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Introduction: Preeclampsia (PE) is a hypertensive disorder during pregnancy associated with elevated levels of soluble FMS-like tyrosine kinase (sFLT-1) and increased vascular sensitivity to angiotensin II (ATII). Calcitonin gene-related peptide (CALCA) is a potent vasodilator that inhibits the ATII-induced increase in blood pressure and protects against ATII-induced increases in oxidative stress through a mitochondrial-dependent pathway in male mice. In rodent pregnancy, CALCA facilitates pregnancy-induced vascular adaptation. Most of the vascular effects of CALCA are mediated by vascular smooth muscle cells (VSMCs). We recently reported that CALCA treatment inhibits sFLT-1-induced decreases in cAMP synthesis in omental artery smooth muscle cells (OASMCs) isolated from pregnant women and has relaxant effects in omental arteries (OAs) isolated from pregnant women with preeclamptic (PE) pregnancies. The current study was designed to assess the effects of sFLT-1 on mitochondrial bioenergetics in OASMCs isolated from pregnant women in the presence or absence of CALCA and assess the development of vascular dysfunction in sFLT-1 using a mouse model of PE pregnancy.
Methods: OASMCs were isolated from pregnant women to assess the effects of sFLT-1 on mitochondrial bioenergetics and oxidative stress using the Seahorse assay and quantitative PCR. Pregnant mice overexpressing sFLT-1 via adenoviral delivery were used to assess the effects of CALCA infusion on the sFLT-1-induced increase in blood pressure, ATII hypersensitivity, fetal growth restriction, and the elevated albumin–creatinine ratio. Systemic blood pressure was recorded in conscious, freely moving mice using implantable radio telemetry devices.
Results: CALCA inhibited the following sFLT-1-induced effects: 1) increased oxidative stress and the decreased oxygen consumption rate (OCR) in response to maximal respiration and ATP synthesis; 2) increases in the expression of mitochondrial enzyme complexes in OASMCs; 3) increased mitochondrial fragmentation in OASMCs; 4) decreased expression of mitophagy-associated PINK1 and DRAM1 mRNA expression in OASMCs; and 5) increased blood pressure, ATII hypersensitivity, fetal growth restriction, and the albumin–creatinine ratio in sFLT-1-overexpressing pregnant mice.
Conclusion: CALCA inhibits sFLT-1-induced alterations in mitochondrial bioenergetics in vascular smooth muscle cells and development of maternal vascular dysfunction in a mouse model of PE.
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INTRODUCTION
Preeclampsia (PE) is a leading cause of maternal and fetal mortality and morbidity and is a major cause of preterm birth (Roberts and Lain, 1998; Sibai, 2006). Despite the increasing research interest to discover new therapeutic approaches to prevent and treat preeclampsia, options remain limited. PE is characterized by hypertension and vascular dysfunction during pregnancy (Filipek and Jurewicz, 2018; Rana et al., 2019; Turbeville and Sasser, 2020), but the pathogenesis of PE is multi-factorial and remains unclear. However, PE is associated with elevated levels of soluble fms-like tyrosine kinase-1 (sFLT-1)-mediated angiotensin II (ATII) hypersensitivity (Burke et al., 2016) with a growing body of evidence of increased oxidative stress and mitochondrial dysfunction (Aouache et al., 2018; Taysi et al., 2019; Marin et al., 2020; Vangrieken et al., 2021a; Huang et al., 2021; Smith et al., 2021). The placenta from PE patients secretes increased sFLT-1 and displays vacuolated mitochondria, indicative of increased oxidative stress damage and reactive oxygen species (ROS) generation, leading to impaired electron transport machinery of mitochondria (Boveris and Chance, 1973; Nohl and Jordan, 1980). In normal pregnancy, physiological mitochondrial ROS production is balanced by antioxidant defense, which is impaired in PE due to decreased antioxidant defense, resulting in damaging effects of oxidative stress (Valko et al., 2007; Zhou et al., 2016; Checa and Aran, 2020). Soluble FLT-1-induced hypertension and vascular dysfunction in PE are associated with impaired mitophagy due to elevated oxidative stress (Kim and Byzova, 2014; Schneider et al., 2015; Marin et al., 2020). Increases in sFLT-1 impair cellular bioenergetics of vascular cells that can contribute to increased constriction in maternal vasculature in PE pregnancy (Vaka et al., 2018a; Hu and Zhang, 2021). A recent study showed that sFLT-1 alters cellular metabolism and mitochondrial bioenergetics of endothelial cells and trophoblast cells in PE (Sanchez-Aranguren et al., 2018). However, the effects of sFLT-1 on mitochondrial function in vascular smooth muscle cells remain largely unknown.
Calcitonin gene-related peptide (CALCA), a 37-amino acid peptide (CALCA/CALCA1-37), is a potent vasodilator involved in vascular adaptation in rodent pregnancy (Yallampalli et al., 2013; Yallampalli et al., 2014). In human pregnancy, sensitivity of CALCA vasodilation for both the omental artery (OA) and uterine artery (UA) is increased compared to that reported in non-pregnant women (Chauhan et al., 2021; Chauhan et al., 2022). CALCA functions through a G-protein coupled receptor (GPCR) and calcitonin receptor-like receptor (CRLR), in association with its receptor activity modifying protein 1 (RAMP1), and the majority of its vascular actions are mediated through smooth muscle cells (Yallampalli et al., 2013; Yallampalli et al., 2014). Our recent report shows that sFLT-1 decreases cAMP synthesis and disrupts the receptor system for CALCA in OA smooth muscle cells (OASMCs) from women with healthy pregnancies (Holland et al., 2017; Chauhan et al., 2021; Chauhan et al., 2022). In addition, we reported that CALCA1-37 treatment results in relaxation of OA segments isolated from PE pregnancy (Chauhan et al., 2021). Therefore, like the reported inhibition of hypertension by CALCA in hypertensive male mice (Aubdool et al., 2017), CALCA appears to render protection from sFLT-1-induced vascular dysfunction and facilitates vascular relaxation in PE pregnancy. Interestingly, and clinically important, is the report showing that MgSO4 treatment for PE increases the serum levels of CALCA and upregulates the expression of CRLR and RAMP1 in the placentas of treated women undergoing PE pregnancy (Zhang et al., 1998; Ariza et al., 2009). This suggests a potential physiological role for an intact CALCA system in human pregnancy, which appears to be impaired in PE. Therefore, based on our reports and reports showing that CALCA attenuates ATII-induced ROS-dependent apoptosis in vascular smooth muscle cells (VSMCs) (Luo et al., 2020a; Chauhan et al., 2021; Chauhan et al., 2022) and protects against oxidative stress through a mitochondrial-dependent pathway in male mice (Tullio et al., 2017), we hypothesized that CALCA treatment will protect from sFLT-1-mediated mitochondrial dysfunction in VSMCs during pregnancy and inhibit the development of sFLT-1-induced PE-like symptoms in mice. Therefore, the current study assessed the effects of sFLT-1 treatment in the presence or absence of CALCA on mitochondrial function in OASMCs isolated from women with normal pregnancy and identified if mice that over-express sFLT-1 during pregnancy in the presence of continuous infusion of CALCA are protected from development of PE-like symptoms such as elevated blood pressure (BP), ATII hypersensitivity, fetal growth restriction, and an elevated albumin–creatinine ratio in mice.
METHODS
Human samples
The Institutional Review Board at the Baylor College of Medicine approved the collection and use of human tissues (protocol number: H-28527). Omental arteries were collected from pregnant patients undergoing cesarean delivery with normal pregnancy after getting their informed consent. Patients were excluded from the study if they had diabetes, fetal anomalies, multi-fetal pregnancy, or any clinical evidence of maternal or fetal infection.
Isolation and culture of human OASMCs
Omental arteries were cleaned off of omental fat and enzymatically digested, according to the method described by Chauhan et al. (2021). Briefly cleaned arteries were transferred into a 50-ml flask containing 4.0 ml of the enzymatic dissociation mixture: HBSS (Ca2+ and Mg2+ free) with the addition of 0.2 mM Ca2+, 15 mM HEPES buffer (pH 7.3), 0.125 mg/ml elastase, 0.375 mg/ml soybean trypsin inhibitor, 1 mg/ml collagenase, and 2 mg/ml bovine albumin. After incubation at 37°C for 90 min in a gyratory water bath shaker, the tissues were triturated 10 times into a 10-ml plastic syringe with a 16½-gauge needle and passed through a 100-μm nylon mesh to separate the dispersed cells from undigested vessel wall fragments and debris. The filtered suspension was centrifuged in a siliconized conical plastic tube for 5 min at 200 × g, and the pellet was washed once with Dulbecco's modified Eagle medium (DMEM) with all supplements. The cell pellet was suspended in 5 ml of DMEM (high glucose) supplemented with 25 mM HEPES buffer, 2 mM l-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 10% (vol/vol) heat-inactivated calf serum, and the dispersed cell suspension was aliquoted into a 25-cm2 flask. After 18–24 h, the cultures were washed once with HBSS. Cells were cultured in DMEM containing 10% serum with medium changes at 48–72 h intervals. Omental artery SMCs were maintained at 37°C in a humidified incubator in an atmosphere of 95% air and 5% carbon dioxide and studied at sub-confluence (2 days after they had been plated). Before any treatment, cells were rendered quiescent by deprivation of serum and maintained in a serum-free medium for 12 h.
Mitochondrial stress test
Respirometry of OASMCs was performed with an Agilent Seahorse XF96 respirometer (Agilent Technologies, CA). A total of 15,000 OASMC cells/well were seeded in 96-well plates in respective media containing low glucose and 10% fetal bovine serum (FBS) for 48 h. Cells were then starved in the growth medium containing 2% charcoal FBS for 8 h, followed by overnight treatment with CALCA (10−8M) in the presence or absence of sFLT-1 (10 ng/ml). Seahorse assay was performed in the medium supplemented with 1% FBS, 1 M glucose solution, 100 mM pyruvate, and 200 mM glutamine. Measurements were sequentially performed starting from three cycles of 2.5 µM oligomycin, three cycles of 5 µM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), and three cycles of 0.5 µM rotenone +0.5 µM antimycin A. ATP production was defined as the difference between the highest oxygen consumption rate (OCR) during the glucose phase and OCR at the end of the oligomycin phase. Maximal respiration was defined as the difference between the highest OCR during the FCCP phase and OCR at the end of the assay. All data were normalized to the DNA content measured by a fluorometric assay using the Hoechst 33258 stain (385 nm excitation and 450 nm emission: Millipore Sigma). Data analyses were performed using Wave software and XF Report Generators (Agilent Technologies, CA).
Intracellular ROS generation using 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)
Omental artery SMCs were grown in DMEM (GIBCO) containing 10% FBS. At 80% confluency, cells were starved overnight in serum-free media and treated with sFLT-1 (10 ng/ml) in the presence or absence of CALCA (10−8 M) for 24 h, followed by washing with PBS and addition of 500 μl of the DCFH-DA (Sigma-Aldrich, MO). The cells were then incubated at 37°C for 30 min, followed by washing with phosphate-buffered saline (PBS) and addition of 200 μL of the radio immuno-precipitation assay (RIPA) buffer. The cell lysate was centrifuged at 20,000 x g for 10 min at 4°C, and fluorescence of the supernatant was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. Fluorescence intensities were normalized to the respective protein levels in the lysates determined using the BCA assay kit (Pierce Biotechnology, Inc., IL).
Mitochondrial morphology: Omental artery SMCs (OASMCs) were plated on a Lab-Tek chamber in DMEM (GIBCO) containing 10% fetal bovine serum (FBS) at 37°C at 5% CO2 for 24 h. Cells were starved overnight in serum-free media and treated with sFLT-1 (10 ng/ml) in the presence or absence of CALCA (10−8 M) for 24 h, followed by washing with phosphate-buffered saline (PBS). The cells were then stained with MitoTracker Deep Red (100 nM, Thermo Fisher Scientific, TX) for 30 min at 37°C at 5% CO2 and fixed for 15 min at 37°C with 4% paraformaldehyde. Images of cells were captured using an Olympus FluoView 1000 microscope and converted to binary images of mitochondrial particles using NIH ImageJ Macro, as reported previously [39]. Automated morphometry of mitochondrial particles was further performed using NIH ImageJ Macro to obtain the aspect ratio (major axis/minor axis) and form factor (perimeter 2/4 [image: image] x area). Fragmented mitochondria were defined as those with aspect ratios below 2.
Isolation of mRNA and quantitative PCR
Omental artery SMCs were grown in their respective medium containing 10% fetal bovine serum (FBS). At 80% confluency, cells were starved overnight in serum-free media and treated with sFLT-1 (10 ng/ml) in the presence or absence of CALCA (10−8 M) for 24 h. After 24 h, RNA was isolated from OASMCs using the RNeasy kit (QIAGEN), according to the manufacturer’s protocol, and cDNA was synthesized using the Superscript IV VILO Master Mix (Thermo Fisher Scientific, TX). Gene expressions were assessed with target-specific primers, as shown in Table 1 using the SYBR Green real-time PCR master mix (Bio-Rad, CA) using the gene-specific primers shown in Table 1. PCR conditions used were 10 min at 95°C for 1 cycle, 15 s at 95°C, 30 s at 60°C, and 15 s at 72°C for 40 cycles, followed by a melt curve analysis (0.5°C/5 s from 60 to 95°C). Efficiency and specificity of primers were tested by using serial dilutions of cDNA and testing the melt curve of the PCR. Target gene expression was normalized with the average of mRNA expression for β-actin and GAPDH. PCR without cDNA served as a negative.
TABLE 1 | Primer pairs for target genes.
[image: Table 1]Mitochondrial DNA
Mitochondrial DNA content was measured by comparing mitochondrial gene levels relative to the nuclear gene by real-time PCR in total DNA isolated from OASMCs using the QIAamp DNA mini kit (QIAGEN, CA). Primers used for mitochondrial DNA and nuclear DNA amplification were as shown in Table 1 and reported previously (Pietrocola et al., 2013).
Animals
All animal procedures and surgical protocols were reviewed and approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine (Protocol: AN-6694). Baylor College of Medicine is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Adult male and female CD-1 [Crl:CD1(ICR)] mice were purchased from Charles River Laboratories. Animals were housed in a temperature and humidity-regulated environment with a 12-h light cycle, followed by implantation of telemetric transducers for blood pressure recordings. For timed pregnancy experiments, virgin female mice (8–12 weeks old) were placed with a stud male mouse overnight. Observation of a copulation plug the following morning was denoted to be gestational day 0.5 (GD 0.5). Plugged female mice were weighed and removed from the stud cage and grouped as per treatments. Pregnant female mice were injected on GD 8.5 with either murine sFLT-1 adenovirus (a kind gift from Dr. Ananth Karumanchi, CA) with or without CALCA or CMV-null adenovirus (Vector Biosystems, United States) diluted in sterile saline via the tail vein. The dose of sFLT-1 adenovirus was titrated based on batch efficacy to provide plasma sFLT1 values ∼160 ng/ml (used in this study), which result in the hypertension phenotype without significant fetal resorption [1]. Mice injected with CMV-null or sFLT-1 adenoviral particles were treated with saline or CALCA1-37 using an osmotic mini pump (ALZET, CA) on GD 8.5 for continuous infusion of the saline or peptide (0.1 ug/hr) until GD 17.5, respectively, at the same time as they were injected with sFLT-1 viral particles. Following BP measurements, mice were euthanized, fetal and placental weights were recorded, urine was collected for measuring albumin/creatinine, and mesenteric arteries were collected for vascular studies.
Blood pressure recordings: Non-pregnant mice were anesthetized with a mixture of ketamine (Ketalar; Parke-Davis, NJ) and xylazine (Gemini; Rugby, NY), and telemetric BP transducers (PA-C10 model; Data Sciences, Minnesota) were implanted. Mice were allowed to fully recover from the surgery for 1 week, followed by mating. The day of inserting the copulatory plug was considered pregnancy day 0.5. Blood pressure (BP) data were recorded for 72 h before mating (non-pregnant), and recording was resumed on day 14.5 of pregnancy and recorded until GD 17.5. The recordings were performed for 30 s at 10-min intervals using the Dataquest ART data acquisition system (DSI, Minnesota).
Vascular reactivity studies: Mesenteric arteries (MA) were dissected free of adherent connective tissues. Artery rings of 2 mm length were mounted on a Multi Wire Myograph System (Model 620M; Danish Myo Technology) for isometric tension recording, as previously described [21]. The myograph bath contained physiological saline solution (PSS) at 37°C and was bubbled with 5% CO2 and 95% O2. To induce contraction, arterial rings were held at an optimal tension of 2.5 mN and then exposed to potassium chloride (80 mM) for 7 min. Cumulative dose–response curves were constructed. Dose contraction responses to ATII (relative to potassium chloride responses) were determined using a concentration range of 10–10M to 10−5M. Because of the characteristic response of ATII, it was necessary to use one channel each time. The plateau period lasted seconds, which prevented the simultaneous use of two or more channels. MA responses to bradykinin for norepinephrine-mediated contraction were evaluated to confirm endothelial integrity. Artery segments with >50% relaxation by bradykinin were used in the study. Data distribution was determined using the Shapiro–Wilk test. Comparisons between the groups were performed using a t-test. A p-value < 0.05 was considered significant. Human alpha-CALCA1-37 was purchased from Phoenix Pharmaceuticals Inc., United States. All other drugs were purchased from Sigma-Aldrich (MO).
Statistics
All data are presented as mean ± SEM. For vascular studies, KCL-mediated contraction was used as a reference to calculate the percentage of contraction achieved by ATII. An ATII dose–response curve was performed, and 50% of the requisite dose (µmol) to achieve the peak maximal contraction (EC50) was compared between the groups. Concentration–response curves of drugs were fitted to a logistic sigmoid relation, and Emax (maximal constriction effect) was calculated using GraphPad Prism. Repeated measures ANOVA was conducted (treatment and time were considered as factors). The Bonferroni post hoc test was used for comparisons of dose–response curves between groups. Other experiments comprising three or more groups were compared using one-way ANOVA, followed by the Bonferroni test to compare the significance between various groups. Student’s two-tailed t-test was used for assessing differences between the two groups. Statistical significance was defined as p < 0.05.
RESULTS
Effects of sFLT-1 treatment in the presence or absence of CALCA on the development of oxidative stress and the bioenergetics profile of OASMCs
To assess if sFLT-1 alters the levels of cellular ROS in OASMCs and identify if CALCA plays a role in regulating sFLT-1 effects, a live cell ROS indicator (DCFH-DA) was used. Figure 1A shows that sFLT-1 significantly increases ROS in OASMCs compared to the untreated controls. Interestingly, the effects of sFLT-1 on the production of ROS are prevented in the presence of CALCA treatment (p < 0.01). The Cell Mito Stress Test was conducted to examine the effect of sFLT-1 treatment on the changes in OCR and mitochondrial function in the presence or absence of CALCA (Figure 1B). Overall analysis using various inhibitors and the algorithm of Seahorse Bioscience Inc. for the Mito Stress Test showed that cells treated with sFLT-1 had significantly lower OCR in response to maximal respiration (p < 0.01) along with decreased ATP production (p < 0.05) compared to the control in OASMC. However, in the presence of CALCA, sFLT-1-induced decrease in OCR is inhibited (p < 0.01). No change was observed in the respiratory reserve with the treatments. Furthermore, CALCA treatment alone shows a significant increase in OCR in response to maximal respiration and ATP production (p < 0.01).
[image: Figure 1]FIGURE 1 | Effects of sFLT-1 treatment in the presence or absence of CALCA on the oxidative stress and bioenergetic profile of omental artery smooth muscle cells. (A) Averaged fluorescence of DCFH-DA showing that sFLT-1 increases the oxidative stress in OASMCs, which is inhibited in the presence of CALCA (10−8 M; p < 0.05). Data were normalized with respective protein concentration and presented in a bar graph as mean ± SEM (p ≤ 0.05, n = 3), and (B) schematic representation of the bioenergetic profile showing regions that define the basal aerobic respiration, ATP turnover, maximal respiration, spare respiratory capacity, and non-mitochondrial respiration, as measured using a Seahorse XF96 flux analyzer. The figure shows the oxygen consumption rate (OCR) measured before and after the addition of inhibitors (complex-V inhibitor oligomycin, carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazon (FCCP), antimycin A, and rotenone, inhibitors of complex III and I) in cells treated with sFLT-1 in the presence or absence of CALCA; (C) the baseline cellular OCR was measured, from which basal respiration was derived by subtracting non-mitochondrial respiration; (D) ATP-linked respiration derived by oligomycin treatment and subtracting the oligomycin rate from baseline cellular OCR) oligomycin; (E) maximal respiratory capacity derived by subtracting non-mitochondrial respiration from the FCCP rate; (F) treatment with antimycin A and rotenone, inhibitors of complex-III, to block the electron transport chain (ETC) function, revealing the non-mitochondrial respiration. Different letters indicate significant difference with p < 0.05.
Effects of sFLT-1 treatment on expression of mRNA encoding mitochondrial enzyme complexes in OASMCs in the presence or absence of CALCA treatment
Effects of sFLT-1 (10 ng/ml) treatment on the expression of genes encoding mitochondrial complexes in the presence or absence of CALCA (10−8 M) in OASMCs are shown in Figure 2. Figures 2A–E are the quantitative PCR data showing expression of reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase subunits 1(ND1) and ND2 mRNA that encode the proteins involved in mitochondrial complex-I, expression of Cytochrome b (CYTB) mRNA involved in mitochondrial complex-III, expression of Cytochrome c oxidase subunit I (COI) mRNA involved in mitochondrial complex-IV, and expression of ATPase V mRNA involved in mitochondrial complex-V in OASMCs. Data show that sFLT-1 significantly decreases the expression of ND1 (Figure 2A), CYTB (Figure 2C), COI (Figure 2D), and ATPase (Figure 2E) (p < 0.05), and the reduced levels of mitochondrial complexes were restored in the presence of CALCA (p < 0.05). Furthermore, sFLT-1 treatment shows a trend of decrease in ND2 (Figure 2B) and sFLT-6y1 treatment in the presence of CALCA results in significant upregulation of ND2 mRNA expression compared to the sFLT-1 treatment.
[image: Figure 2]FIGURE 2 | Effects of sFLT-1 treatment in the presence or absence of CALCA on mRNA expression of mitochondrial enzyme complexes. Quantitative PCR showing that sFLT-1-induced decreases in mRNA expression of mitochondrial enzymes encoding mitochondrial complexes ND1 (A), ND2 (B), CYTB (C), COI (D), and ATPase (E) in OASMCs. As shown, the effect of sFLT-1 on the expression of ND1 (A), CYTB (C), COI (D), and ATPase (E) is inhibited in the presence of CALCA treatment. Expression of the target gene was normalized to the expression of the respective beta-actin mRNA. Data are presented in a bar graph as mean ± SEM. Different letters indicate significant differences. (p ≤ 0.05, n = 3 replicate experiments).
Effects of sFLT-1 treatment with or without CALCA on mitochondrial morphology and mitochondrial DNA (Mt DNA) content in OASMCs
Vulnerability of mitochondria in sFLT-1-treated OASMCs was further noted as accelerated fragmentation of mitochondria (Figures 3A, B). Morphometric analysis showed that the proportion of fragmented mitochondria is higher in sFLT-1-treated cells than that in the controls (Figure 3A). In addition, the aspect ratio and form factor were both decreased in sFLT-1-treated cells, indicating that mitochondria were rounder and fragmented (Figure 3B). Interestingly, the aspect ratio and form factor were both significantly improved when sFLT-1 treatment was performed in the presence of CALCA compared to sFLT-1-alone treatment (p < 0.05), indicating a protective effect of CALCA. The mitochondrial (Mt) DNA content measured as Mt DNA/nuclear DNA (mitochondrial to nuclear DNA ratio) is one of the markers for mitochondrial dysfunction. Figure 3C shows that sFLT-1 (10 ng/ml) treatment for 24 h in the presence or absence of CALCA (10−8M) has no effect on the mitochondrial/nuclear DNA ratio compared to that in the untreated controls.
[image: Figure 3]FIGURE 3 | Effects of sFLT-1 treatment on mitochondrial morphology and the mitochondrial DNA content in the presence or absence of CALCA. The figure shows that sFLT-1 treatment causes increased mitochondrial fragmentation, which is inhibited in the presence of CALCA treatment with no effect on the mitochondrial DNA content. (A) Representative Mito Tracker Deep Red images of OASMCs treated with sFLT-1 (10 ng/ml) and CALCA (10−8M); (B) percentage of fragmented mitochondria defined as the aspect ratio below 2 in three independent experiments. Data are presented in bar graphs as mean ± SEM (p ≤ 0.05, n = 3) and (C) quantitative PCR probed for mitochondrial DNA normalized to nuclear DNA (beta actin). Data are presented in a bar graph as mean ± SEM. (p ≤ 0.05, n = 3).
Effects of sFLT-1 treatment with or without CALCA on autophagy-associated genes in OASMCs
DNA Damage-Regulated Autophagy Modulator 1 (DRAM1) and PTEN-induced kinase 1 (PINK1) are associated with regulation of mitophagy. Expression of DRAM1 is reported to be downregulated in PE pregnancy (Chen et al., 2020). Figure 4 shows that sFLT-1 decreases PINK1 and DRAM1 mRNA expression in OASMCs, and these effects of sFLT-1 are prevented in the presence of CALCA treatment (p < 0.05).
[image: Figure 4]FIGURE 4 | Effects of sFLT-1 treatment on regulators of mitophagy PINK1 and DRAM1. Quantitative PCR data showing the effect of sFLT-1 (10 ng/ml) in the presence or absence of CALCA (10−8 M) on mRNA expression of PINK1 and DRAM1. Expression levels of genes are normalized to the mRNA expression of beta-actin. Data are presented in bar graphs as mean ± SEM. (p ≤ 0.05, n = 3).
Effect of sFLT-1 treatment on the development of PE-like symptoms in the presence of continuous infusion of CALCA
Figure 5 shows the effect of sFLT-1 overexpression in the presence of CALCA infusion in pregnant mice. Figure 5A shows the flowchart showing a group of pregnant mice with all treatments starting at gestational day (GD) 8.5. As shown in Figure 5B, the mean arterial blood pressure is significantly higher in pregnant mice treated with sFLT-1 alone compared to the mice injected with null vector + saline or with sFLT-1 + CALCA infusion. Although Figure 5C shows significant fetal growth retardation in sFLT-1-treated mice, which is inhibited in the group of mice treated with sFLT-1 and CALCA (p < 0.05, n = 6), there was a trend of decrease in the placental weight in sFLT-1-treated mice (Figure 5D), which was inhibited in the presence of CALCA treatment. In addition, sFLT-1 treatment increases the albumin–creatinine ratio, which is inhibited in the presence of CALCA infusion (Figure 5E, p < 0.05, n = 6/group). In addition, mice treated with sFLT-1 show a significant increase in ATII sensitivity (Figure 5F), and ATII sensitivity is inhibited in the presence of CALCA treatment.
[image: Figure 5]FIGURE 5 | CALCA treatment inhibits development of sFLT-1-induced PE-like symptoms in mice overexpressing sFLT-1 during pregnancy. (A) Workflow showing adenoviral-mediated over expression of sFLT-1 in pregnant mice in the presence or absence of CALCA infusion; (B) sFLT-1-mediated increase in blood pressure is inhibited in the presence of CALCA treatment (p ≤ 0.05, n = 5/group); (C) sFLT-1-mediated decrease in fetal growth is inhibited in the presence of CALCA treatment (p ≤ 0.05, n = 5/group); (D) sFLT-1 treatment shows a trend of decrease in placental weight, which is inhibited in the presence of CALCA (p > 0.05); (E) sFLT-1-mediated increase in the albumin–creatinine ratio is inhibited in the presence of CALCA treatment (p ≤ 0.05, n = 5/group); (F) sFLT-1-mediated increase in ATII sensitivity is inhibited in the presence of CALCA treatment (p ≤ 0.05, n = 5/group). Different letters indicate significant difference between the groups (p < 0.05).
DISCUSSION
Pregnancy-induced hypertension (PIH), including PE, is one of the main causes of maternal and perinatal mortality. At present, the specific physiological and pathological mechanisms of PIH are not clear (Shirasuna et al., 2015). Due to abnormal placental implantation in PIH, there is increased oxidative stress and release of anti-angiogenic factors such as sFLT-1, leading to maternal hypertension and vasoconstriction. We recently reported that CALCA inhibits sFLT-1-mediated decrease in cAMP synthesis in OASMCs isolated from women with normal pregnancy and relaxes maternal vasculature of women with PE pregnancy (Chauhan et al., 2021). The current study shows that CALCA inhibits sFLT-1-mediated decreases in mitochondrial respiration in response to ATP production and maximal respiration in OASMCs isolated from normal pregnant women. This is supported by data showing that sFLT-1 decreases the mRNA expression of mitochondrial genes ND1, CYTB, CO1, and ATPase in OASMCs and that these decreases are inhibited in the presence of CALCA (p < 0.05). In addition, sFLT-1-mediated increases in mitochondrial fragmentation and impaired expression of mitophagy-associated PINK1 and DRAM1 mRNA are prevented in the presence of CALCA in OASMCs (p < 0.05). In addition, an in vivo study shows that infusion of CALCA inhibits the development of elevated blood pressure, fetal growth restriction, the albumin–creatinine ratio, and ATII sensitivity in mice overexpressing sFLT-1 during pregnancy. Therefore, data from this study suggest that CALCA inhibits sFLT-1-mediated mitochondrial alterations in maternal vasculature and inhibits sFLT-1-induced hypertension and fetal growth restriction in a mouse model of PE pregnancy.
Vascular adaptations such as reduced vascular resistance and arterial pressure that favor a normal pregnancy do not occur in women who develop PE. Instead, severe increases in vascular resistance and arterial pressure are observed due to sFLT-1-mediated vascular dysfunction (Burke et al., 2016; Mayrink et al., 2018). CALCA is a potent vasodilator reported to alleviate hypertension and protect from cardiovascular abnormalities in male mice [23]. Interestingly, circulatory levels of CALCA peptide are downregulated in PE pregnancy (Fei et al., 2012). Our recent report showed that CALCA treatment relaxes omental artery segments isolated from women with PE pregnancy, suggesting a pathophysiological role of CALCA in maternal vasculature in PE pregnancy (Chauhan et al., 2021). Although exciting discoveries in the past two decades have contributed to a better understanding of the molecular basis of PE, mechanisms involved in the pathogenesis of PE are still not well understood.
We reported earlier that sFLT-1 treatment decreases cAMP synthesis in OASMCs isolated from women with normal pregnancy, which is inhibited in the presence of CALCA (Chauhan et al., 2021). In addition, we reported that CALCA causes vascular relaxation in OA of women with PE pregnancy (Chauhan et al., 2021).This suggests a potential role of CALCA in mitigating sFLT-1-mediated vascular dysfunction and facilitating vascular relaxation in PE. PE is a multi-factorial pregnancy disorder with the main manifestations being sFLT-1-induced hypertension and ATII hypersensitivity with increased oxidative stress due to an imbalance between the existing pro-oxidant and antioxidant systems (Loverro et al., 1996; Marin et al., 2020; Smith et al., 2021). Teran et al. showed that women with PE have already-established alterations in the levels of mitochondria targeting antioxidant coenzyme (CoQ10) in the plasma and in the placenta, as compared to normal pregnant women (Teran et al., 2001; Smith et al., 2021). Improved mitochondrial function and ROS are associated with improved blood pressure in sFLT-1-induced hypertensive pregnant rats (Deer et al., 2021). CALCA is shown to protect myocardial cells against oxidative stress through a mitochondrial-dependent pathway, suggesting the involvement of mitochondria in the vascular action of CALCA (Tullio et al., 2017). Figure 1A shows that sFLT-1 alters the cellular ROS level in OASMCs, which is inhibited in the presence of CALCA treatment, suggesting a potential role of CALCA in mitigating sFLT-1-mediated increase in cellular ROS. Mitochondrial homeostasis is crucial for retaining the contractile phenotype of the vascular smooth muscle cells. Using the Seahorse analyzer to perform respirometry assay, the gold standard measurement of the mitochondrial oxidative function with respect to the cumulative activity of all mitochondrial enzyme complexes of the electron transport chain (ETC), this study shows that sFLT-1 does not affect the oxygen consumption rate in the unstimulated OASMCs (Figure 1B) but causes a decrease in the ATP synthesis-linked OCR compared to the basal OCR, which is inhibited in the presence of CALCA. Similarly, the maximal respiratory capacity, as determined by stimulating the cells by injecting uncoupler p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP), shows that CALCA not only increases the OCR over basal OCR, but it also inhibits sFLT-1-induced decreases in maximal response in OASMCs. It is likely that the increased maximal OCR response induced by CALCA alone is masking the putative prevention of the sFLT-1-induced reduction in OCR.
The electron transport chain in mitochondria is required for all mitochondrial-dependent cell metabolism, and the transfer of electrons from NADH to molecular oxygen to form water is performed by complexes I, III, and IV. The released energy then drives the synthesis of ATP by H+-ATPase (complex-V). Therefore, to assess the potential involvement of defects in ETC function by sFLT-1, this study further tested the expression of mRNA that encodes the five multiprotein enzyme complexes that constitute the oxidative phosphorylation (OXPHOS) system of mitochondria. Data show that sFLT-1 decreases the mRNA expression of mitochondrial NADH dehydrogenase, ND1 (involved in complex-I), mitochondrial cytochrome b, CYTB (involved in complex-III), mitochondrial cytochrome oxidase subunit 1 (COI, involved in complex-IV), and mitochondrial ATP synthase/ATPase (involved in complex-V) in OASMCs (Figure 2). Interestingly, CALCA treatment inhibits the decreases in mRNA levels of all enzyme complexes that were targeted by sFLT-1 in OASMCs. Therefore, these data suggest that during normal/unstressed conditions, CALCA plays a potential role in regulating normal OCR, while in the case of stress, such as PE with vascular dysfunction due to elevated sFLT-1 levels, CALCA will facilitate ATP supply and prevent increased stress-induced ATP crisis.
Mitochondria form a highly dynamic intracellular network that executes the “quality control” of the organelle’s population by their fusion, fission, and autophagic degradation (known as ‘mitophagy’) (Green and Reed, 1998; Annesley and Fisher, 2019). Biogenesis of mitochondria and its fusion and fission are crucial regulators of mitochondrial function. Mitochondrial dysfunction has been systematically reported to be involved in the PE pathogenesis in both animal models (Vaka et al., 2018b; Nuzzo et al., 2018) and humans (Mando et al., 2014; Vangrieken et al., 2021b; Vaka et al., 2021). Therefore, this study further assessed the effect of sFLT-1 treatment on fragmentation and elongation (tubular formation) of mitochondria in the presence or absence of CALCA infusion (Figure 3A) in addition to assessing the effect on the copy number (Figure 3C) of mitochondria in OASMCs. Although there is some inconsistency in the literature regarding both the impairment of mitochondrial dynamics and bioenergetics in the setting of PE, this study shows that sFLT-1 treatment decreased the aspect ratio and form factor in OASMCs, which are protected in the presence of CALCA treatment (Figure 3B). Although the number of mtDNA copies per cell can fluctuate with oxidative stress and mitochondrial dysfunction, treatment with sFLT-1 or CALCA had no effect on the mtDNA content in OASMCs (Figure 3C). This suggests a protective role of CALCA in sFLT-1-induced pathological changes in mitochondrial dynamics in PE.
Mitophagy (autophagy in mitochondria) plays a crucial role in mitochondrial quality control (Pietrocola et al., 2013). The regulation of autophagy in PE is an area of research that has been gaining increasing interest with a goal to identify a new target with therapeutic potential. The transducer and activator of transcription (STAT3) are shown to regulate autophagic response and are suggested potential therapeutic targets in PE pathology (Nakashima et al., 2017; Cornelius and Wallace, 2020). Interestingly, CALCA exhibits its antioxidative effect by blocking the STAT3 signaling pathway that is associated with ATII-induced VSMC hypertrophy and hyperplasia (Luo et al., 2020b). Placental expression of two potential regulators of mitophagy, PINK1 (PTEN-induced putative kinase 1) and damage-regulated autophagy modulator (DRAM-1) levels, are deregulated in PE (Chen et al., 2020). Decreases in DRAM1 are reported to contribute to impaired mitochondrial fission and fusion, and its supplementation improves the mitochondrial function and PE symptoms in mice (Chen et al., 2020). However, the effect of sFLT-1 on expression of PINK1 and DRAM1 in VSMC is not known. This study shows that sFLT-1 decreases the mRNA expression of both PINK1 and DRAM-1 mRNA in OASMCs, and these effects of sFLT-1 are prevented in the presence of CALCA (Figure 4). This suggests a potential role of CALCA in regulating impaired autophagy in PE vasculature.
To assess if CALCA treatment can prevent sFLT-1-induced vascular dysfunction in vivo in mice, this study further assessed the vascular function in a mouse model of PE that overexpressed sFLT-1 during pregnancy in the presence or absence of CALCA. Interestingly, over-expression of sFLT-1 in the presence of CALCA infusion is protected against increases in BP, ATII hypersensitivity, fetal growth restriction, and the albumin–creatinine ratio compared to the mice treated with sFLT-1 in the absence of CALCA (Figure 5). Circulatory levels of CALCA and its receptors in the placenta are lower in PE compared to the normal healthy pregnancy (Yallampalli et al., 2013; Yallampalli et al., 2014). Therefore, our previous report showing CALCA-mediated relaxation of OA of PE pregnancy and inhibition of the development of PE-like symptoms in PE mice treated with CALCA suggests that the decrease in the endogenous CALCA system in PE pregnancy may serve as a risk factor for sFLT-1-induced maternal vascular dysfunction.
CONCLUSION
This study is the first to show that sFLT-1-mediated oxidative stress and mitochondrial dysfunction are protected against in the presence of CALCA in OASMCs isolated from pregnant women, suggesting a functional role of CALCA in mitigating sFLT-1-induced defects in maternal vasculature. In addition, in vivo studies in a mouse model of PE demonstrate that CALCA treatment protects from the development of sFLT-1-induced PE-like symptoms such as hypertension, ATII hypersensitivity, the elevated albumin–creatinine ratio, and fetal growth restriction. Taken together, these studies indicate a clinical relevance for the CALCA system in the pathophysiology of sFLT-1-induced hypertension as it occurs in women with PE that imposes a major risk for cardiovascular disease in future and in non-pregnant women with a history of PE (Mongraw-Chaffin et al., 2010; Saxena et al., 2010; Hui and Hladunewich, 2019). This study warrants additional research to further define the role of sFLT-1 in mitochondrial homeostasis in the vasculature of hypertensive pregnancies and identify novel therapeutic targets involving the CALCA system.
LIMITATIONS TO THE STUDY
The limitation to this study is assessing the effect of CALCA infusion along with administering sFLT-1 viral particles, which demonstrates prevention of sFLT-1-mediated vascular defects in the presence of CALCA. Future studies are warranted to assess the effect of CALCA treatment at different time points in sFLT-1 over-expressing mice to identify if CALCA can reverse the established vascular dysfunction in 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.
AUTHOR CONTRIBUTIONS
AM, MC, and CY designed the study. AM performed the cellular and molecular studies. VV and BS helped AM with live cell metabolic analysis using Agilent Seahorse XF Technology. MC and AB performed blood pressure measurements. AB performed the vascular reactivity. AM and MC analyzed data and wrote the manuscript. MB overlooked the collection of human samples. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by NIH through the grants HL58144 (to CY and MC) and HD098438 (to MC).
ACKNOWLEDGMENTS
The authors thank Dr. Ananth Karumanchi, CA, United States, for the kind gift of sFLT-1-expressing adenoviral particles, and Ms. Candy Sue Wilburn and Ms. Renee Elawar for their assistance in ordering the chemicals for this study.
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.
REFERENCES
 Annesley, S. J., and Fisher, P. R. (2019). Mitochondria in health and disease. Cells 8 (7), 680. doi:10.3390/cells8070680
 Aouache, R., Biquard, L., Vaiman, D., and Miralles, F. (2018). Oxidative stress in preeclampsia and placental diseases. Int. J. Mol. Sci. 19 (5), 1496. doi:10.3390/ijms19051496
 Ariza, A. C., Bobadilla, N., Diaz, L., Avila, E., Larrea, F., and Halhali, A. (2009). Placental gene expression of calcitonin gene-related peptide and nitric oxide synthases in preeclampsia: effects of magnesium sulfate. Magnes. Res. 22 (1), 44–49. doi:10.1684/mrh.2009.0154
 Aubdool, A. A., Thakore, P., Argunhan, F., Smillie, S. J., Schnelle, M., Srivastava, S., et al. (2017). A novel alpha-calcitonin gene-related peptide analogue protects against end-organ damage in experimental hypertension, cardiac hypertrophy, and heart failure. Circulation 136 (4), 367–383. doi:10.1161/CIRCULATIONAHA.117.028388
 Boveris, A., and Chance, B. (1973). The mitochondrial generation of hydrogen peroxide. General properties and effect of hyperbaric oxygen. Biochem. J. 134 (3), 707–716. doi:10.1042/bj1340707
 Burke, S. D., Zsengeller, Z. K., Khankin, E. V., Lo, A. S., Rajakumar, A., DuPont, J. J., et al. (2016). Soluble fms-like tyrosine kinase 1 promotes angiotensin II sensitivity in preeclampsia. J. Clin. Investig . 126 (7), 2561–2574. doi:10.1172/JCI83918
 Chauhan, M., Betancourt, A., Balakrishnan, M., Mishra, A., Espinosa, J., Shamshirsaz, A. A., et al. (2022). Calcitonin gene related peptide, adrenomedullin, and adrenomedullin 2 function in uterine artery during human pregnancy. Endocrinology 163 (1), bqab204. doi:10.1210/endocr/bqab204
 Chauhan, M., Betancourt, A., Balakrishnan, M., Mishra, A., Fox, K., Belfort, M., et al. (2021). Soluble fms-like tyrosine kinase-1 and angiotensin2 target calcitonin gene-related peptide family peptides in maternal vascular smooth muscle cells in pregnancy†. Biol. Reproduction 104 (5), 1071–1083. doi:10.1093/biolre/ioab026
 Checa, J., and Aran, J. M. (2020). Reactive oxygen species: drivers of physiological and pathological processes. J. Inflamm. Res. 13, 1057–1073. doi:10.2147/JIR.S275595
 Chen, G., Lin, Y., Chen, L., Zeng, F., Zhang, L., Huang, Y., et al. (2020). Role of DRAM1 in mitophagy contributes to preeclampsia regulation in mice. Mol. Med. Rep. 22 (3), 1847–1858. doi:10.3892/mmr.2020.11269
 Cornelius, D. C., and Wallace, K. (2020). Autophagy in preeclampsia: a new target?EBioMedicine 57, 102864. doi:10.1016/j.ebiom.2020.102864
 Deer, E., Jones, J., Cornelius, D. C., Comley, K., Herrock, O., Campbell, N., et al. (2021). Progesterone induced blocking factor reduces hypertension and placental mitochondrial dysfunction in response to sFlt-1 during pregnancy. Cells 10 (11), 2817. doi:10.3390/cells10112817
 Fei, X., Hongxiang, Z., Qi, C., and Daozhen, C. (2012). Maternal plasma levels of endothelial dysfunction mediators including AM, CGRP, sICAM-1 and tHcy in pre-eclampsia. Adv. Clin. Exp. Med. 21 (5), 573–579.
 Filipek, A., and Jurewicz, E. (2018). Preeclampsia - a disease of pregnant women. Postepy Biochem. 64 (4), 232–229. doi:10.18388/pb.2018_146
 Green, D. R., and Reed, J. C. (1998). Mitochondria and apoptosis. Science 281 (5381), 1309–1312. doi:10.1126/science.281.5381.1309
 Holland, O., Dekker Nitert, M., Gallo, L. A., Vejzovic, M., Fisher, J. J., and Perkins, A. V. (2017). Review: placental mitochondrial function and structure in gestational disorders. Placenta 54, 2–9. doi:10.1016/j.placenta.2016.12.012
 Hu, X. Q., and Zhang, L. (2021). Hypoxia and mitochondrial dysfunction in pregnancy complications. Antioxidants. (Basel) 10 (3), 405. doi:10.3390/antiox10030405
 Huang, L., Ma, Y., Chen, L., Chang, J., Zhong, M., Wang, Z., et al. (2021). Maternal RND3/RhoE deficiency impairs placental mitochondrial function in preeclampsia by modulating the PPARγ-UCP2 cascade. FASEB J. 35 (6), e21555. doi:10.1096/fj.202002639RRR
 Hui, D., and Hladunewich, M. A. (2019). Chronic kidney disease and pregnancy. Obstet. Gynecol. 133 (6), 1182–1194. doi:10.1097/AOG.0000000000003256
 Kim, Y. W., and Byzova, T. V. (2014). Oxidative stress in angiogenesis and vascular disease. Blood 123 (5), 625–631. doi:10.1182/blood-2013-09-512749
 Loverro, G., Greco, P., Capuano, F., Carone, D., Cormio, G., and Selvaggi, L. (1996). Lipoperoxidation and antioxidant enzymes activity in pregnancy complicated with hypertension. Eur. J. Obstet. Gynecol. Reprod. Biol. 70 (2), 123–127. doi:10.1016/s0301-2115(95)02561-8
 Luo, H. M., Wu, X., Liu, W. X., Wang, L. Y., Sun, H. Y., Zhu, L. Y., et al. (2020a). Calcitonin gene-related peptide attenuates angiotensin II-induced ROS-dependent apoptosis in vascular smooth muscle cells by inhibiting the CaMKII/CREB signalling pathway. Biochem. Biophys. Res. Commun 521(2), 285–289. doi:10.1016/j.bbrc.2019.10.064
 Luo, H. M., Wu, X., Xian, X., Wang, L. Y., Zhu, L. Y., Sun, H. Y., et al. (2020b). Calcitonin gene-related peptide inhibits angiotensin II-induced NADPH oxidase-dependent ROS via the Src/STAT3 signalling pathway. J.Cell Mol.Med. 24 (11), 6426–6437. doi:10.1111/jcmm.15288
 Mando, C., De, P. C., Stampalija, T., Anelli, G. M., Figus, M., Novielli, C., et al. (2014). Placental mitochondrial content and function in intrauterine growth restriction and preeclampsia. Am.J.Physiol Endocrinol.Metab 306 (4), E404–E413. doi:10.1152/ajpendo.00426.2013
 Marin, R., Chiarello, D. I., Abad, C., Rojas, D., Toledo, F., and Sobrevia, L.2020. Oxidative stress and mitochondrial dysfunction in early-onset and late-onset preeclampsia. Biochim.Biophys.Acta Mol.Basis.Dis. 1866(12). 165961. doi:10.1016/j.bbadis.2020.165961
 Mayrink, J., Costa, M. L., and Cecatti, J. G. (2018). Preeclampsia in 2018: revisiting concepts, physiopathology, and prediction. ScientificWorldJournal.6268276
 Mongraw-Chaffin, M. L., Cirillo, P. M., and Cohn, B. A. (2010). Preeclampsia and cardiovascular disease death: prospective evidence from the child health and development studies cohort. Hypertension 56 (1), 166–171. doi:10.1161/HYPERTENSIONAHA.110.150078
 Nakashima, A., Aoki, A., Kusabiraki, T., Cheng, S. B., Sharma, S., and Saito, S. (2017). Autophagy regulation in preeclampsia: pros and cons. J. Reprod. Immunol. 123, 17–23. doi:10.1016/j.jri.2017.08.006
 Nohl, H., and Jordan, W. (1980). The metabolic fate of mitochondrial hydrogen peroxide. Eur. J. Biochem. 111 (1), 203–210. doi:10.1111/j.1432-1033.1980.tb06094.x
 Nuzzo, A. M., Camm, E. J., Sferruzzi-Perri, A. N., Ashmore, T. J., Yung, H. W., Cindrova-Davies, T., et al. (2018). Placental adaptation to early-onset hypoxic pregnancy and mitochondria-targeted antioxidant therapy in a rodent model. Am. J. Pathol. 188 (12), 2704–2716. doi:10.1016/j.ajpath.2018.07.027
 Pietrocola, F., Izzo, V., Niso-Santano, M., Vacchelli, E., Galluzzi, L., Maiuri, M. C., et al. (2013). Regulation of autophagy by stress-responsive transcription factors. Semin.Cancer Biol. 23 (5), 310–322. doi:10.1016/j.semcancer.2013.05.008
 Rana, S., Lemoine, E., Granger, J. P., and Karumanchi, S. A. (2019). Preeclampsia: pathophysiology, challenges, and perspectives. Circ. Res. 124 (7), 1094–1112. doi:10.1161/CIRCRESAHA.118.313276
 Roberts, J. M., and Lain, K. Y. (1998). Preterm birth and pre-eclampsia—Bad news and good news. Lancet 352 (4), SIV22. doi:10.1016/s0140-6736(98)90284-7
 Sanchez-Aranguren, L. C., Espinosa-Gonzalez, C. T., Gonzalez-Ortiz, L. M., Sanabria-Barrera, S. M., Riano-Medina, C. E., Nunez, A. F., et al. (2018). Soluble fms-like tyrosine kinase-1 alters cellular metabolism and mitochondrial bioenergetics in preeclampsia. Front. Physiol. 9, 83. doi:10.3389/fphys.2018.00083
 Saxena, A. R., Karumanchi, S. A., Brown, N. J., Royle, C. M., McElrath, T. F., and Seely, E. W. (2010). Increased sensitivity to angiotensin II is present postpartum in women with a history of hypertensive pregnancy. Hypertension 55 (5), 1239–1245. doi:10.1161/HYPERTENSIONAHA.109.147595
 Schneider, D., Hernandez, C., Farias, M., Uauy, R., Krause, B. J., and Casanello, P. (2015). Oxidative stress as common trait of endothelial dysfunction in chorionic arteries from fetuses with IUGR and LGA. Placenta 36 (5), 552–558. doi:10.1016/j.placenta.2015.02.003
 Shirasuna, K., Karasawa, T., Usui, F., Kobayashi, M., Komada, T., Kimura, H., et al. (2015). NLRP3 deficiency improves angiotensin II-induced hypertension but not fetal growth restriction during pregnancy. Endocrinology 156 (11), 4281–4292. doi:10.1210/en.2015-1408
 Sibai, B. M. (2006). Preeclampsia as a cause of preterm and late preterm (near-term) births. Semin. Perinatol. 30 (1), 16–19. doi:10.1053/j.semperi.2006.01.008
 Smith, A. N., Wang, X., Thomas, D. G., Tatum, R. E., Booz, G. W., and Cunningham, M. W. (2021). The role of mitochondrial dysfunction in preeclampsia: causative factor or collateral damage?Am. J. Hypertens. 34 (5), 442–452. doi:10.1093/ajh/hpab003
 Taysi, S., Tascan, A. S., Ugur, M. G., and Demir, M. (2019). Radicals, oxidative/nitrosative stress and preeclampsia. Mini. Rev. Med. Chem. 19 (3), 178–193. doi:10.2174/1389557518666181015151350
 Teran, E., Escudero, C., Moya, W., Flores, M., Vallance, P., and Lopez-Jaramillo, P. (2001). Elevated C-reactive protein and pro-inflammatory cytokines in Andean women with pre-eclampsia. Int. J. Gynaecol. Obstet. 75 (3), 243–249. doi:10.1016/s0020-7292(01)00499-4
 Tullio, F., Penna, C., Cabiale, K., Femmino, S., Galloni, M., and Pagliaro, P. (2017). Cardioprotective effects of calcitonin gene-related peptide in isolated rat heart and in H9c2 cells via redox signaling. Biomed. Pharmacother. 90, 194–202. doi:10.1016/j.biopha.2017.03.043
 Turbeville, H. R., and Sasser, J. M. (2020). Preeclampsia beyond pregnancy: long-term consequences for mother and child. Am.J.Physiol Ren. Physiol. 318 (6), F1315-F1326–F1326. doi:10.1152/ajprenal.00071.2020
 Vaka, R., Deer, E., Cunningham, M., McMaster, K. M., Wallace, K., Cornelius, D. C., et al. (2021). Characterization of mitochondrial bioenergetics in preeclampsia. J. Clin. Med. 10 (21), 5063. doi:10.3390/jcm10215063
 Vaka, V. R., McMaster, K. M., Cunningham, M. W., Ibrahim, T., Hazlewood, R., Usry, N., et al. (2018a). Role of mitochondrial dysfunction and reactive oxygen species in mediating hypertension in the reduced uterine perfusion pressure rat model of preeclampsia. Hypertension 72 (3), 703–711. doi:10.1161/HYPERTENSIONAHA.118.11290
 Vaka, V. R., McMaster, K. M., Cunningham, M. W., Ibrahim, T., Hazlewood, R., Usry, N., et al. (2018b). Role of mitochondrial dysfunction and reactive oxygen species in mediating hypertension in the reduced uterine perfusion pressure rat model of preeclampsia. Hypertension 72 (3), 703–711. doi:10.1161/HYPERTENSIONAHA.118.11290
 Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T., Mazur, M., and Telser, J. (2007). Free radicals and antioxidants in normal physiological functions and human disease. Int.J.Biochem.Cell Biol. 39 (1), 44–84. doi:10.1016/j.biocel.2006.07.001
 Vangrieken, P., Al-Nasiry, S., Bast, A., Leermakers, P. A., Tulen, C. B. M., Schiffers, P. M. H., et al. (2021a). Placental mitochondrial abnormalities in preeclampsia. Reprod. Sci. 28 (8), 2186–2199. doi:10.1007/s43032-021-00464-y
 Vangrieken, P., Al-Nasiry, S., Bast, A., Leermakers, P. A., Tulen, C. B. M., Schiffers, P. M. H., et al. (2021b). Placental mitochondrial abnormalities in preeclampsia. Reprod. Sci. 28 (8), 2186–2199. doi:10.1007/s43032-021-00464-y
 Yallampalli, C., Chauhan, M., Endsley, J., and Sathishkumar, K. (2014). Calcitonin gene related family peptides: importance in normal placental and fetal development. Adv. Exp. Med. Biol. 814, 229–240. doi:10.1007/978-1-4939-1031-1_20
 Yallampalli, C., Chauhan, M., and Sathishkumar, K. (2013). Calcitonin gene-related family peptides in vascular adaptations, uteroplacental circulation, and fetal growth. Curr. Vasc. Pharmacol. 11 (5), 641–654. doi:10.2174/1570161111311050007
 Zhang, W., Zhao, Y., and Wang, L. (1998). The changes of plasma calcitonin gene-related peptide level in women with normal pregnancy and pregnancy induced hypertension. Zhonghua Fu Chan Ke.Za Zhi. 33 (12), 715–716.
 Zhou, Q., Cao, J., and Chen, L. (2016). Apelin/APJ system: a novel therapeutic target for oxidative stress-related inflammatory diseases (review). Int. J. Mol. Med. 37 (5), 1159–1169. doi:10.3892/ijmm.2016.2544
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.
Copyright © 2023 Mishra, Betancourt, Vidyadharan, Blesson, Belfort, Yallampalli and Chauhan. 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.
OPS/images/fphys-14-1221684-g005.gif





OPS/images/fphys-14-1221684-t001.jpg
Forward pri

Reverse primer

p-Actin 5'-ACTGACTACCTCATGAAGAT-3' 5'-CGTCATACTCCTGCTTGCTGAT-3'
GAPDH 5'-GGTCTCCTCTGACTTCAACA-3' 5'-AGCCAAATTCGTTGTCATAC-3'

188 | 5'-TCGAACGTCTGCCCTATCAA-3' 5'-ATGGTAGGCACGGCGACTA-3'
DRAM1 5 TCITTAGTGCTTGGATTGGTG-3' 5'-ATGGACTGTAGGAGCGTGTA-3'
PINK1 5'-TGAACACAATGAGCCAGGAG-3' 5'-GTTGCTTGGGACCTCTCTTG -3'
ND1 5'-GGGCTACTACAACCCTTCGCT-3' 5'-GAGGCCTAGGTTGAGGTTGAC-3'
ND2 5'-CACAGAAGCTGCCATCAAGTA-3' 5'-CCGGAGAGTATATTGTTGAAGAG-3'
CYTB 5'-TCATCGACCTCCCCACCCCATC-3' 5'-CGTCTCGAGTGATGTGGGCGATT-3'
cor 5'-TCATGATCACGCCCTCATA-3" 5'-CATCGGGGTAGTCCGAGTAA-3'
ATPase6 | 5.60CCTAGOCCACTTCTTACC Y 5'-TTAAGGCGACAGCGATTTCT-3'
mt-DNA 5'- GAT ATA GGG TCG AAG CCG C-3'

Nuclear DNA

5'-ACACCCTCCTAGCCTTACTAC-3'

5'- AGGGTATCTGGGCTCTGG -3'

5'- GGC TGA AAA GCT CCC GAT TAT-3"






OPS/images/fphys-14-1221684-g003.gif





OPS/images/fphys-14-1221684-g004.gif
Control SFUT-1 CALCA CALGA Conwol SFLT-L CAICA CALCA®






OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Calcitonin gene-related peptide protects from soluble fms-like tyrosine kinase-1-induced vascular dysfunction in a preeclampsia mouse model		Introduction

		Methods		Human samples

		Isolation and culture of human OASMCs

		Mitochondrial stress test

		Intracellular ROS generation using 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)

		Isolation of mRNA and quantitative PCR

		Mitochondrial DNA

		Animals

		Statistics





		Results		Effects of sFLT-1 treatment in the presence or absence of CALCA on the development of oxidative stress and the bioenergetics profile of OASMCs

		Effects of sFLT-1 treatment on expression of mRNA encoding mitochondrial enzyme complexes in OASMCs in the presence or absence of CALCA treatment

		Effects of sFLT-1 treatment with or without CALCA on mitochondrial morphology and mitochondrial DNA (Mt DNA) content in OASMCs

		Effects of sFLT-1 treatment with or without CALCA on autophagy-associated genes in OASMCs

		Effect of sFLT-1 treatment on the development of PE-like symptoms in the presence of continuous infusion of CALCA





		Discussion

		Conclusion

		Limitations to the study

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

Calcitonin gene-related peptide
protects from soluble fms-like
tyrosine kinase-1-induced
vascular dysfunction in a
preeclampsia mouse model





OPS/images/fphys-14-1221684-g001.gif





OPS/images/fphys-14-1221684-g002.gif
3










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





