism of OAA in PQ-induced ALI.
2 MATERIALS AND METHODS
2.1 Animals
Male C57BL/6J mice (weight 20–25 g, 7–8 weeks) were provided by the Animal Experimental Center of Wenzhou Medical University (Wenzhou, China). Mice were housed in SPF with a 12-h light-dark cycle and were allowed free access to food and water. All animal experimental procedures were approved by the Laboratory Animal Ethics Committee of Wenzhou Medical University and Laboratory Animal Centre of Wenzhou Medical University (Wenzhou, China).
Mice were randomly divided into four groups with six in each group: 1) control group, mice received saline solution; 2) PQ group, mice received PQ (50 mg/kg); 3) protection group, OAA (10 mM, 10 mg/kg) was intraperitoneal injection into mice for three consecutive days, and PQ (50 mg/kg) was injected 1 h after the last day of OAA administration; 4) OAA group, mice received OAA (10mM, 10 mg/kg) for three consecutive days. The model was produced by intraperitoneal injection. The mice were killed at 48 h after PQ injection, and their serum, lung tissues, alveolar lavage fluid were collected for further analyses.
For survival analysis, four groups were included with 10 mice in each group as follows: 1) control group, mice received saline solution; 2) PQ group, mice received PQ (70 mg/kg); 3) protection group, a single dose of OAA (10 mM, 10 mg/kg) administered intraperitoneally for three consecutive days, and the last day administered 1 h before PQ (70 mg/kg) injection; 4) OAA group, mice received OAA (10 mM, 10 mg/kg) for three consecutive days. The death of mice in four groups was monitored within 24 h after PQ injection.
2.2 Wet/dry weight ratio
The right middle lobe lung tissues was excised and the wet weight was determined. Then the lung tissues were heated at 60°C for 48 h and the dry weight was determined. The lung wet/dry weight ratio was calculated to reflect the edema of lung tissue.
2.3 Histopathological evaluation staining
The left lung tissues were collected and fixed with 4% formaldehyde for 48 h. The tissues were embedded in paraffin wax and cut into 5 μm thick sections, and then stained with hematoxylin and eosin according to the manufacturer’s instructions (Solarbio, Beijing, China). The lung injury score was calculated according to the previously reported methods (Liu et al., 2013; Shen et al., 2017).
2.4 Determination of SOD, MDA, MPO, and inflammatory cytokines
The activity of SOD, the content of MDA and the activity of MPO in lung was calculated according to the manufacturer’s instructions (Nanjing Jiancheng, Nanjing, China). The content of IL-6 in BALF was determined by ELISA kits (Multi Sciences, Hangzhou, China).
2.5 TUNEL assay
The apoptosis of lung tissues in situ was determined according to the instructions of TUNEL assay kit (Roche, Indianapolis, IN, United States). The cell nuclei were stained with DAPI (Beyotim Biotechnology), and then the fluorescence microscope was used for visualization.
2.6 B2B cell culture and treatment
Human normal lung epithelial line BEAS-2B cells (B2B) were purchased from American Type Culture Collection, and cultured in DMEM (Gibco, Grand Island, NY, United States) containing 10% fetal bovine serum (Gibco) with 5% CO2 at 37°C. B2B cells were treated with different concentration of PQ (0, 200, 400, 800 and 1,600 μM) for 48 h. The results showed that cell viability was decreased in a dose-dependent manner and the dose of 400 μM was selected for subsequent experiments (Supplementary Material SB1). Next, cells were treated with different concentration of OAA (0, 2.5, 5, 10, 20 mM) and stimulated with 400 μM PQ for 48 h. We found that OAA was optimal in inhibiting PQ toxicity at a concentration of 5 mM (Supplementary Material SB2). Therefore, the concentration of 5 mM OAA was selected.
The cells were divided into the following five groups: 1) control group, the B2B cells were treated with culture medium for 48 h; 2) PQ group, the B2B cells were stimulated with PQ (400 μM) alone for 48 h; 3) protection group, the B2B cells were incubated with OAA (5 mM) and PQ (400 μM) for 48 h; 4) OAA group, the B2B cells were treated with OAA (5 mM) alone for 48 h.
2.7 Cell viability
The Cell Counting Kit-8 (CCK-8) assay (HY-K0301, MedChemExpress) was used to detect cell viability. 10 μL CCK-8 was added to each well, then cultured in incubator for 2 h and the absorbance was measured by a microplate reader at 450 nm.
2.8 Cell apoptosis
Cell apoptosis was determined by an Annexin V-FITC/PI apoptosis detection kit (Beyotim Biotechnology). Briefly, the cells were resuspended in 195 μL of binding buffer, and stained with 5 μL Annexin V-FITC and 10 μL propidium iodide (PI), then incubated at room temperature for 15 min in the dark. The cell apoptosis was determined by flow cytometry.
2.9 Measurement of intracellular reactive oxygen species levels
The intracellular ROS levels were determined according to the instructions of the Reactive Oxygen Species Assay Kit (Beyotim Biotechnology). Briefly, cells were incubated with DCFH-DA for 20 min in the dark at 37°C and then analyzed by flow cytometry.
2.10 Measurement of mitochondrial membrane potential
Mitochondrial membrane potential (MMP) was studied with the JC-1 probe, and determined by mitochondrial membrane potential assay kit (Beyotim Biotechnology). Briefly, cells were incubated with an equal volume of a JC-1 working solution for 20 min in the dark at 37°C and measured by flow cytometry. The ratio of JC-1 monomer to aggregate indirectly reflected the MMP.
2.11 MitoTracker red staining
The changes in mitochondrial dynamics were detected by using MitoTracker Red CMXRos in B2B cells. After treatment with PQ or OAA for 48 h, cells were incubated with 100 nM MitoTracker Red (#9082, Cell Signaling Technology) for 30 min at 37°C. Then, cells were fixed with 4% paraformaldehyde for 10 min at −20°C and the nuclei were stained with DAPI (Beyotim Biotechnology), Finally, subsequent images were obtained by fluorescence microscope.
2.12 Cell metabolic ability assay
The oxygen consumption rate (OCR) was measured according to the instructions of Seahorse extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, United States). Briefly, B2B cells were seeded into 96-well Seahorse XF plates, and sequentially injected oligomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) and Rotenone and Antimycin according to manufacturer’s instructions. Then, mitochondrial respiration parameters were calculated based on oxygen consumption.
2.13 Real-time PCR analysis
The total RNA of B2B cells was extracted according to the instructions of the RNA kits (Tiangen Biotech, Beijing, China). Then the RNA was used to synthesize the cDNA by reverse transcription kit (Thermo Scientific, United States). Subsequently, SYBR Premix Ex Taq II (Bio-red, United States) was used for real-time PCR. The following primers were used in our study: TFAM, F 5'-TTC​CAA​GAA​GCT​AAG​GGT​GAT​T-3' and R 5'-AGA​AGA​TCC​TTT​CGT​CCA​ACT​T-3'; PGC-1, F 5'-CAG​AGA​GTA​TGA​GAA​GCG​AGA​G-3' and R 5'-AGC​ATC​ACA​GGT​ATA​ACG​GTA​G-3'; COX4l1, F 5'-CCA​GAA​GGC​ATT​GAA​GGA​GAA​GGA​G-3' and R 5'-CCA​CAA​CCG​TCT​TCC​ACT​CGT​TC-3'; COX2, F 5'-CGC​ATC​CTT​TAC​ATA​ACA​GAC​G-3' and R 5'- TAG​GAG​TTG​AAG​ATT​AGT​CCG​C-3' (Sandon Biotech, Shanghai, China). PCR conditions were 1min at 95°C, followed by 40 cycles of 10 s at 95°C and 30 s at 60°C.
2.14 Western blotting analysis
The protein of lung tissue or cells were extracted by lysis buffer (Solarbio). The protein samples (30 ug) were separated by using 12% SDS-PAGE gels and then transferred to polyvinylidene fluoride membranes (Sigma, Shanghai, China). Membranes were blocked for 10 min at room temperature with 5% BSA blocking buffer (Shanghai Yamei, Shanghai, China) and incubated for 24 h at 4°C with primary antibody. Subsequent, membranes were washed with Tris-buffered saline containing Tween 20 (Solarbio, Beijing, China) at least 3 times and were incubated for 1 h at room temperature with HRP-conjugated secondary antibodies (1:5,000 dilution, Beyotim Biotechnology, Shanghai, China). After washing 3 times, immunoreactivity was visualized by Chemiluminescent Substrate (Thermo Scientific, United States). The following primary antibody were used: OPA1 antibody (1:1,000, 80471, Cell Signaling Technology, United States), MFN2 antibody (1:1,000, ab56889, abcam, England), CHOP antibody (1:1,000, 15204-1-AP, proteintech, China), TFAM antibody (1:1,000, 8,076, Cell Signaling Technology), Bcl-2 antibody (1:2000, ab182858, abcam), Bax antibody (1:1,000, ab32503, abcam), Cleaved-caspase-3 antibody (1:500, ab32042, abcam), Caspase3 antibody (1:1,000, 14220, Cell Signaling Technology) and β-action (1:5,000, 20536-1-AP, proteintech).
2.15 Statistical analysis
Experimental data were performed by GraphPad Prism 9 software and presented as mean ± standard deviation (SD). All experiments were performed at least in triplicate tests. All statistical analyses were performed using t-test to compare the averages between the two groups. The level of statistically significant was set at p < 0.05.
3 RESULTS
3.1 Oxaloacetic acid prolongs mice survival following paraquat poisoning
To investigate the protective effects of OAA, we examined the survival rate and the status of mice after PQ poisoning and OAA treatment. As shown in Figure 1A, 24 h post-PQ and OAA treatment, the survival rate of the protection group mice was nearly 66.7%, which was significantly higher than that in the PQ group (33.3%, p < 0.05). The state of mice in the PQ group was worse than that in the protection group, evidenced by the loss of hair luster, a distinct reduction in activity, and an increased respiratory rate. These results suggested that OAA significantly improved survival and alleviated the state of mice following PQ poisoning.
[image: Figure 1]FIGURE 1 | Protective effect of OAA in mice after PQ poisoning. (A) Kaplan-Meier survival curve. (B) The lung W/D ratio. (C) Lung injury score. (D) HE staining of mice lung tissue ( × 200). Data are presented as mean ± SD (n = 6). *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001. PQ, paraquat; OAA, oxaloacetate acid.
3.2 Oxaloacetic acid reduces the wet/dry weight ratio of mice lungs after paraquat poisoning
The wet/dry (W/D) weight ratio of mice lungs is considered an important indicator for evaluating lung edema. As shown in Figure 1B, the 48 h of PQ treatment caused a significant increase in the W/D ratio as compared to the control and OAA groups (p < 0.05). However, OAA intervention resulted in a significant decrease in the W/D ratio of lungs in mice after PQ poisoning (p < 0.05). These results suggested that OAA treatment alleviated PQ-induced lung edema.
3.3 Oxaloacetic acid alleviates paraquat-induced histopathological damage in lungs tissues of mice
To examine the severity of lung injury, HE staining was performed on day 2 after PQ poisoning. As shown in Figure 1D, the structures were normal without signs of inflammation in the control and OAA groups. In contrast, the application of PQ alone caused a markedly high inflammatory cell infiltration and obvious interstitial inflammation. The administration of OAA significantly alleviated PQ-induced inflammatory reactions. The pathological score of lung injury in the PQ group was significantly higher than those in the control and OAA groups (p < 0.05), whereas, the protection group showed a relatively lower pathological score (Figure 1C, p < 0.05). These results suggested that OAA treatment reduced PQ-induced histopathological damage to lung tissues.
3.4 Oxaloacetic acid inhibits paraquat-induced oxidative stress and inflammation factors in mice
To investigate the effects of OAA on oxidative stress and inflammation factors after PQ poisoning, the contents of SOD, MDA, and MPO were assessed in the mice lungs and that of IL-6 in the bronchoalveolar lavage fluid (BALF). As shown in Figures 2A,B, the content of SOD with anti-oxidative bioactivity decreased significantly in mice lungs in the PQ group as compared to the control and OAA groups (p < 0.05), whereas MDA levels with lipid peroxidation bioactivity increased significantly (p < 0.05). After OAA treatment, the levels of SOD increased significantly while those of MDA decreased significantly as compared to the PQ group (p < 0.05). As shown in Figures 2C,D, compared to the PQ group, the levels of MPO in the lungs and those of IL-6 in BALF increased significantly in the control and OAA groups (p < 0.05) but decreased significantly in the protection group (p < 0.05). These results indicated that OAA treatment inhibited PQ-induced oxidative stress and inflammation in vivo.
[image: Figure 2]FIGURE 2 | OAA alleviates oxidative stress, inflammation factor and apoptosis in mice after PQ poisoning. (A) SOD activity in mice lungs. (B) MDA levels in mice lungs. (C) MPO activity in mice lungs. (D) IL-6 levels in BALF. (E) Representative images of TUNEL staining (green) and DAPI staining (blue) ( × 200). Data are presented as mean ± SD (n = 6). *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001. PQ, paraquat; OAA, oxaloacetate acid; BALF, bronchoalveolar lavage fluid.
3.5 Oxaloacetic acid inhibits paraquat-induced apoptosis in lungs tissues of mice
We examined apoptosis and DNA damage in lung tissues by TUNEL staining assay. Figure 2E shows that PQ exposure dramatically elevated apoptosis and DNA damage relative to the control and OAA groups (p < 0.05). However, OAA treatment after PQ poisoning significantly reduced the number of TUNEL-positive lung cells as compared to those in the PQ group (p < 0.05). The above-mentioned results indicated that OAA could inhibit PQ-induced apoptosis.
3.6 Protective effects of oxaloacetic acid on paraquat-induced damage in B2B cells
To further confirm the protective effects of OAA in B2B cells, the cell viability was assessed using the CCK-8 kit and Annexin V/PI assay. As shown in Figure 3A, after PQ exposure, the viability of cells decreased significantly as compared to those in the control and OAA groups (p < 0.05). However, it increased significantly after co-treatment with OAA and PQ as compared to stimulation with PQ alone (p < 0.05). The cellular state was examined under an optical microscope. As shown in Figure 3B, the number of B2B cells reduced following PQ treatment, and their morphology was altered; however, this change was attenuated after OAA intervention. As shown in Figures 3C,D, the Annexin V/PI assay revealed that the number of apoptotic cells in the PQ group was higher than those in the control and OAA groups (p < 0.05) and decreased significantly following OAA treatment (p < 0.05).
[image: Figure 3]FIGURE 3 | OAA alleviates PQ-induced cytotoxicity, apoptosis and oxidative stress in B2B cells. (A) The cell viability was evaluated by CCK-8 assay. (B) Morphological changes of B2B cells under the optical microscope. (C,D) Cell apoptosis was detected by flow cytometry. (E) Intracellular ROS levels was measured by flow cytometry. (F,G) The expression levels of CHOP protein was detected by WB assay. (H–J) The expression levels of Bcl2, Bax, Caspase-3 and Cleaved Caspase-3 protein was detected by WB assay. Data are presented as mean ± SD (n = 3). *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001. PQ, paraquat; OAA, oxaloacetate acid.
3.7 Oxaloacetic acid reduces reactive oxygen species generation and alleviates mitochondrial-dependent apoptosis induced by paraquat in B2B cells
Oxidative stress may be the main cause of PQ-induced ALI; thus, we examined intracellular ROS levels in B2B cells. As shown in Figure 3E, intracellular ROS levels were significantly high in the PQ group relative to the control and OAA groups (p < 0.05); these levels were markedly lower in the protection group as compared to the PQ group (p < 0.05).
ROS overproduction can lead to mitochondrial-dependent apoptosis (Bock and Tait, 2020); therefore, we further examined apoptosis by WB assay (Figures 3H–J). These results demonstrated that the ratio of protein expression of proapoptotic–Bax and anti-apoptotic–Bcl-2 decreased significantly in the protection group as compared to the PQ group (p < 0.05). The expression of proapoptotic protein–cleaved Caspase-3 (CC3) also decreased significantly in the protection group (p < 0.05). CHOP has been previously reported as a crucial upstream transcription factor regulating the expression of the Bcl-2 family of proteins (Hu et al., 2018). Thus we examined CHOP expression in B2B cells by WB assay (Figures 3F,G). PQ treatment significantly promoted the protein expression of CHOP (p < 0.05), which decreased following OAA treatment (p < 0.05). These results suggested that PQ enhanced ROS generation and activated the mitochondrial-dependent apoptotic pathway; however, these effects were inhibited following OAA treatment.
3.8 Oxaloacetic acid alleviates paraquat-induced mitochondrial depolarization in B2B cells
Mitochondrial membrane potential (MMP) reflects the functional status of mitochondria and is linked to ATP production. To investigate the mechanisms underlying the protective effects of OAA, we measured the MMP by JC-1. JC-1 aggregation implies a high MMP, whereas its presence as monomers indicates a low MMP. As shown in Figures 4 A,B, relative to the control and OAA groups, MMP decreased significantly when the cells were exposed to PQ alone (p < 0.05). However, it increased significantly following OAA treatment (p < 0.05). These results suggested that OAA alleviated PQ-induced MMP decline and mitochondrial depolarization.
[image: Figure 4]FIGURE 4 | OAA improves PQ-induced mitochondrial function in B2B cells. (A,B) After JC-1 staining, MMP was determined by flow cytometry. (C–E) The expression levels of L-OPA1, S-OPA1 and MFN2 protein was detected by WB assay. (F) After MitoTracker staining, the changes in mitochondrial dynamics were detected by immunofluorescence. Mitochondrial stained with MitoTracker (red) and nuclei were stained with DAPI (blue). Data are presented as mean ± SD (n = 3). *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001. PQ, paraquat; OAA, oxaloacetate acid; mito, mitochondrial.
3.9 Oxaloacetic acid promotes mitochondrial dynamics in B2B cells
Mitochondrial dynamics maintain their physiological functions (Mishra and Chan, 2014; Persad and Lopaschuk, 2022), and abnormalities herein may lead to cell death due to mitochondrial damage. To further examine whether OAA could promote mitochondrial fusion to maintain mitochondrial dynamics, we performed WB and MitoTracker Red assay. As shown in Figures 4C–E, the expressions of mitochondrial fusion-related protein, long OPA1 (L-OPA1), and fusion-promoting protein, MFN2, decreased significantly in the PQ group as compared to the control and OAA groups (p < 0.05). After treatment with OAA, the levels of L-OPA1 and MFN2 expression increased significantly (p < 0.05). The results of the MitoTracker assay revealed that after PQ exposure, the normal mitochondrial morphology was lost and these were fragmented. OAA treatment alleviated the above effects of PQ (Figure 4F). These results suggested that PQ caused an imbalance between mitochondrial fission and fusion, and OAA effectively promoted normal mitochondrial fission and fusion.
3.10 Oxaloacetic acid promotes mitochondrial biogenesis and alleviates mitochondrial respiratory dysfunction induced by paraquat in B2B cells
To further elucidate the mechanism underlying OAA-mediated alleviation of PQ-induced ALI, we assessed mitochondrial biogenesis and respiration functions by WB, real-time PCR, and mitochondrial stress assay. As shown in Figures A–C, the levels of protein and mRNA expression of the mitochondrial biogenesis biomarker, TFAM, were elevated significantly in the protection group as compared to the PQ group (p < 0.05). Similarly, mitochondrial biogenesis-related mRNA expression of PGC-1α, COX4I1, and COX2 increased significantly in the protection group as compared to the PQ group (Figure 5D, p < 0.05). Moreover, the mitochondrial oxygen consumption rate (OCR) was assessed (Figures 5E,F). The results demonstrated that PQ caused a significant decrease in the maximal respiration and spare respiration capacities, while OAA alleviated mitochondrial respiratory dysfunction by increasing maximal respiration and spare respiration capacities (Figures 5G,H, p < 0.05). These results suggested that PQ disrupted mitochondrial biogenesis and mitochondrial respiratory function, while OAA intervention alleviated the above symptoms.
[image: Figure 5]FIGURE 5 | OAA promotes mitochondrial biogenesis and alleviates mitochondrial respiration dysfunction caused by PQ in B2B cells. (A,B) The expression levels of TFAM protein was detected by WB assay. (C,D) The mRNA expression levels of TFAM, PGC-1α, COX4l1, and COX2 was detected by real-time PCR assay. (E,F) OCR was detected by mitochondrial stress assay. (G,H) Maximal respiration and spare respiration capacity were calculated after oligomycin and FCCP treatment. Data are presented as mean ± SD (n = 3). *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001. PQ, paraquat; OAA, oxaloacetate acid; OCR: oxygen consumption rate; FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone.
4 DISCUSSION
To date, an effective intervention drug for the treatment of PQ poisoning is lacking. In our study, OAA was found to effectively reduce mortality and improve lung injury following PQ poisoning in mice. This protective effect could be attributed to the fact that OAA inhibited the production of cellular ROS, promoted the maintenance of mitochondrial dynamics, and regulated mitochondrial biogenesis and energy metabolism. It effectively alleviated PQ-induced oxidative stress and mitochondrial dysfunction. This study is the first to describe the protective role and the mechanism underlying the antagonizing effects of the endogenous metabolite, OAA, in ALI following PQ poisoning. The findings provide new ideas for identifying clinical therapeutic drugs for the treatment of PQ poisoning.
The mechanisms of PQ-induced lung injury are complex and diverse, and several reports demonstrated that mitochondrial dysfunction is one of the most important mechanism of PQ toxicity (Witschi et al., 1977; Wang et al., 2018; Bora et al., 2021). The specific mechanism of mitochondrial damage by PQ exposure remains unclear, however, the following aspects have been reported: 1) oxidative stress: PQ can cause cellular oxidative stress and oxidative damage through the production of excessive ROS, consequently leading to mitochondrial dysfunction (He et al., 2016; Zhang et al., 2021). This is consistent with our findings which showed that PQ increased oxidative stress and inflammatory factors to promote apoptosis in vivo, while in vitro, PQ exposure led to ROS production and induced mitochondrial-mediated apoptosis, herein. 2) Altered MMP: ROS interacts with the mitochondrial membrane components to alter mitochondrial permeability and decrease MMP (Chen et al., 2012; Chowdhury et al., 2020), which breaks the balance of apoptosis regulating proteins (Bax/Bcl-2) and induces apoptosis (Fei and Ethell, 2008; Zhang et al., 2019). It is reported that PQ decreased MMP in rat lungs and mitochondrial-mediated apoptosis in A549 cells (Cui et al., 2019; Zhang et al., 2020; Zhang et al., 2021). Our findings revealed that PQ caused an increase in ROS production, enhanced the Bax/Bcl-2 ratio and altered MMP. Meanwhile, PQ also caused an increase in the levels of CHOP, an upstream transcription factor of the Bcl-2 protein family, thus exacerbating the Bax/Bcl-2 ratio, which in turn reduced the MMP. 3) Disruption of mitochondrial dynamics: mitochondrial dynamics include mitochondrial fusion and fission, whereby the former is mediated by optic atrophy 1 (OPA1) and mitofusin 2 (MFN2). Studies have shown that ROS-mediated mitochondrial fission lead to PQ-induced neuronal cell injury (Chen et al., 2021). Promoting MFN2-mediated mitochondrial fusion protects against PQ-induced lung epithelial cell injury (Liu et al., 2022). Our findings confirmed that PQ downregulated the protein expression of long-chain OPA1 and MFN2, thereby inhibiting mitochondrial fusion. 4) Inhibited mitochondrial biogenesis and energy metabolism: The process of mitochondrial biogenesis is complex and involves multiple mitochondrial and nuclear proteins (Zhu et al., 2013). The peroxisome value-added substance-activated receptor-γ coactivator (PGC-1α) initiates mitochondrial biogenesis (Rius-Perez et al., 2020) and further stimulate mitochondrial transcription factor A (TFAM), responsible for mitochondrial DNA transcription, replication, and stabilization (Gleyzer et al., 2005; Scarpulla et al., 2012). And the mitochondrial electron transport chain, consisting of complexes I–IV (COXI-IV), is the basis of ATP production (Czerniczyniec et al., 2015). Our findings showed that PQ inhibited the expression of TFAM, PGC-1α, COX2, and COX4I1 and suppressed mitochondrial respiratory function, leading to mitochondrial damage.
Oxaloacetate (OAA) is an endogenous metabolic intermediate involved in several metabolic processes, as an example OAA is produced from malic acid catalyzed by malate dehydrogenase, and then OAA is condensed with acetyl coenzyme A to produces citric acid, thus potentially stimulating glycolytic flux and increasing mitochondrial mass (Hsu et al., 2022). OAA is closely related to mitochondrial function. It exerts antagonistic effects on oxidative stress, promotes biogenesis and energy metabolism, and enhances mitochondrial energy flux (Wilkins et al., 2014; Jiao et al., 2017; Kuang et al., 2018; Merlen et al., 2019). However, the role and mechanism of OAA in ALI following PQ exposure remain unclear. Several studies have shown that OAA metabolism is associated with the production of NADPH (Abrego et al., 2017; Ma et al., 2022), which can act as a ROS scavenger (Ito et al., 2021), and this may be related to OAA antagonism of oxidative stress caused by PQ. In our study, OAA was found to exert protective effects on PQ-induced lung injury, possibly through inhibited oxidative stress and improved mitochondrial function. On the one hand, OAA reduced intracellular ROS levels after PQ treatment, increased the Bax/Bcl-2 ratio and Cleaved Caspase-3 protein expression, and inhibited mitochondria-mediated apoptosis, indicating that improvement in oxidative stress and inhibition of apoptosis and cell injury. On the other hand, OAA increased MMP after PQ treatment, thus inhibiting mitochondrial damage, upregulating L-OPA1 and MFN2 expression to promote mitochondrial fusion, upregulating the levels of TFAM, PGC-1α, COX2, and COX4I1, and increasing maximal and spare respiratory capacities to promote mitochondrial biogenesis and energy metabolism, indicating improved mitochondrial function and alleviation of PQ induced cellular damage.
In conclusion, OAA could clear intracellular ROS, reduce intracellular oxidative stress, maintain mitochondrial homeostasis, regulate mitochondrial biogenesis and energy metabolism, and improve mitochondrial dysfunction. OAA plays an important role in alleviating ALI due to PQ poisoning.
5 CONCLUSION
In summary, although the specific mechanism underlying PQ-induced lung injury is unclear, it is generally accepted that oxidative stress worsens it. In this study, OAA was found to exert a significant protective effect on PQ poisoning-induced ALI. This effect was attributed to the fact that OAA could effectively alleviate PQ-induced mitochondrial damage and dysfunction. First, OAA could clear ROS and attenuate oxidative stress and mitochondrial polarization. Second, OAA promoted mitochondrial fusion and its dynamic balance by upregulating L-OPA1 and MFN2 levels. Finally, OAA also improved mitochondrial biogenesis and energy metabolism by upregulating TFAM, PGC-1α, COX2, and COX4I2. Therefore, OAA is expected to be an effective drug for ROS clearance and improving mitochondrial function in PQ-induced ALI.
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