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Introduction: Recombinant alpha-1 antitrypsin (AAT) therapy has been shown to have beneficial effects to mitigate the progression of various diseases. Here, we hypothesized that administration of pharmaceutical-grade human AAT (hAAT) is effective in mitigating hypertension induced by salt-loading in juvenile mice by reducing the concentration of diacylglycerols (DAGs) and activity of protein kinase C (PKC) in the kidney.Methods: Four-week old 129Sv mice were salt-loaded to induce hypertension and then administered hAAT or vehicle.Results: Administration of hAAT was found to significantly reduce high blood pressure in both the active and inactive cycles of the 129Sv hypertensive mice. A lipidomic analysis showed decreased concentrations of multiple diacylglycerols in kidney cortex membrane fractions from mice treated with hAAT compared to vehicle. PKC activity was less in the 129Sv mice that received hAAT compared to vehicle. Western blotting and immunohistochemistry analysis showed the density of the sodium-potassium-chloride co-transporter (NKCC2) was significantly reduced in kidney cortex membrane fractions of juvenile mice that received hAAT compared to vehicle.Conclusion: Taken together, this study demonstrates a new protective effect of hAAT in normalizing blood pressure after the development of saltinduced hypertension in juvenile mice in a mechanism involving a decrease in NKCC2 membrane expression, presumably due to decreased levels of DAGs in the plasma membrane and a subsequent decrease in PKC activity.Keywords: protein kinase C, diacylglycerols, alpha-1 antitrypsin, salt-sensitive hypertension, sodium-potassium-chloride co-transporter
1 INTRODUCTION
Hypertension in children is an increasingly recognized public health concern, with an estimated prevalence ranging from 2% to 5% in the pediatric population, and elevated blood pressure affecting approximately 13%–18% of children and adolescents globally (Yang et al., 2021). Recent systematic reviews indicate that the pooled prevalence of hypertension among children and adolescents is about 4.00%, with notable increases observed over the past two decades, primarily associated with rising rates of obesity (Song et al., 2019). The causes of juvenile hypertension can be categorized into primary (essential) and secondary hypertension. Primary hypertension is more common in older children and is often linked to genetic factors and lifestyle choices, such as obesity, physical inactivity, and dietary habits. In contrast, secondary hypertension can arise from identifiable medical conditions, including renal disease or endocrine disorders, but it is less prevalent, accounting for about 10%–14% of cases in the pediatric population (Hsu et al., 2021). The development of juvenile hypertension is recognized to be a potential precursor of hypertension in adulthood (Meng et al., 2024). Early identification and successful treatment of juvenile hypertension may prevent the development of multiple organ damage (Hinton et al., 2020). Childhood-onset hypertension is linked to subclinical cardiovascular disease and persists throughout adulthood (Myette and Flynn, 2024; Robinson et al., 2024). Children with hypertension have an increased risk of stroke, hospitalization for myocardial infarction or unstable angina, coronary intervention, and congestive heart failure. The risk of adult cardiovascular disease may be decreased by managing childhood hypertension (Robinson et al., 2024).
Alpha-1 antitrypsin (AAT) is a multifunctional protein that is known to have anti-inflammatory effects and protective effects in various organ systems and tissues. AAT administration has been shown to prevent type 1 diabetes in a non-obese diabetic mouse model (Song et al., 2004), reduce cigarette smoke-induced emphysema in mice (Pemberton et al., 2006), lower blood pressure in diabetic mice (Lugo et al., 2022), and delay the development of arthritis in mice (Grimstein et al., 2011). The role of AAT in mitigating diabetic kidney disease and hypertension secondary to diabetes has not been thoroughly studied.
Several blood pressure regulating proteins have been shown to be affected by protein kinases C (PKC) activity. Free radical superoxide has been shown to stimulate PKC and increase apical plasma membrane expression of the Na+-K+-2Cl− cotransporter (NKCC2) (Haque and Ortiz, 2019). PKC-mediated phosphorylation was shown to regulate the activity and function of the with-no-lysine kinase 4 (WNK4), which in turn phosphorylates the kinase Ste20-related proline alanine-rich kinase (SPAK) and oxidative stress-responsive kinase (OSR1), leading to the phosphorylation and activation of the renal Na-Cl cotransporter (NCC) (Castaneda-Bueno et al., 2017). Multiple studies have shown PKC negatively regulates renal epithelial sodium channels (ENaC). Bao et al. showed ENaC activity is elevated in native split-open cortical collecting ducts of PKC alpha knockout mice (Bao et al., 2014). Other studies have shown PKC negatively regulates ENaC activity and its density at the luminal membrane by phosphorylating the myristoylated alanine-rich C kinase substrate (MARCKS)/MARCKS like protein 1 (MLP1) protein, causing its translocation to the cytoplasm (Alli et al., 2012; Montgomery et al., 2017; Song et al., 2020).
Diacylglycerols (DAGs) are bioactive lipids that are known to activate specific isoforms of PKC. The availability of DAG to function as a second messenger depends on its regulation by other proteins. For example, diacylglycerol kinase (DGK) terminates DAG signaling by converting DAG to phosphatidic acid, which by itself is involved in signal transduction (Cai et al., 2009).
Here we investigated for the first time the efficacy of administering human AAT (hAAT) to mitigate salt-induced hypertension in juvenile non-obese 129Sv mice and investigated whether a potential mechanism for this protective effect of hAAT could be due to the suppression of PKC activity as a result of decreased levels of the bioactive lipid DAG. Mechanistically, we investigated whether a decrease in DAG and PKC is associated with a decrease in surface expression of renal NKCC2 to presumably mitigate sodium retention and alleviate salt-induced hypertension.
2 MATERIALS AND METHODS
2.1 Experimental design
Juvenile mice were initially maintained on a normal-salt diet for 5 days and then switched and maintained on a high-salt diet for 11 days. Hypertension from the salt-loading was confirmed by tail-cuff blood pressure measurements, and then after the 11th day the mice were given either vehicle (VEH) or hAAT via intraperitoneal injection while the mice were maintained on a high salt diet. The mice were euthanized on day 24 of the study, and the kidneys were harvested for protein biochemistry experiments (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic of study design. Each vertical line represents 1 day. Blood pressure (BP), tail bleeds (TB), intraperitoneal (IP) injection of hAAT or vehicle. There were 3 phases: normal salt (NS), high-salt (HS), and high-salt plus treatment with hAAT or vehicle.
2.2 Animals
Male (N = 9) 129Sv mice were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). The mice were 4 weeks old at the start of the study. All our animal studies were performed under an approved University of Florida Institutional Animal Care and Use Committee Protocol Number 202011157 and these studies were in compliance with the National Institutes of Health “Guide for the Care and Use of Laboratory Animals”.
2.3 Blood pressure measurements
Since blood pressure is known to be regulated in a time-of-day dependent manner (Alli et al., 2019), blood pressure measurements were performed using the tail-cuff method (IITC MRBP System from Life Science Inc.; Woodland Hills, CA, United States) in the AM (6 a.m.–8 a.m.) during the animals inactive cycle and in the PM (6 p.m.–8 p.m.) during the animals active cycle. Blood pressure was taken on the third day of the normal salt diet of 0.40% NaCl (Teklad, Envigo, Indianapolis, IN, United States) (Figure 1). To induce hypertension in juvenile 129Sv mice, the mice were fed a high-salt diet of 4.0% NaCl (Teklad, Envigo) for 11 days. Blood pressure was measured on the 10th day of the high salt diet (Figure 1). The mice were maintained on the high-salt diet and were given hAAT by intraperitoneal (IP) injection every other day. The blood pressure was taken after the fifth day of the treatment phase with hAAT or vehicle by intraperitoneal (IP) injection.
2.4 Tail vein blood collections
The lateral tail vein was cannulated with a 22 g needle and microhematocrit tubes were used to collect the blood during the active and inactive cycles. The blood was subjected to centrifugation at 6,000 × g RCF for 5 min and the plasma was collected and stored at −20°C.
2.5 Drug treatment
Salt-induced hypertensive 129Sv mice were given either vehicle or clinical grade hAAT (Prolastin®C, Grifols, hAAT (2 mg/mouse/every other day) or vehicle (0.9% sterile saline (Fisher Scientific) via intraperitoneal (IP) injection. The vehicle group consisted of 4 male 129Sv mice while the hAAT treated group consisted of 5 male 129Sv mice. The mice received one injection at 9 a.m., every other day, for a total of three injections.
2.6 Tissue processing
The right kidney was divided into 50-mg slices and cut longitudinally. Each segment was then homogenized in 500 µL of tissue protein extraction reagent (TPER) (Thermo Fisher Scientific) using an Omni TH homogenizer. The lysates were subjected to a 20-minute incubation on ice and were vortexed every 5 min. Following incubation, the tissue lysates were subjected to centrifugation at a speed of 15,800 × g RCF for a duration of 10 min using a Micromax benchtop centrifuge (Thermo IEC). The liquid portion was collected and underwent ultracentrifugation using an Optima L-90K ultracentrifuge (Beckman Coulter; Schaumburg, IL, United States) at a speed of 109,600 × g RCF for 30 min at a temperature of 4°C. This was done using a SW55.1 rotor (Beckman Coulter). The supernatant was collected and constituted the soluble fraction. Afterwards, 250 µL of TPER was utilized to dissolve the pellet, which was then subjected to sonication for two 5-second intervals. This process resulted in the formation of the membrane fraction. The protein concentration of the soluble and membrane fractions was determined using a BCA assay (Thermo Fisher Scientific).
2.7 Western blotting
Fifty micrograms of total protein were applied to 4%–20% gradient SDS PAGE gels (ThermoFisher Scientific) to analyze the soluble fractions or membrane fractions. The proteins were separated by electrophoresis for a duration of 1 h using a Criterion apparatus (BioRad). The proteins were deposited onto nitrocellulose membranes using a Criterion apparatus (BioRad). The membranes were blocked in a solution containing 5% milk and 1X Tris-Buffered Saline (1X TBS) for 1 h to reducing nonspecific binding. Afterwards, the membranes were incubated with a 1:1,000 dilution of primary anti-NKCC2 antibody (18970-1AP) (Proteintech; Rosemont, IL) prepared in a solution containing 5% bovine serum albumin (BSA) as the carrier protein and 1X TBS, and the incubation was done overnight at a temperature of 4°C. The membranes underwent 3 washes with 1X TBS before being placed in a solution of secondary antibody (1:3000 dilution in blocking solution). The blots were incubated with enhanced chemiluminescence (ECL) reagent (BioRad) for a duration of 5 min, after which the blots were imaged (BioRad imager).
2.8 Lipidomics
Lipids were extracted from kidney cortex membrane preparations as described in Section 2.6 by the Bligh & Dyer method (Bligh and Dyer, 1959) with the following modifications. Samples were quantitated using 1 internal standard for each lipid class. The concentration of each lipid was reported as ng/mL. Lipidomics was performed as previously described by our group (Gholam et al., 2023) with the following modifications. The EquiSPLASH Lipidomix (Avanti Polar Lipids, Inc., Alabaster, AL, United States) mixture was used as an internal standard, which consists of a mix of 13 deuterated lipids, each at 100 μg/mL concentration. Membrane preparations were taken and placed into the −80°C freezer until ready for extraction. Samples were pre-normalized to 100 µg protein, aliquoting between 7 and 13 µL sample volume per sample on ice. A phenomonex Luna NH2 100 mm x 2 mm column, 3 µm particle size. Part # 00D-4377-B0 was utilized and analysis was performed on an ABSCIEX 6500 QTRAP LC MS/MS instrument using scheduled MRM. A normal phase separation was carried out and acquired with Analyst 1.7 hotfix 3 software and quantitated using MultiQuant 3.0.3 software.
2.9 Protein kinase C activity assay
A protein kinase C activity assay (abcam) was performed using kidney cortex membrane fractions lysates while following the instructions from the manufacturer.
2.10 Immunohistochemistry
Kidney sections embedded in paraffin were first immersed in Xylene (ThermoFisher Scientific) twice for 3 min each. They were then subjected to a series of 3-minute treatments with ethanol at concentrations of 100%, 95%, 75%, and 50% (ThermoFisher Scientific). After a 3-minute rinse in autoclaved distilled water, the slides were incubated in boiling citrate buffer for 20 min. Following a 5-min rinse in 1X PBS (Phosphate Buffered Saline), tissue sections were blocked with 2.5% normal horse serum (Vector Laboratories) for 20 min at room temperature in a humidified chamber. The slides were then incubated with the primary antibody (NKCC2, Proteintech), diluted 1:500 in 1X PBS, for 30 min at room temperature in the humidified chamber. After a 3-minute rinse in 1X PBS, the slides were incubated with the VectorFluor Duet Reagent secondary antibody (Vector Laboratories Inc.) for 30 min in the dark. This was followed by three 3-minute rinses in 1X PBS. Finally, the slides were cover-slipped (Genesse Scientific) using Vectashield anti-fade mounting medium with DAPI (Vector Laboratories Inc.) and imaged with a fluorescence Olympus microscope using a 40× objective.
2.11 Statistical analysis
A Student t-test was performed to compare differences between the hAAT and vehicle groups. If the normality test failed a Mann-Whitney Rank Sum test was performed to determine statistical significance between the two groups. A one-way ANOVA was performed to compare the blood pressure data. The SigmaPlot software 15.0 (Systat Software, San Jose, CA, United States) was used for all statistical analyses. The values presented are expressed as mean ± SE, and a p-value of less than 0.05 was considered statistically significant.
3 RESULTS
3.1 hAAT decreases systolic blood pressure in hypertensive juvenile 129Sv mice
hAAT was previously shown to be efficacious in mitigating hypertension in diabetic db/db mice (Lugo et al., 2022). However, the efficacy of hAAT in alleviating salt-sensitive hypertension in juvenile mice has not been studied. After salt-loading for 10 days, 129Sv mice became hypertensive presumably from the retention of sodium followed by an increase in extracellular fluid volume. Here we show that hAAT significantly reduced salt-induced hypertension in both the active and inactive cycles of juvenile 129Sv mice (Figure 2).
[image: Figure 2]FIGURE 2 | Systolic blood pressure measurements in juvenile 129Sv mice treated with vehicle or hAAT before and after salt-loading. (A) summary plot of the systolic blood pressure during the inactive cycle, (B) summary plot of the systolic blood pressure during the active cycle. A one-way ANOVA was used to compare differences between the groups. ***p < 0.001, **p < 0.01, *p < 0.05.
3.2 hAAT treatment alters the concentration of lipids in kidney cortex membrane fractions
A previous study suggested that the administration of hAAT in adult diabetic mice alters the concentration of various lipids in the kidney (Lugo et al., 2022). Here we investigated for the first time whether hAAT administration affects the abundance of various lipids in the kidney of juvenile salt-induced hypertensive mice. A volcano plot and heatmap of the lipidomic data shows that the concentrations of several different classes of lipids including multiple bioactive lipids are altered in kidney cortex membrane fractions of 129Sv mice treated with hAAT compared to vehicle (Figure 3). Diacylglycerols represented the largest class of bioactive lipids that were decreased in availability in kidney cortex membrane fractions after hAAT treatment (Figure 3). Other bioactive lipids that were down-regulated included various ceramides.
[image: Figure 3]FIGURE 3 | Lipidomic analysis of kidney cortex membrane fractions from 129Sv mice treated with vehicle or recombinant hAAT. Data normalized to median with Pareto data scaling. (A) Partial least squares discriminant analysis (PLS_DA) score plot. (B) Volcano plot showing lipids that are differentially enriched in 129Sv mice treated with vehicle (VEH) or hAAT. (C) Heatmap of the top 25 lipids that were differentially enriched between the two groups. N = 4 mice for the vehicle group and N = 5 mice for the hAAT group. MetaboAnalyst 6.0 software (Pang et al., 2024) was used to create the PLSDA score plot, volcano plot, and heatmap.
3.3 The concentration of multiple forms of diacylglycerols is reduced in membrane fractions of the kidney cortex of hypertensive 129Sv mice after administration of hAAT compared to vehicle
Diacylglycerols occur in various forms within the plasma membrane of renal epithelial cells and play an important role as second messengers in physiology and pathophysiology. Here, our lipidomic analysis showed multiple forms of diacylglycerols, including DAG (18:1_22:6), DAG (18:2_22:6), DAG (18:0_22:6), and DAG (16:0_17:0), DAG (16:0_18:1), DAG (18:0_18:0), DAG (18:0_20:3) are all significantly decreased in concentration in kidney cortex membrane fractions of juvenile 129Sv mice treated with hAAT compared to mice with vehicle (Figure 4). Other lipids that were detected are listed in Supplementary Table S1.
[image: Figure 4]FIGURE 4 | Analysis of diacylglycerol concentrations within kidney cortex membrane fractions from 129Sv mice treated with vehicle or recombinant hAAT. A student’s t-test was performed using the raw data values from the lipidomics dataset after normalization to the median. VEH represents vehicle. hAAT represents human alpha-1 antitrypsin. DAG forms that were significantly downregulated after hAAT administration included (A) DAG (18:1_22:6), (B) DAG (18:2_22:6), (C) DAG (18:0_22:6), (D) DAG (16:0_17:0), (E) DAG (16:0_18:1), (F) DAG (18:0_18:0), (G) DAG (18:0_20:3). A Student t-test was performed to compare differences between the two groups. N = 4 mice for the vehicle group and N = 5 mice for the hAAT group. * p-value <0.05.
3.4 PKC activity is significantly attenuated in kidney cortex membrane fractions of 129Sv mice treated with hAAT compared to vehicle
Since our lipidomic data showed hAAT administration decreases the availability of multiple forms of DAGs, and DAGs are known to activate PKC isoforms, we investigated whether PKC activity in kidney cortex membrane fractions is also altered by hAAT treatment. As shown in Figure 5, PKC activity was significantly downregulated in membrane fractions of the kidney cortex from 129Sv mice treated with hAAT compared to vehicle.
[image: Figure 5]FIGURE 5 | Protein kinase C activity in membrane fraction kidney cortex lysates of 129Sv mice treated with vehicle or recombinant hAAT. VEH represents vehicle. hAAT represents human alpha-1 antitrypsin. A Student t-test was performed to compare differences between the two groups. N = 4 mice for the vehicle group and N = 5 mice for the hAAT group. ** p-value<0.01.
3.5 hAAT administration reduces NKCC2 membrane expression in the kidney of juvenile 129Sv mice
Since the surface expression of NKCC2 is known to be enhanced by phosphorylation of the actin cytoskeleton protein annexin A2 (Dathe et al., 2014), which is also regulated by proteolysis (Yamane et al., 2013), we investigated for the first time whether of the versatile protease inhibitor AAT affects the density of NKCC2 protein expression in kidney cortex membrane fractions of juvenile salt-induced hypertensive mice. As shown in Figure 6, hAAT administration significantly reduced NKCC2 protein expression in kidney cortex membrane fractions of juvenile 129Sv mice compared to vehicle treatment. To corroborate the Western blot results showing a decrease in NKCC2 protein expression in kidney cortex lysates of 129Sv juvenile mice given hAAT, we performed immunohistochemistry using paraffin-embedded tissue. As shown in Figure 7, luminal plasma membrane staining of NKCC2 was significantly attenuated in the kidneys of salt-induced hypertensive juvenile 129Sv mice treated with hAAT compared to mice treated with vehicle.
[image: Figure 6]FIGURE 6 | Western blot of NKCC2 protein expression in the kidney of 129Sv mice treated with hAAT or vehicle. (A) Representative Western blot (top) for NKCC2 in kidney cortex membrane fractions after salt-loaded hypertensive juvenile mice were treated with vehicle (VEH) or hAAT. N = 4 mice in the VEH group and N = 5 mice in the hAAT group. Ponceau stain (bottom) used to assess lane loading. (B) Densitometry plot of the immuno-reactive NKCC2 band normalized to the Ponceau stain. A Student’s t-test was performed to compare differences between the two groups. * represents a p-value <0.05.
[image: Figure 7]FIGURE 7 | Immunohistochemistry of NKCC2 protein expression in the kidney 129Sv mice treated with vehicle or hAAT. (A) Representative images of vehicle treated salt-loaded hypertensive juvenile 129Sv mice. (B) Representative images of hAAT treated salt-loaded hypertensive juvenile 129Sv mice. N = 4 mice per group. White arrows indicates positive staining for NKCC2 in luminal/apical plasma membrane of the kidneys of each group of mice. Scale bar for all images is 100 µm.
4 DISCUSSION
Our study demonstrates for the first time that hAAT treatment alters the concentrations of multiple classes of lipids in the membranes of kidneys from hypertensive juvenile 129Sv mice. A previous study from our group showed hAAT attenuated ENaC and MARCKS protein expression along with ceramide metabolism to hexosylceramides in renal epithelial cells to alleviate salt-induced hypertension in adult diabetic db/db mice (Lugo et al., 2022). However, this is the first study to investigate the efficacy and mechanism of hAAT administration to mitigate hypertension in juvenile mice.
In an attempt to address this knowledge gap, we designed a study to investigate changes in the concentration of membrane lipids from salt-induced hypertensive juvenile 129Sv mice treated with hAAT or vehicle. Our lipidomics data identified several bioactive lipids that were downregulated in the kidney cortex membrane fractions of hypertensive 129Sv mice that received hAAT compared to vehicle. Diacylglycerols represented the largest class of bioactive lipids that were downregulated in the kidney membranes after administration of hAAT. Importantly, diacylglycerols play an important role in the activation of specific PKC isoforms including PKC alpha, beta, delta, and epsilon.
It is known from previous studies that DAG serves as the primary stimulant of protein kinase C in biological processes (Ohanian and Ohanian, 2001), and acts as an allosteric activator of protein kinase C (PKC), while IP3 primarily regulates intracellular calcium levels by modulating calcium channels in both the plasma membrane and endoplasmic reticulum. This result is particularly important in relation to smooth muscle contraction (Berridge, 1987). At the same time Okumara et al. concluded that 1,2-diacylglycerol production by norepinephrine is elevated in the thoracic aorta of spontaneously hypertensive before the onset of hypertension (Okumura et al., 1990). In that study, 1,2-DAG content of spontaneously hypertensive rat hearts during the early stages appeared to be related to the initiation of cardiac hypertrophy in spontaneously hypertensive rats hearts before they developed hypertension (Okumura et al., 1990). Norepinephrine induces diacylglycerol production through its binding to alpha-1 adrenergic receptors, activating PLC and resulting in the generation of DAG (Hussain et al., 2024). In our study, DAG levels were found to be high in hypertensive mice. However, this study did not measure DAG levels in juvenile before inducing hypertension by salt-loading. But, the levels of several DAGs were found to be decreased after hAAT treatment (Figure 4). These studies show that DAGs via acting as a crucial regulator of protein kinase C activity, may have a role in the circulatory alterations associated with hypertension. Moreover, these changes have been shown to start before the onset of hypertension. Overall, the results from this study suggest that hAAT may have therapeutic potential to mitigate hypertension in juvenile mice. Johnsen et al. showed in their study that PKC levels were high in a mouse model of spontaneous hypertensive heart failure (Johnsen et al., 2005). Similarly, Osicka et al. demonstrated that the renal cortex in rat models of hypertension and hyperglycemia, both alone and when combined, exhibit an elevated expression of PKC isoforms (Osicka et al., 2003). In our study, basal levels of PKC activity was found to be higher in salt-loaded 129Sv mice treated with vehicle compared to mice treated with hAAT (Figure 5). Moreover, Wynne et al. showed that diastolic, systolic, and mean arterial pressure of PKC knockout mice were considerably lower compared to the control group (Wynne et al., 2018). PKC has effects beyond decreasing blood pressure. Activation of PKC-δ signaling pathway controls the contraction of the heart muscle and has a crucial function in the development of myocardial ischemia-reperfusion injury and cardiac fibrosis. Studies utilizing pig, rat, and PKC-δ gene deletion mice models demonstrated PKC-δ actively facilitates ischemia/reperfusion injury, and the suppression of PKC-δ can effectively prevent these detrimental effects. Peptide inhibitors administered during reperfusion have a specific effect on protecting the heart. This protection is achieved by decreasing the size of the damaged heart tissue (infarct area) and reducing the levels of troponin T, a protein associated with heart damage. Additionally, these inhibitors improve the recovery of heart function by reducing the activity of caspase-3, an enzyme involved in cell death, and decreasing the apoptosis (Lincoff et al., 2014; Miao et al., 2022). All of these findings indicate that inhibiting PKC could potentially prevent permanent damage to the heart during the restoration of blood flow not only during hypertension. Our data suggest that hAAT may lower PKC activity by reducing DAGs.
One limitation of our study is that we did not compare regional differences in lipids between the cortex and medulla. Another limitation is that we did not measure differences in membrane lipids between male and female mice. We used only male mice in this study since it is established that female sex hormones have a protective role in the development of hypertension (Xue et al., 2007). Third, we did not use other salt-sensitive animal models to corroborate the effects we observed in 129Sv mice. We and other groups have shown 129Sv mice are salt-sensitive and develop hypertension. In contrast, C57Bl6 mice are generally salt resistant to salt loading and are not the preferred model to study the development of hypertension due to dietary sodium. However, our group showed that db/db mice develop hypertension after salt-loading. Future studies will examine whether the lipids we found to be downregulated in 129Sv mice are also downregulated in juvenile salt-loaded hypertensive db/db mice. Another future direction relevant to the scope of this study to investigate whether hAAT administration affects the release and excretion of extracellular vesicles into the urine or the enrichment of bioactive lipids in urinary extracellular vesicles. A previous study showed several hexosylceramides and other classes of lipids are enriched in urinary extracellular vesicles after administration of hAAT in hypertensive diabetic db/db mice (Lugo et al., 2022). Another future direction is to investigate the mechanism by which hAAT is taken up by the thick ascending limb cells expressing NKCC2. Finally, we plan to investigate whether other effector proteins downstream in the DAG-PKC pathway are affected by hAAT treatment. DAG mediated activation of PKC has been shown to result in the activation of protein kinase D (PKD) (Wang, 2006).
Taken together, our descriptive lipidomic dataset identified several DAGs that were attenuated in kidney cortex membrane fractions of salt-loaded hypertensive juvenile 129Sv mice given hAAT compared to vehicle. A reduction in the availability of bioactive DAGs is expected to prevent high levels of PKC activity and subsequently reduce surface expression of renal NKCC2 (Figure 8). Renal NKCC2 plays an important role in regulating total body salt balance and blood pressure. A decrease in its expression and activity is expected to reduce sodium reabsorption in the kidney and mitigate salt-induced hypertension.
[image: Figure 8]FIGURE 8 | Proposed mechanism for hAAT in mitigating salt-induced hypertension in juvenile mice. In the kidney of salt-induced hypertensive 129Sv mice there is an abundant level of various bioactive diacylglycerols (DAGs) which results in the downstream activation of protein kinase C (PKC). PKC stimulates the insertion and membrane expression of the renal sodium-potassium-chloride co-transporter at the apical plasma membrane. A decrease in surface expression of NKCC2 at the apical plasma membrane is shown to result in a decrease in sodium retention, extracellular fluid (ECF) volume, and hypertension in these animals. hAAT administration reduces the availability of various DAGs at the plasma membrane thus resulting in a decrease in PKC activity. As a result, there is less protein expression of NKCC2 at the apical plasma membrane and less reabsorption and sodium retention in 129Sv mice given hAAT. SS-HTN refers to salt-sensitive hypertension.
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