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Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy characterized by pronounced placental oxidative stress and inflammatory damage. However, the contribution of mitophagy to inflammation-induced placental injury in PE remains unclear. 





Methods

Human placenta samples were collected from 15 normal pregnant women and 15 preeclampsia pregnant women. Protein expression was analyzed by western blotting, while immunofluorescence staining was employed to localize inflammatory mediators. Mitochondrial reactive oxygen species were quantified using MitoSOX. The concentrations of pro-inflammatory cytokines were quantified using ELISA, and ultrastructural alterations were evaluated by transmission electron microscopy. To investigate molecular mechanisms in vivo, a PE mouse model was established via daily subcutaneous administration of L-NAME, followed by tail vein delivery of AAV9 carrying shRNA for targeted gene knockdown. 





Results

In this study, we demonstrate that BNIP3-mediated mitophagy and NLRP1 inflammasome activation occur in an L-NAME-induced PE mouse model and human PE placenta. The results also indicate that knockdown of BNIP3 abolishes mitophagy and NLRP1 inflammasome activation in JEG3 cells in H/R condition, suggesting a positive regulatory role for the BNIP3 in controlling mitophagy and NLRP1-dependent inflammation. Furthermore, silencing BNIP3 leads to a significant reduction in mitochondrial damage and mtROS production. Treatment with MitoTEMPO after BNIP3 silencing further decreases the expression of NLRP1, while overexpression of NLRP1 nullifies the impact of BNIP3 knockdown. Additionally, knockdown of BNIP3 alleviates placental injury in the PE mouse model. 





Discussion

These findings reveal a novel mechanism through which BNIP3-mediated mitophagy exacerbates H/R-induced placental injury by inducing mtROS production and activating the NLRP1 inflammasome in PE.
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1 Introduction

Preeclampsia (PE), characterized by hypertensive disorders during pregnancy, is a significant contributor to maternal and fetal morbidity and mortality, affecting around 5% to 7% of all pregnant women globally each year (1). Formally defined as the new onset of hypertension accompanied by new-onset proteinuria, PE is often accompanied by other clinical symptoms such as pulmonary edema, liver injury, thrombocytopenia, renal insufficiency, brain dysfunction or visual disturbances (2). Due to the limited understanding of the etiology of PE, there is a scarcity of effective preventive and treatment strategies (3). At the forefront of the maternal-fetal interface, placental insufficiency caused by inadequate remodeling of the maternal vasculature perfusing the intervillous space plays a pivotal role in the development of this syndrome (4). Furthermore, oxidative stress injury in trophoblasts plays a significant role in placental physiology and trophoblast dysfunction (5, 6). Oxidative damage resulting from placental ischemia and hypoxia triggers inflammation and apoptosis (6, 7). Inflammasomes serve as the primary source of inflammatory cytokine release. Nod-like receptor (NLR) family member pyrin domain containing 1 (NLRP1) is an intracellular multimeric protein complex that initiates inflammatory responses through its association with Caspase-1 and ASC (apoptosis-associated speck-like protein containing a CARD) (8).

The NLRP1 inflammasome is an intracellular multimeric protein complex that initiates inflammatory responses and cell death, including pyroptosis and apoptosis, by activating its effector Caspase-1 (9). Numerous studies have demonstrated an upregulation of NLRP1 and Caspase-1 in the placenta of preeclampsia, suggesting that the NLRP1 inflammasome mediates inflammatory responses and contributes to placental injury in preeclampsia (10–12).

Recent studies have demonstrated that mitochondria play a pivotal role in the activation of inflammasomes (13–15). As the primary site of ROS production, mitochondrial homeostasis is intricately linked to inflammasome activation. Mitophagy, a form of selective autophagy, functions to eliminate damaged mitochondria, thus preventing the excessive accumulation of dysfunctional mitochondria, reducing excess ROS, and maintaining normal cellular function.

Mitophagy primarily operates through two mechanisms: the canonical PINK1-PARKIN pathway, which does not involve receptors, and the non-canonical pathway mediated by receptors (16). Under hypoxic conditions, the process is mainly regulated by the interaction between BCL-2 and adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) or its homolog, BNIP3-like (BNIP3L), which directly bind to LC3B to facilitate mitophagy. Notably, BNIP3 has been identified as a crucial component in this process, with HIF-1α serving as an upstream regulator of BNIP3 (17).

Our previous research has demonstrated that excessive BNIP3-mediated mitophagy can induce apoptosis of trophoblasts in the placenta in cases of preeclampsia (PE) (18). While studies have suggested a connection between mitophagy and inflammation triggered by the NLRP3 inflammasome (13), the impact of BNIP3-driven mitophagy on the activation of the NLRP1 inflammasome remains unclear. Therefore, this study aims to clarify the role of BNIP3 in mitophagy and its influence on the activation of the NLRP1 inflammasome in PE.




2 Materials and methods



2.1 Participants and samples

The study was approved by the Ethical Committee of Shandong Provincial Maternal and Child Health Care Hospital, Affiliated to Qingdao University. Placental tissue samples were collected from 15 pregnant women treated at the hospital between January 2022 and March 2024, all of whom provided informed consent. The definition of preeclampsia (PE) followed guidelines established by the American College of Obstetricians and Gynecologists. In summary, patients exhibited systolic blood pressure exceeding 160 mmHg or diastolic blood pressure exceeding 110 mmHg on at least two occasions, along with significant proteinuria (>2 g per 24 hours or R3+ on dipstick testing in two random urine samples collected at intervals of >4 hours), occurring after 20 weeks of gestation, with no preexisting or chronic hypertension. The sample utilized in this study consists of patients with early-onset PE, defined as the onset of clinical signs occurring before the 34th week (40). Women in the normotensive, normal pregnancy group experienced no complications during pregnancy and delivered healthy neonates at term. The exclusion criteria for the study included transient hypertension during pregnancy, multiple pregnancies, intrauterine fetal death, pregnancies resulting from fertility treatment, fetal chromosomal or congenital abnormalities, gestational diabetes, cardiovascular and immune diseases, and renal disease. Each placental sample was collected within one hour of cesarean section and either snap-frozen in liquid nitrogen for further use or fixed in paraformaldehyde for subsequent paraffin embedding. The clinical characteristics of the enrolled pregnant women are presented in Supporting Information (Supplementary Table S1).




2.2 Cell culture and treatment

The JEG-3 human choriocarcinoma cell line was obtained from the American Type Culture Collection. These cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Hyclone), supplemented with 10% fetal bovine serum (FBS) (GIBCO, New Zealand) and 1% penicillin-streptomycin (Solarbio, China). The cells were maintained in a 5% CO2 incubator at 37°C. Lentiviruses packaging BNIP3 short hairpin RNAs (shRNAs) were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China), with the specific shRNA sequence being 5’-GCTAAACCTGAAGAGTGATAT-3’.




2.3 Immunoblotting

Total proteins were extracted from the cultured cells or placental tissues using radioimmunoprecipitation assay (RIPA) lysis buffer and quantified with a BCA kit (Solarbio, Beijing, China). Forty micrograms (40 μg) of protein from each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently electrotransferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Buckinghamshire, UK). The membranes were incubated with the specified antibodies, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies. An enhanced chemiluminescence detection kit (Amersham LifeScience, Buckinghamshire, United Kingdom) was employed to visualize the protein bands. The expression of target proteins was quantified by normalization to β-actin levels.

The following antibodies were purchased: LC3A/B(12741) from Cell Signaling Technology (USA), HIF-1 alpha (340462), BNIP3(381756), IL1-bata (516288), TOMM20(R25952), Cleaved- Caspase1(341030) from ZEN-BIOSCIENCE(China), NLRP1 (A16212) from Abclonal (China) β-Actin (6600901) from Proteintech (China), and horseradish peroxidase-labeled goat-anti-mouse immunoglobulin G (GB23301) and horseradish peroxidase-labeled goat-anti-rabbit immunoglobulin G (GB23303) from Servicebio (China).




2.4 Immunofluorescence

Paraffin-embedded tissue sections were deparaffinized and rehydrated, followed by antigen retrieval using 0.1% Triton X-100 and sodium citrate. After blocking with 5% goat serum, the slides were incubated with primary antibodies overnight at 4°C in the dark. The primary antibodies used were BNIP3(381756), IL1-bata (516288) (ZEN-BIOSCIENCE, Chengdu, China); IL-18(10663-1-Ap); IL-6 (DF6087, affinity, China); CK7(AB9021, Abcam, USA). Subsequently, the slides were washed and then incubated with a fluorescein-coupled secondary antibody mixture in the dark for 60 minutes at room temperature (1:300 dilution for 1 hour). Nuclei were labeled with DAPI for 10 minutes. The sections were then washed in 1X PBS (3 x 10 minutes), dehydrated in ascending concentrations of ethanol, and sealed with an antifade mounting medium. Visualization was performed using a fluorescence microscope (Olympus, Tokyo, Japan).




2.5 Analysis of mitochondrial reactive oxygen species

MitoSOX™ Red Mitochondrial Superoxide Indicator (M36008, Invitrogen) was utilized for the detection of mitochondrial ROS production. Cells were seeded in 96-well plates and then incubated with MitoSOX (5 μM) and Hoechst (5 μl/ml, MedChemExpress, HY-15631) for 1 hour at 37°C, as previously described. Positive staining was observed and the fluorescence intensity was analyzed using the ImageXpress® Micro Confocal System (Molecular Devices, USA).




2.6 Transmission electron microscopy

The fresh placenta was dissected into 1 mm³ pieces and then immersed in 2.5% glutaraldehyde for fixation, followed by postfixation with 1% OsO4 for 2 hours. Subsequent steps including dehydration, embedding, polymerization, and lead citrate staining were carried out by a professional service provider (Servicebio, Wuhan, China), following established protocols (18). The embedded samples were sectioned into slices of 60–80 nm thickness and examined using a Hitachi H-7650 transmission electron microscope.




2.7 Staining of the mitochondria

Mitochondria, lysosomes, and nuclei were labeled with 50 nM Mito-Tracker Green (Beyotime, C1048), 50 nM Lyso-Tracker Red (Beyotime, C1049), and 5 μg/mL Hoechst (Beyotime, C1027), respectively, following the manufacturer’s instructions. The images were captured using the Confocal Microscopy (Nikon AX, Japan).




2.8 Establishment of preeclampsia mouse model

A preeclamptic mouse model was created using a modified method as previously described. This involved 10-week-old ICR mice, both male and female, obtained from Shandong University’s Laboratory Animal Center. The mice were housed in a controlled environment with a 12-hour light/dark cycle at temperatures ranging from 18°C to 22°C, and provided ad libitum access to food and water. Mating was initiated by pairing female mice with male mice at a ratio of 2:1, with the presence of a mating plug designated as gestation day (GD) 0.5.

The mice were divided into two cohorts. In the first cohort consisted of two groups, pregnant mice were randomly allocated into two distinct groups: a control group (Con, n = 6) which was administered 100ul saline solution via subcutaneous injections from GD 9.5 to GD 18.5; an L-NAME group (n = 6) which was administered L-NAME via subcutaneous injections at a dose of 125 mg/kg/day from GD 9.5 to GD 18.5. The relevant data was presented in Supplementary Figure S1.

In second cohort, pregnant mice were randomly allocated into four distinct groups: a control group (Con, n = 6) which was injected with 100 μL of the corresponding vector control (AAV9-GFP-vector, n=6) in the tail vein; a BNIP3 knockdown group (sh-BNIP3, n = 6) which was injected with 100 μL of knockdown BNIP3 type 9 adeno-associated virus (AAV9-GFP-sh-BNIP3; synthesized by WZbio); an L-NAME group (L-NAME-Con, n = 6) which was treated with L-NAME and AAV9-GFP-vector; an L-NAME plus BNIP3 knockdown group (L-NAME-sh-BNIP3, n = 6) which was treated with L-NAME and AAV9-GFP-sh-BNIP3. The control groups underwent injections of a saline solution in volumes that were equivalent to those administered to the experimental groups, and these injections were administered via the identical routes and during the corresponding timeframes, ensuring a rigorous and balanced comparison. The maternal systolic and diastolic blood pressures were meticulously recorded on GD 14.5 and 17.5 utilizing tail-cuff plethysmography in conjunction with the advanced BP-2010A Blood Pressure Analysis System. Subsequently, on GD 17.5, comprehensive 24-hour urine samples were gathered for the quantification of protein levels, employing the precise BCA assay. The outcomes of these assessments are visually presented in Supplementary Figure S2 for detailed analysis. Upon completion of the study period, specifically on GD 18.5, the mice were humanely euthanized through cervical dislocation, adhering to the highest ethical standards. Following this, vital data including placental weights, the total number of fetuses, and individual fetal weights were meticulously compiled and documented. The procured placental tissues were then carefully preserved for subsequent scientific investigations; some were stored at -80°C for molecular and biochemical analyses, while others were fixed in 4% paraformaldehyde for histological and immunohistochemical studies. The protocol for these animal experiments received approval from the Ethical Committee of the Maternal and Child Health Care Hospital of Shandong Province, associated with Qingdao University.




2.9 Enzyme-linked immunosorbent assay

The concentration of the pro-inflammatory cytokine IL-1β within the cell culture supernatant was quantitatively assessed employing the Human IL-1β Enzyme-Linked Immunosorbent Assay (ELISA) Kit (EK0392, BOSTER, China), adhering strictly to the manufacturer’s recommended protocol. Similarly, for the evaluation of IL-6 levels, the IL-6 ELISA Kit (EK0411, BOSTER, China) was utilized following the same rigorous methodological guidelines.




2.10 Statistical analysis

Statistical evaluations were conducted utilizing the latest GraphPad Prism software, version 9.0, from GraphPad Software in La Jolla, California. For qualitative datasets, including immunoblots and photographic imagery, a minimum of three independent experimental replications were analyzed and presented as mean values, accompanied by the standard deviation of the mean (SD), to ensure reliability and precision. To discern significant differences between two groups, the Student’s t-test was strategically employed. When assessing variations among three or more groups, a comprehensive approach involving one-way ANOVA was utilized, followed by Tukey’s multiple comparisons test. A statistically significant difference was defined as the follows: *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.





3 Results



3.1 BNIP3-mediated mitophagy and NLRP1 inflammasome were induced on the placenta of PE

Our previous research has shown that excessive activation of mitophagy plays a significant role in causing placental damage in preeclampsia (PE). In order to further investigate the relationship between mitophagy and inflammation, we established a PE-like mouse model through L-NAME injection. Compared to the control group, the expression of HIF-1α, BNIP3, and the ratio of LC3II to LC3I was significantly increased, while the expression of TOMM20 was decreased in the PE-like mouse model (Figures 1A, B). The protein levels of NLRP1, Cleaved-Caspase-1, and IL-1β are indicative of NLRP1 inflammasome activation. Western blot analysis revealed a notable increase in the expression of NLRP1, Cleaved-Caspase-1, and IL-1β in the L-NAME group (Figures 1C, D). Additionally, electron microscopy showed mitochondrial ultrastructural changes with swollen mitochondria and cracked cristae accompanied by autophagosome formation in the L-NAME group (Figure 1E). Immunofluorescence staining of placental tissue demonstrated an upregulation in proinflammatory cytokines such as IL-1β, IL-6 and IL-18 in the PE-like group (Figures 1F-H). These findings indicate that both mitophagy and NLRP1 inflammation are activated within the placenta of PE mice.




Figure 1 | BNIP3 mediated mitophagy and NLRP1 inflammasome were activated in PE-like mice. ICR mice were injected with L-NAME or vehicle. (A, B) Results of WB and quantification showing the expression of HIF-1α, BNIP3, the ratio of LC3II/LC3Iand TOMM20 that in the placenta of PE-like mice. (C, D) Results and quantification of WB showing the expression of NLRP1, Cleaved-Caspase1 and IL-1β that in the placenta of PE-like mice. (E) Representative images of placenta in different groups by transmission electron microscopy. The red arrow indicated mitochondria, the blue triangle indicated autophagosome. Scale bar: 500nm. (F-H) Representative images of immunofluorescence labelling IL-1β, IL-6 and IL-18 in placenta of Con and L-NAME groups. The data are shown as mean ± SD and analyzed by Student’s t-test based on at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.



To validate these findings, we analyzed placenta samples from normal pregnant women (NP) and women with PE. Consistent with the mouse model, the expression of HIF-1α, BNIP3, and the ratio of LC3II to LC3I were significantly increased in PE placentas compared to NP samples, while the expression of TOMM20 was decreased (Figures 2A, B). Similarly, immunofluorescence analysis revealed elevated BNIP3 expression in trophoblasts through costaining of BNIP3 and CK7 in PE placentas (Figure 2C). The heightened expression of NLRP1, Cleaved-Caspase-1, and IL-1β correlated with NLRP1 inflammasome activation as shown by western blot analysis (Figures 2A, B). Furthermore, immunofluorescence analysis demonstrated increased levels of IL-1β, IL-6 and IL-18 to assess proinflammatory cytokine expression in PE placentas (Figures 2D-F). These results confirm that mitophagy is activated in PE placentas in vivo along with NLRP1 inflammation activation.




Figure 2 | HIF-1α-BNIP3-dependent mitophagy and activation of the NLRP1 inflammasome were associated with PE. (A, B) WB analysis and quantification showing the expression of HIF-1α, BNIP3, the ratio of LC3II/LC3I, TOMM20, NLRP1, Cleaved-caspase1, IL-1β that in the villi of healthy pregnant women and pregnant women with PE. (C) Representative images of immunofluorescence double-labelling CK-7 and BNIP3 of mice in Con and L-NAME group. (D–F) Representative images of immunofluorescence labelling IL-1β, IL-6 and IL-18 in placenta of Con and L-NAME groups. The data are shown as mean ± SD and analyzed by Student’s t-test based on at least three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.






3.2 Hypoxia-induced activation of BNIP3-mediated mitophagy and NLRP1 inflammasome in trophoblast cells

Following this, JEG3 cells were subjected to H/R conditions in vitro to simulate the hypoxic environment in PE placenta. In order to investigate the activation of BNIP3-dependent mitophagy induced by hypoxia, JEG3 cells were cultured under H/R conditions. Western blot analysis revealed that H/R treatment led to a decrease in TOMM20 expression and an increase in HIF-1α and BNIP3 expression, as well as an elevation in the ratio of LC3II/LC3I within the group (Figures 3A, B). Additionally, Mito-Tracker and Lyso-Tracker were used to label mitochondria and lysosomes respectively. It was observed that JEG3 cells treated with H/R exhibited a significant increase in co-localization of Mito-Tracker Green and Lyso-Tracker Red, indicating a notable enhancement in mitophagy following H/R treatment (Figure 3C). Subsequently, mitochondrial function was assessed by quantifying mitochondrial ROS (mtROS) production using MitoSOX, a fluorogenic dye specifically targeting mitochondria for measuring their superoxide anion generation. Analysis of fluorescence intensity demonstrated significantly higher mtROS generation in the H/R group compared to the control (Figures 3D, E). Furthermore, H/R-treated JEG3 cells also resulted in activation of the NLRP1 pathway as evidenced by elevated protein expression of NLRP1, Cleaved-Caspase1, and IL-1β (Figures 3F, G). These findings indicate that not only mitophagy but also NLRP1-mediated inflammation was activated in response to H/R treatment.




Figure 3 | H/R activated BNIP3-mediated mitophagy, the ROS production and the NLRP1 inflammasome in JEG3 cells. JEG3 was used with a hypoxia and reoxygenation (H/R) stimulus to mimic PE-like injury in vitro. (A, B) Western blotting and corresponding semiquantification were performed to analyze the expression of HIF-1α, BNIP3, the ratio of LC3II/LC3I, TOMM20 in JEG3 cells treated in H/R condition. (C) Representative images of fluorescence double labelling mitochondrial (Mito-Tracker) and lysosome (Lyso-Tracker) marker. Scale bar: 20 μm. (D, E) MitoSOX was used to detect the mitochondrial ROS and analyzed by confocal microscopy (n = 3). Scale bar, 50 μm. (F, G) Western blotting and corresponding semiquantification were performed to analyze the expression of NLRP1, Cleaved-Caspase1 and IL-1β in JEG3 cells treated in H/R condition. The data are shown as mean ± SD and analyzed by Student’s t-test based on at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.






3.3 BNIP3 deficiency reduced mitophagy, mitochondrial ROS production, and the induction of NLRP1 inflammasome activation in H/R-induced trophoblasts

To further elucidate the impact of BNIP3 on H/R injury, our focus was on mitophagy. We utilized shRNA to knock down BNIP3 in JEG3 cells and investigate its role in H/R-induced JEG3 cells. After silencing the BNIP3 gene, JEG3 cells were exposed to hypoxia for 24 hours. The successful inhibition of BNIP3 expression by shRNA transfection was confirmed through immunoblot analysis. Western blot analysis showed a significant decrease in BNIP3 protein expression levels in the sh-BNIP3 and sh-BNIP3+H/R groups (Figures 4A, B). Furthermore, colocalization of Mito-Tracker and Lyso-Tracker demonstrated a reduction in mitophagosome formation after BNIP3 knockdown (Figure 4C). Interestingly, H/R injury led to excessive ROS production in JEG3 cells as evidenced by MitoSOX staining; however, this effect was reduced upon BNIP3 knockdown (Figures 4D, E). These findings suggest that under H/R conditions, BNIP3-mediated mitophagy and mitochondrial ROS production are activated but suppressed when BNIP3 is silenced.




Figure 4 | BNIP3 silencing alleviated mitophagy, ROS production and NLRP1 inflammasome activation. ShRNA against BNIP3 and sh-NC were transfected into JEG3 cells. (A, B) The alteration of BNIP3, LC3II/LC3Iand TOMM20 was detected by Western blotting. (C) Representative images of immunofluorescence double labelling mitochondrial (Mito-Tracker) and lysosome (Lyso-Tracker) marker. Scale bar: 20 μm. (D, E) MitoSOX was used to detect the mitochondrial ROS and analyzed by confocal microscopy (n = 3). Scale bar, 100 μm. (F, G) Western blotting and corresponding semiquantification were performed to analyze the expression of NLRP1, Cleaved-Caspase1 and IL-1β. The data are shown as mean ± SD and analyzed by one-way ANOVA test followed by Tukey–Kramer multiple comparison test based on at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant.



In order to explore the influence of BNIP3 and mtROS on NLRP1 inflammasome activation, we treated the cells with Mito-Tempo (MT) alongside intervention targeting BNIP3. Both interventions resulted in decreased NLRP1, Cleaved-Caspase1, and IL-1β expression (Figures 4F, G), indicating that both BNlP3-mediated mitophagy and mtROS play a role in regulating NLRP1 inflammasome activation.




3.4 Activation of the NLRP1 inflammasome partially attenuates the protective effect of BNIP3 silencing against hypoxia injury in JEG3 cells

To further investigate the relationship between BNIP3-mediated mitophagy and the NLRP1 inflammasome, JEG3 cells were treated with MDP (NLRP1 targeted activator) after BNIP3 knockdown to induce NLRP1 inflammasome activation prior to exposure to H/R conditions (Figures 5A, B). The reduction in NLRP1 inflammasome activation observed with BNIP3 silencing was reversed by MDP treatment, as demonstrated by Western blot analysis. To validate the regulatory role of BNIP3 in NLRP1 inflammasome activation, NLRP1 was overexpressed using a plasmid. Consistent with MDP treatment, the overexpression of NLRP1 counteracted the inhibitory effect of BNIP3 on NLRP1 inflammasome activation (Figures 5C, D). Additionally, ELISA assays were used to analyze and compare the levels of IL-1β and IL-6 in the cell supernatant among the four groups, confirming a decrease in inflammatory factors in the sh-BNIP3 group. Furthermore, overexpression of NLRP1 nullified the impact of BNIP3 knockdown (Figure 5E). These findings suggest that BNIP3-mediated mitophagy induces NLRP1 inflammasome activation.




Figure 5 | BNIP3 mediated NLRP1 inflammasome activation induced by H/R. (A, B) JEG3 cells knockdown BNIP3 were treated with MDP (NLRP1 targeted activator), Western blotting and corresponding semiquantification were performed to analyze the expression of NLRP1, Cleaved-Caspase1, IL-1β and BNIP3. (C, D) JEG3 cells were transfected with both shRNA targeted BNIP3 and NLRP1 overexpression plasmid. Western blotting and corresponding semiquantification were performed to analyze the expression of NLRP1, Cleaved-Caspase1, IL-1β and BNIP3. (E) ELISA assay was used to detected the IL-1β and IL-6 expression in supernant of cell in the four groups. The data are shown as mean ± SD and analyzed by one-way ANOVA test followed by Tukey–Kramer multiple comparison test based on at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant.






3.5 Deficiency of BNIP3 resulted in decreased mitophagy, reduced activation of the NLRP1 inflammasome, and dysfunction of the placenta with PE

The knockdown of BNIP3 using AAV9-sh-BNIP3 adeno-associated virus in a PE-like mouse model was employed to validate our hypothesis regarding the role of increased BNIP3 levels and its contribution to PE. We observed that the weight of placentas and fetuses in the L-NAME group was significantly lower than that in the control group (Figures 6A-C). Conversely, downregulation of BNIP3 reversed this trend, leading to a rebound in the weight of placentas and fetuses in the L-NAME+AAV9-sh-BNIP3 group. Furthermore, transmission electron microscopy (TEM) images revealed an improvement in mitochondrial ultrastructure as a result of BNIP3 downregulation. The stage of mitophagy, specifically mitophagosome formation, was identified in the placenta of the L-NAME group (Figure 6D). To confirm the inhibitory effect of AAV9-sh-BNIP3, we analyzed BNIP3 levels in the placentas from four groups of pregnant mice (Figures 6E, F). Our findings demonstrated a significantly lower expression of BNIP3 in the AAV9-sh-BNIP3 groups compared to the AAV9-vector groups. Western blot analysis also revealed an increase in TOMM20 expression in the L-NAME+AAV-sh-BNIP3 group compared to the L-NAME group. Additionally, the ratio of LC3II to LC3I was significantly reduced in the L-NAME+AAV-sh-BNIP3 placenta (Figures 6E, F). We assessed the levels of NLRP1, Cleaved-Caspase-1, and IL-1β in the placentas of these four groups. The results indicated that knockdown BNIP3 with AAV9-sh-BNIP3 counteracted the inductive effect of L-NAME on NLRP1 inflammasome activation. Furthermore, immunofluorescence analysis of IL-1β and CK7 was performed to assess proinflammatory cytokine expression in trophoblasts, which were decreased in AAV9-sh-BNIP3+L-NAME placentas (Figure 6G). These observations were consistent with findings from JEG3 cells, inhibiting mitophagy by downregulating BNIP3 expression ultimately improved placental function by relieving NLRP1-inflammasome activation in PE. An integrative schematic model delineating the hypothesized signaling pathways was constructed based on our findings (Figure 7).




Figure 6 | BNIP3 deficiency blocked NLRP1 inflammasome activation and mitigated placental injury of PE. (A-C) Representative images of the gestational day (GD)18.5 fetuses of the AAV9-Vector group (n = 6) and AAV9-shBNIP3 group (n = 6), L-NAME+ AAV9-Vector group (n = 6) and L-NAME+AAV9-shBNIP3 group (n = 6), and statistics of weight of placentas and fetuses. (D) Representative images of placenta in different groups by transmission electron microscopy. (E, F) Western blotting and corresponding semiquantification were performed to analyze the expression of BNIP3, TOMM20, the ratio of LC3II/LC3I, NLRP1, Cleaved-Caspase1 and IL-1β. (G) Representative images of immunofluorescence labelling IL-1β and CK7 in placentas of different groups. The data are shown as mean ± SD and analyzed by one-way ANOVA test followed by Tukey–Kramer multiple comparison test based on at least three independent experiments. *p < 0.05, ***p < 0.001, ****p < 0.0001. ns: not significant.






Figure 7 | BNIP3 upregulation in trophoblasts aggravates placental injury of PE via activating mitophagy and NLRP1-inflammasome. Working model depicting the BNIP3-mediated mitophagy and NLRP1-associated inflammation in trophoblasts during PE. Under pathologically H/R conditions that mimic PE, BNIP3 is activated, subsequently enhancing downstream mitophagy and ROS production. Moreover, BNIP3 promotes the activation of NLRP1, resulting in an increased release of inflammatory mediators and exacerbating placental damage associated with PE both in vivo and in vitro. Under pathologically H/R conditions that replicate PE, BNIP3 is activated, which subsequently enhances downstream mitophagy and ROS production. Furthermore, BNIP3 facilitates the activation of NLRP1, leading to an increased release of Inflammatory factors and aggravating placental damage of PE in vivo and in vitro.







4 Discussion

The present study demonstrates the significance of the HIF-1α-BNIP3 pathway in activating the NLRP1 inflammasome under hypoxic conditions, particularly in relation to placental damage caused by hypoxia. Our findings indicate that HIF-1α and BNIP3, as well as its mediated mitophagy, are upregulated in the placentas of pregnant women with preeclampsia (PE), as well as in a PE-like mouse model. Consistent with these results, BNIP3-mediated mitophagy is activated in trophoblasts under hypoxia/reoxygenation (H/R) conditions in vitro. Furthermore, we observed activation of the NLRP1 inflammasome pathway and an increase in mitochondrial reactive oxygen species (mtROS) production under these conditions. Additionally, our study reveals that deficiency of BNIP3 rescues both mitophagy activation and NLRP1 inflammasome activation induced by hypoxia both in vitro and in vivo. These findings provide further evidence for the relationship between BNIP3-mediated mitophagy and the NLRP1 inflammasome, highlighting their role in the development of PE.

The placenta is essential for facilitating communication between the mother and the fetus, ensuring maternal well-being and normal fetal development (19). Various pathological factors, such as hypoxia, inflammation, and metabolic abnormalities, are closely linked to preeclampsia in a multifaceted manner. Within the placenta, trophoblasts subjected to oxidative stress damage due to hypoxia play a pivotal role in the pathogenesis of preeclampsia (4, 6). Additionally, mitochondrial damage characterized by structural breakdown and excessive mitophagy induced by hypoxia is intricately associated with placental dysfunction. Previous research findings, including our own published studies, indicate that mitophagy contributes to placental injury caused by hypoxia in preeclampsia (18, 20). It has been suggested that BNIP3-mediated mitophagy may have a more significant impact than PINK/PARKIN-mediated mitophagy due to its heightened sensitivity to hypoxic environments. Numerous studies have suggested that mitophagy plays a protective role in certain hypoxic tissue injuries. However, our previous research has shown that inhibiting BNIP3-mediated mitophagy reduced trophoblast apoptosis and placenta injury in a PE-like mouse model (18). In this study, we further demonstrate that BNIP3-mediated mitophagy is activated under hypoxic/reoxygenation (H/R) conditions both in vitro and in the placenta of PE models. Additionally, the absence of BNIP3 results in decreased accumulation of mitochondrial ROS and inflammatory responses in the placenta of PE-like mice. These conflicting findings indicate that the functions of BNIP3 in mitochondrial regulation may depend on different cellular environments.

Accumulating evidence has demonstrated the critical role of inflammation and oxidative stress, particularly NLRPs, in the pathogenesis of PE (6, 21). The NLRP1 signaling pathway acts as a central component in innate immunity, regulating inflammatory responses and coordinating the host’s defense mechanisms against pathogens (22). This pathway has attracted significant attention due to its pivotal involvement in various inflammatory disorders and infectious diseases. NLRP1 serves as a key sensor for danger signals and microbial components, initiating the assembly of the inflammasome complex, which subsequently activates Caspase-1. This activation leads to the production and release of pro-inflammatory cytokines, specifically interleukin-1β (IL-1β) and interleukin-18 (IL-18) (23). Dysregulation of NLRP1 signaling has been implicated in the pathogenesis of numerous diseases, including autoimmune disorders, metabolic syndromes, and neurodegenerative conditions (24–28). However, its physiological functions and implications in obstetric complications remain unclear. Limited research has been conducted on the impact of hypoxia on NLRP1 activation. However, existing studies have indicated that NLRP1 interacts with HIF-1α under hypoxic conditions in various tissues, such as microvascular endothelium (29), neurons (30), liver (31), and myocardium (32), thereby facilitating ASC-Caspase-1-IL-1β signaling cascades. Nonetheless, other regulatory mechanisms under hypoxic conditions require further investigation. Our study demonstrates that the expression level of NLRP1 is upregulated in human trophoblasts in placenta samples from preeclampsia patients compared to normal pregnant women. This upregulation is associated with hypoxia and its related oxidative stress. Furthermore, our findings suggest that BNIP3-mediated mitophagy plays a significant role in regulating the NLRP1 inflammasome.

Previous research has suggested that mitophagy plays a critical role in the activation of the NLRP3 inflammasome. It has been documented that HIF-1α-BNIP3-mediated mitophagy mitigates renal fibrosis by inhibiting the activation of the NLRP3 inflammasome, and BNIP3-mediated mitophagy also exerts a protective effect on neuroinflammation by suppressing the assembly of the NLRP3 inflammasome (33, 34). The role of BNIP3 in regulating the NLRP1-Caspase1 signaling pathway has not previously been reported. In our current study, we observed that hypoxia-induced activation of BNIP3-mediated mitophagy triggers the NLRP1-Caspase1 pathway. Knockdown of BNIP3 reduced both NLRP1 and Caspase1 expression, as well as inflammatory cytokine release, which was reversed by overexpression of NLRP1. Furthermore, we demonstrated that trophoblast inflammation was attenuated by reducing mitochondrial ROS production with MitoTEMPO, a mitochondria-targeted superoxide dismutase mimetic. Consistent with our findings, several studies have unequivocally shown that ROS directly triggers the activation of NLRP1 in various conditions such as age-related neuronal damage, BAP-induced lung epithelial injury, and H2O2-induced neuronal damage (35–37). Furthermore, the ablation of BNIP3 ameliorated placental inflammatory injury in PE-like mice. However, multiple studies have demonstrated that mitophagy suppresses inflammation, including NLRP3 inflammasome-mediated pyroptosis in rheumatoid arthritis, aging muscle, and chronic alcohol exposure-induced cognitive impairment (34, 38, 39). These findings appear to contradict our results, possibly due to the diverse interaction patterns between mitophagy and inflammation at different stages. These data indicate that NLRP1 is downstream of the regulatory pathway of BNIP3-mediated mitophagy and the ROS it generates. The hypoxia/reoxygenation condition leads to excessive activation of mitophagy, which significantly contributes to mitochondrial damage and subsequent ROS production, exacerbating their harmful effects. In conclusion, placental hypoxia induces the upregulation of BNIP3, leading to enhanced mitophagy and ROS production. Subsequently, this activates NLRP1-inflammasome production, resulting in the release of inflammatory factors and subsequent placental inflammatory damage. The study further elucidates the role of BNIP3 in inflammation in preeclampsia (PE) and proposes that BNIP3 could potentially serve as a target for the treatment of pregnancy-related diseases manifesting as placental inflammation, such as PE.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by Ethical Committee of Maternal and Child Health Care Hospital of Shandong Province, affiliated to Qingdao University. The studies were conducted in accordance with the local legislation and institutional requirements. The human samples used in this study were acquired from primarily isolated as part of your previous study for which ethical approval was obtained. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements. The animal study was approved by Ethical Committee of Maternal and Child Health Care Hospital of Shandong Province, affiliated to Qingdao University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

MZ: Data curation, Project administration, Writing – review & editing. ZY: Project administration, Writing – review & editing. YK: Resources, Writing – review & editing. ZF: Resources, Writing – review & editing. CZ: Investigation, Writing – review & editing. CW: Investigation, Writing – review & editing. MJZ: Investigation, Writing – review & editing. JG: Methodology, Writing – review & editing. AL: Funding acquisition, Writing – original draft. MHZ: Conceptualization, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. National Natural Science Foundation of China (No. 82101778); Special Scientific Research Fund Project of Shandong Provincial Maternal and Child Health Care Hospital (No. YJKY2022-031); Special Scientific Research Projects in the Field of Maternal-Fetal Medicine (No. 2023CAMCHS003A04); the Natural Science Foundation of Shandong Province (No. ZR2021MH262).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1530015/full#supplementary-material




References

1. Ives, CW, Sinkey, R, Rajapreyar, I, Tita, ATN, and Oparil, S. Preeclampsia-pathophysiology and clinical presentations: JACC state-of-the-art review. J Am Coll Cardiol. (2020) 76:1690–702. doi: 10.1016/j.jacc.2020.08.014

2. Raymond, D, and Peterson, E. A critical review of early-onset and late-onset preeclampsia. Obstet Gynecol Surv. (2011) 66:497–506. doi: 10.1097/OGX.0b013e3182331028

3. Rana, S, Lemoine, E, Granger, JP, and Karumanchi, SA. Preeclampsia: pathophysiology, challenges, and perspectives. Circ Res. (2019) 124:1094–112. doi: 10.1161/CIRCRESAHA.118.313276

4. Lawless, L, Qin, Y, Xie, L, and Zhang, K. Trophoblast differentiation: mechanisms and implications for pregnancy complications. Nutrients. (2023) 15. doi: 10.3390/nu15163564

5. Yang, Y, Xu, P, Zhu, F, Liao, J, Wu, Y, Hu, M, et al. The potent antioxidant MitoQ protects against preeclampsia during late gestation but increases the risk of preeclampsia when administered in early pregnancy. Antioxid Redox Signal. (2021) 34:118–36. doi: 10.1089/ars.2019.7891

6. Guerby, P, Tasta, O, Swiader, A, Pont, F, Bujold, E, Parant, O, et al. Role of oxidative stress in the dysfunction of the placental endothelial nitric oxide synthase in preeclampsia. Redox Biol. (2021) 40:101861. doi: 10.1016/j.redox.2021.101861

7. Zavatta, A, Parisi, F, Mandò, C, Scaccabarozzi, C, Savasi, VM, and Cetin, I. Role of inflammaging on the reproductive function and pregnancy. Clin Rev Allergy Immunol. (2023) 64:145–60. doi: 10.1007/s12016-021-08907-9

8. Taabazuing, CY, Griswold, AR, and Bachovchin, DA. The NLRP1 and CARD8 inflammasomes. Immunol Rev. (2020) 297:13–25. doi: 10.1111/imr.v297.1

9. Zhang, Z, Shibata, T, Fujimura, A, Kitaura, J, Miyake, K, Ohto, U, et al. Structural basis for thioredoxin-mediated suppression of NLRP1 inflammasome. Nature. (2023) 622:188–94. doi: 10.1038/s41586-023-06532-4

10. Matias, ML, Romao-Veiga, M, Ribeiro, VR, Nunes, PR, Gomes, VJ, Devides, AC, et al. Progesterone and vitamin D downregulate the activation of the NLRP1/NLRP3 inflammasomes and TLR4-MyD88-NF-κB pathway in monocytes from pregnant women with preeclampsia. J Reprod Immunol. (2021) 144:103286. doi: 10.1016/j.jri.2021.103286

11. Matias, ML, Gomes, VJ, Romao-Veiga, M, Ribeiro, VR, Nunes, PR, Romagnoli, GG, et al. Silibinin downregulates the NF-κB pathway and NLRP1/NLRP3 inflammasomes in monocytes from pregnant women with preeclampsia. Molecules. (2019) 24. doi: 10.3390/molecules24081548

12. Nunes, PR, Romao-Veiga, M, Ribeiro, VR, de Oliveira, LRC, de Carvalho Depra, I, de Oliveira, LG, et al. Inflammasomes in placental explants of women with preeclampsia cultured with monosodium urate may be modulated by vitamin D. Hypertens Pregnancy. (2022) 41:139–48. doi: 10.1080/10641955.2022.2063330

13. Lin, Q, Li, S, Jiang, N, Jin, H, Shao, X, Zhu, X, et al. Inhibiting NLRP3 inflammasome attenuates apoptosis in contrast-induced acute kidney injury through the upregulation of HIF1A and BNIP3-mediated mitophagy. Autophagy. (2021) 17:2975–90. doi: 10.1080/15548627.2020.1848971

14. Han, X, Xu, T, Fang, Q, Zhang, H, Yue, L, Hu, G, et al. Quercetin hinders microglial activation to alleviate neurotoxicity via the interplay between NLRP3 inflammasome and mitophagy. Redox Biol. (2021) 44:102010. doi: 10.1016/j.redox.2021.102010

15. Ko, MS, Yun, JY, Baek, IJ, Jang, JE, Hwang, JJ, Lee, SE, et al. Mitophagy deficiency increases NLRP3 to induce brown fat dysfunction in mice. Autophagy. (2021) 17:1205–21. doi: 10.1080/15548627.2020.1753002

16. Chen, Y, and Dorn, GW 2nd. PINK1-phosphorylated mitofusin 2 is a Parkin receptor for culling damaged mitochondria. Science. (2013) 340:471–5. doi: 10.1126/science.1231031

17. He, YL, Li, J, Gong, SH, Cheng, X, Zhao, M, Cao, Y, et al. BNIP3 phosphorylation by JNK1/2 promotes mitophagy via enhancing its stability under hypoxia. Cell Death Dis. (2022) 13:966. doi: 10.1038/s41419-022-05418-z

18. Li, A, Zhao, M, Yang, Z, Fang, Z, Qi, W, Zhang, C, et al. 6-Gingerol alleviates placental injury in preeclampsia by inhibiting oxidative stress via BNIP3/LC3 signaling-mediated trophoblast mitophagy. Front Pharmacol. (2023) 14:1243734. doi: 10.3389/fphar.2023.1243734

19. Shao, X, Yu, W, Yang, Y, Wang, F, Yu, X, Wu, H, et al. The mystery of the life tree: the placentas†. Biol Reprod. (2022) 107:301–16. doi: 10.1093/biolre/ioac095

20. Sun, Y, Lv, D, Xie, Y, Xu, H, Li, X, Li, F, et al. PINK1-mediated mitophagy induction protects against preeclampsia by decreasing ROS and trophoblast pyroptosis. Placenta. (2023) 143:1–11. doi: 10.1016/j.placenta.2023.09.010

21. Shirasuna, K, Karasawa, T, and Takahashi, M. Role of the NLRP3 inflammasome in preeclampsia. Front Endocrinol (Lausanne). (2020) 11:80. doi: 10.3389/fendo.2020.00080

22. Robinson, KS, Toh, GA, Rozario, P, Chua, R, Bauernfried, S, Sun, Z, et al. ZAKα-driven ribotoxic stress response activates the human NLRP1 inflammasome. Science. (2022) 377:328–35. doi: 10.1126/science.abl6324

23. Jenster, LM, Lange, KE, Normann, S, vom Hemdt, A, Wuerth, JD, Schiffelers, LDJ, et al. P38 kinases mediate NLRP1 inflammasome activation after ribotoxic stress response and virus infection. J Exp Med. (2023) 220. doi: 10.1084/jem.20220837

24. Song, AQ, Gao, B, Fan, JJ, Zhu, YJ, Zhou, J, Wang, YL, et al. NLRP1 inflammasome contributes to chronic stress-induced depressive-like behaviors in mice. J Neuroinflamm. (2020) 17:178. doi: 10.1186/s12974-020-01848-8

25. Burian, M, Schmidt, MF, and Yazdi, AS. The NLRP1 inflammasome in skin diseases. Front Immunol. (2023) 14:1111611. doi: 10.3389/fimmu.2023.1111611

26. Mi, L, Min, X, Chai, Y, Zhang, J, and Chen, X. NLRP1 inflammasomes: A potential target for the treatment of several types of brain injury. Front Immunol. (2022) 13:863774. doi: 10.3389/fimmu.2022.863774

27. Yu, CH, Moecking, J, Geyer, M, and Masters, SL. Mechanisms of NLRP1-mediated autoinflammatory disease in humans and mice. J Mol Biol. (2018) 430:142–52. doi: 10.1016/j.jmb.2017.07.012

28. Yap, JKY, Pickard, BS, Chan, EWL, and Gan, SY. The role of neuronal NLRP1 inflammasome in Alzheimer’s disease: bringing neurons into the neuroinflammation game. Mol Neurobiol. (2019) 56:7741–53. doi: 10.1007/s12035-019-1638-7

29. Jung, E, Kim, YE, Jeon, HS, Yoo, M, Kim, M, Kim, YM, et al. Chronic hypoxia of endothelial cells boosts HIF-1α-NLRP1 circuit in Alzheimer’s disease. Free Radic Biol Med. (2023) 204:385–93. doi: 10.1016/j.freeradbiomed.2023.05.011

30. Huang, J, Lu, W, Doycheva, DM, Gamdzyk, M, Hu, X, Liu, R, et al. IRE1α inhibition attenuates neuronal pyroptosis via miR-125/NLRP1 pathway in a neonatal hypoxic-ischemic encephalopathy rat model. J Neuroinflamm. (2020) 17:152. doi: 10.1186/s12974-020-01796-3

31. Yu, X, Sun, M, Wang, J, and Zhang, S. Chronic intermittent hypoxia activates NLRP1 inflammasome and causes liver injury. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi. (2024) 40:327–32.

32. Cao, L, Chen, Y, Zhang, Z, Li, Y, and Zhao, P. Endoplasmic reticulum stress-induced NLRP1 inflammasome activation contributes to myocardial ischemia/reperfusion injury. Shock. (2019) 51:511–8. doi: 10.1097/SHK.0000000000001175

33. Fu, ZJ, Wang, ZY, Xu, L, Chen, XH, Li, XX, Liao, WT, et al. HIF-1α-BNIP3-mediated mitophagy in tubular cells protects against renal ischemia/reperfusion injury. Redox Biol. (2020) 36:101671. doi: 10.1016/j.redox.2020.101671

34. Lin, X, Wang, H, Zou, L, Yang, B, Chen, W, Rong, X, et al. The NRF2 activator RTA-408 ameliorates chronic alcohol exposure-induced cognitive impairment and NLRP3 inflammasome activation by modulating impaired mitophagy initiation. Free Radic Biol Med. (2024) 220:15–27. doi: 10.1016/j.freeradbiomed.2024.04.236

35. Xu, T, Sun, L, Shen, X, Chen, Y, Yin, Y, Zhang, J, et al. NADPH oxidase 2-mediated NLRP1 inflammasome activation involves in neuronal senescence in hippocampal neurons in vitro. Int Immunopharmacol. (2019) 69:60–70. doi: 10.1016/j.intimp.2019.01.025

36. Kohno, R, Nagata, Y, Ishihara, T, Amma, C, Inomata, Y, Seto, T, et al. Benzo[a]pyrene induces NLRP1 expression and promotes prolonged inflammasome signaling. Front Immunol. (2023) 14:1154857. doi: 10.3389/fimmu.2023.1154857

37. Xu, TZ, Shen, XY, Sun, LL, Chen, YL, Zhang, BQ, Huang, DK, et al. Ginsenoside Rg1 protects against H2O2−induced neuronal damage due to inhibition of the NLRP1 inflammasome signalling pathway in hippocampal neurons in vitro. Int J Mol Med. (2019) 43:717–26.

38. Hong, Z, Wang, H, Zhang, T, Xu, L, Zhai, Y, Zhang, X, et al. The HIF-1/BNIP3 pathway mediates mitophagy to inhibit the pyroptosis of fibroblast-like synoviocytes in rheumatoid arthritis. Int Immunopharmacol. (2024) 127:111378. doi: 10.1016/j.intimp.2023.111378

39. Irazoki, A, Martinez-Vicente, M, Aparicio, P, Aris, C, Alibakhshi, E, Rubio-Valera, M, et al. Coordination of mitochondrial and lysosomal homeostasis mitigates inflammation and muscle atrophy during aging. Aging Cell. (2022) 21:e13583. doi: 10.1111/acel.13583

40. Kucukgoz Gulec, U, Ozgunen, FT, Buyukkurt, S, Guzel, AB, Urunsak, IF, Demir, SC, et al. Comparison of clinical and laboratory findings in early- and late-onset preeclampsia. J Matern Fetal Neonatal Med. (2013) 26:1228–33. doi: 10.3109/14767058.2013.776533




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Zhao, Yang, Kang, Fang, Zhang, Wang, Zhou, Guo, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1530015-g003.jpg
LC3-II/LC3-1

BNIP3

I
T
&

HIF-1a

om

H/R

Con

‘|L
& &

TOMM20

5
0
5
0

~— (@] o
uoissaldxe uiejoid aAieey

© ® © ¥ oA g
-~ o o o o o

uoissaldxa uiejoid aniejey

0 Q ol Q
~ ~— o o
uoissaldxe uiejoid aAie|ey

a [a) an [m) o
X X xx ~ =
™ o O < [(e] AN
(o)) o ~— ~ <t
S ® T3 & £
N ) W g
L =z 99 = 3
T

Hoechst

Lyso-Tracker

Mito-Tracker

C

] 0 o ) ]
N ~ b o o
uoissaldxs uiejoid aniejey

uoo

d/H

Hoechst Merge

MitoSOX

MitoSOX
Hekk
_|_

(jouo9 Jo)
AjIsuslu| eousosalon|4 Ues|\

uo)

< o o
- o o

55— ‘,
> @ * \m\
o Q *
Ly
OO0 %
O
~— ~ o o

NLRP1

o © =

uoissaidxa uiajoid aniejey

mDDD
n x x X
W O O~ o
-~ N -~ <
x
~~
el |
5
off &

.

L 5o & S
x og 4 ©
Jza = ¢
z 7]

L ® =

[ON®]





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        BNIP3-mediated mitophagy aggravates placental injury in preeclampsia via NLRP1 inflammasome

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Participants and samples

          



          		

            2.2 Cell culture and treatment

          



          		

            2.3 Immunoblotting

          



          		

            2.4 Immunofluorescence

          



          		

            2.5 Analysis of mitochondrial reactive oxygen species

          



          		

            2.6 Transmission electron microscopy

          



          		

            2.7 Staining of the mitochondria

          



          		

            2.8 Establishment of preeclampsia mouse model

          



          		

            2.9 Enzyme-linked immunosorbent assay

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 BNIP3-mediated mitophagy and NLRP1 inflammasome were induced on the placenta of PE

          



          		

            3.2 Hypoxia-induced activation of BNIP3-mediated mitophagy and NLRP1 inflammasome in trophoblast cells

          



          		

            3.3 BNIP3 deficiency reduced mitophagy, mitochondrial ROS production, and the induction of NLRP1 inflammasome activation in H/R-induced trophoblasts

          



          		

            3.4 Activation of the NLRP1 inflammasome partially attenuates the protective effect of BNIP3 silencing against hypoxia injury in JEG3 cells

          



          		

            3.5 Deficiency of BNIP3 resulted in decreased mitophagy, reduced activation of the NLRP1 inflammasome, and dysfunction of the placenta with PE

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2025.1530015_cover.jpg
’ frontiers | Frontiersin Immunology

BNIP3-mediated mitophagy aggravates
placental injury in preeclampsia via
NLRP1 inflammasome





OEBPS/Images/fimmu-16-1530015-g005.jpg
BNIP3

Cleaved

NLRP1

BNIP3

*_HMM
X

7]

n—H*_H

X

¥

e < 10 e
~ ~ o o

uolissaldxa uisjold annejey

uoissaidxa uijoid anljeley

)
*a 5892 2 8
o B RE g9
Q @N\ ~— ~
R
OA\,
%@%@Q@R
OA\,A\@H i
lﬁ\rﬂ
agse & £
&% 2
ZOogT O &
0O

¥ N
@ * ﬁ Ox%
= s I o x0$9
¥ N ﬁ Q\\v Yo
A %
%
S 0 o w0 S
o i = o o

uoissaidxs uisjoid aneey

Cleaved
Caspase1

*
*
x
*
x

!
.

o]
—

o)
¥ %ov\v
To xO\V S
_H W&\ %
\Fv %
S ()
o

<
o

uoissaldxa uigjoid annejey

NLRP1

1.0

0

uoissaidxa ulejold anneey

Ty
©
ovox e
O,
& \v,v
Q\A\ $ x
O%,Qa T
elQrwJ
o
a4
L
=z

O‘(/
D

30kD

[==——==="=125kD

™
o
Z
m

Cleaved
Caspase1

o o

42kD

B-actin

*k

*kkk

Fedkek *k
1

o

(

Jw/Bd)gL-|





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1530015-g001.jpg
L-NAME

Con

BNIP3 LC3-II/LC3I TOMM20

HIF-1a

« [T
i ﬁ /«V@V‘
. N
Yo} o Yo} o
- - o o
uoissaidxa uisjold aneey
_l
- [ %,
2
(e}
O
Te] o Te] o
- - o o
uoissaidxa uiajold aAle|ay
_|
3] %
%, \vv
O
w o wn o
- - o o
uoissaldxa ulejold anneey
(m) A AaaAQ a (m)
~ X X X ~ ~
» O O« © N
(o] ™ ~— ~— <t
O (<2 —_ = o
T L e N 5
L Z OO0 =2 §
T m N | => )
e) Q
T

Cleaved

NLRP1

o 0 S 0 <
N ~ ~— o o
uoissaidxa uisjold anleley

Caspase1

co_wmmaxw c_maoa m>:m_mw_

E

uoissaldxe uigjoid aAneey

155kD
25kD
17kD
42kD

Con L-NAME
— _ __
' ¥

NLRP1
Cleaved-
Caspase1

B-actin

@@v\

10 Q

(loluo9 Jo)
Alisuaju| eouaosalon|4 Ues\

— &
B i ﬁ ",
H__ P4
%,
N ~
(joyuo Jo)

AjIsuaju| 8oUL0s8I0N|4 UBBI\

L-NAME

Con

8Ll Idvd abluap
T
|
_ N
% y,
ol
%

N -~ o

(josuo9 Jo)
AIsuaju| 8ousdsalon|4 US|\

Idvd abis

L-NAME

Con






OEBPS/Images/fimmu-16-1530015-g004.jpg
Lyso-Tracker

Mito-Tracker

C

ON-Us

%\\A\x
o
%,
(O3
&\\\w\ Q@
X O\~\
Y
Fs) $
K
%/ A\
()

)
Vg

€dING-ys

16kD
14kD
16kD
42kD

LC3

TOMM20

B-actin

Ll
e
b
I
H/H+ON-Us d/H+EdING-US
o
ﬂ_v
g O
o =
Z =
fos) )
(@]
-
o} o T} o %
- - o o
uoissaldxa uiejoid aniey
m

MitoSOX

(losuo) Jo)
Ajisuaju| 8ousdsalon|4 UBs|

sh-BNIP3+MT

NC+MT

sh

BNIP3

sh-

NC

sh

XOSOHN

a o - - o o
uoissaldxa uiejold anleey

TOMM20

<
>4 .
“y ‘e
RS e "

' .
0. 0% *
- Ve b

® '
Cat e N
! e '
S

., . ) '
i o . ¢
. e . ; » v

Y St § .

. _ 0

chom,.o._._ .

o v o © o

uoissaidxa uiejold aAlejey

Cleaved
Caspase1

NLRP1

uoissaldxa ulejold anlejey

155kD

B 2540

NLRP1
Cleaved

Caspase1

17kD

@
D
=

42kD

B-actin





OEBPS/Images/fimmu-16-1530015-g007.jpg
Inflammasome P i
* ¢ Inflammation

s o %

PE Model

Pro-IL-1B IL-1B

Mitophagy
2 Mitolysosome

Mitophagosome

1 Phagosome
~ Placenta — _' BNIP3 ™ — BNIP3=»B‘N'P3>_’

G D





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1530015-g006.jpg
S
6 m.|m1?lhumsuﬁﬁlhmﬁ’uhﬁ\‘n’n\numm 1 8|| i ,.8
5 - 3|
> 2 >
g -.ac-; 0.15 g
> o
} 2010 }
G
=
™ 8 5
o ekl R T A e g 909 ™|
= = af
@ 5
5 =
& 5
% :
| .
ge] o b
S 9
= _ § o
o D121 & & 1 > &
> s A 4 >
3 : : >
w 5 1.0 } )
2 5 W << g
< ® = :
Z|™ =08 <
ola S| L
= 1
< 42
;i :
z 5
o b |
3 2

E L-NAME
AAV9-Vector AAV9-sh-BNIP3 AAV9-Vector AAV9-sh-BNIP3

BNIP3 30kD

LC3- 14kD ,
LC3l 16kD

TOMM20 LC3-II/LC3-I

M
I w
z
5]
&

Relative protein expression
Relative protein expression

NLRP1 [ S e S & | 155K0 s
— c c 15 Caspase1 & 11§
S 8 5 o 2
p S
Cleaved 25KkD g R e —
310 & g10
Caspase1 8 8 g
Sz 1T 2 £
a Q 0.5
3 = 3
X 00 © 00
i S P « ¢«
B-actin 42kD AR 5 LN
® QQA\@X\/Q“’X\/ ¥ YY\\%%&« Lo
TS P SO
ng@;}\ VVA@’;\
¥ &

IL-1B/CK7/

B i 2 L v
U ¢ e ) 3

: Y 5 iy ’ w0 S e N 2 L
i 3 5 < @1
P 2 M 4 X 2 % A X .
&% 2l & e 1 &g ; 2 3 - a : i






OEBPS/Images/fimmu-16-1530015-g002.jpg
PE

NP

|
_ . | — R | %
m H &~ [(o * J /VO\ @ E Mxlu E
5 2 = = o
v YV
o [o0] © < N o
e} o 0 o (o} o © o ~ ™ © -
2 2 . P N & = <« o o (lohu0D Jo) (joau09 Jo)
uoissaidxe uiejoid aAneeYy uoissaldxe uisjoid anney AIsusju| adouadsalon|4 uea Ayisusyu| sousosalon|4 ues|y
b _ ; LU
— & B3 | o : :
o ﬁ (v g8 3 ‘ N X
— % Q H ! !
| * KOINT) 3 5 »
L ks (S ; 2, S 2 { )
T O S
N
b o 0
- - o
k < % N uoissaidxa uejoid anlejey
uoisseldxs ulejoid aAneey .
_ . .
A = _ di- Idvd gL-1I Idva abiop
i L
a [m) a o x
2 2232822 2 °
¥ ﬁ ¥ % - ovo\
; © o © . < :
~ T o =
F | uoisseldxe uiejold sAleey % %,
P
f o © < o~ o
e} o v o
° > (lou0D Jo) = =
B S > AjIsusju| 8ousoseIoNn|4 UBS\ (louo9 Jo)
, S i AIsuaju| eousdsalon|4 UBs\
(@]
) K ... ...
uoissaldxa uiejold aniejey o Y _
< < 2 |
a ; N A Y .
& — OB
g . ﬁ |
= & N 15
s zZ
O
—
(o] o =57 © T _ o £
T oA oonm ¥ QT g - B 0 o 0 3
i z 382 zegl § 22 8 32 o dN 91| Idva abiapy
— L L a — 1
T o 3 z3 % ool uoissaidxa uiejold annejey w
= [ON®)





