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Physical Activity Protects the Pathological Alterations of Alzheimer’s Disease Kidneys via the Activation of PACAP and BMP Signaling Pathways
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Alzheimer’s disease (AD) is a neurodegenerative disorder with typical amyloid beta (Aβ) aggregations. Elimination of the Aβ precursors via the kidneys makes the organ a potential factor in the systemic degeneration leading to AD. Pituitary adenylate cyclase-activating polypeptide (PACAP) exerts neuroprotective effects in AD and plays a protective role in kidney pathologies. Increased physical activity is preventive of the formation of AD, but its detailed mechanism and possible connections with PACAP have not been clarified. In the kidneys of AD mice, the effects of physical activity were investigated by comparing wild-type and AD organs. Aβ plaque formation was reduced in AD kidneys after increased training (TAD). Mechanotransduction elevated PACAP receptor expression in TAD mice and normalized the protein kinase A (PKA)-mediated pathways. BMP4/BMPR1 elevation activated Smad1 expression and normalized collagen type IV in TAD animals. In conclusion, our data suggest that elevated physical activity can prevent the AD-induced pathological changes in the kidneys via, at least in part, the activation of PACAP–BMP signaling crosstalk.
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INTRODUCTION

Alzheimer’s disease (AD), a degenerative process in the central nervous system (CNS), is the most frequent cause of dementia in elderly patients, resulting in neuronal loss and leading to progressive cognitive deficit (Burns and Iliffe, 2009; Dong Y. et al., 2019; Nazarian et al., 2019; Cervellati et al., 2020; Pomilio et al., 2020). Because of its increased prevalence, AD is one of the major priorities of healthcare systems, and various attempts have been made in the last decades to find reliable prevention methods or novel therapeutic approaches (Belghali et al., 2017; Panda and Jhanji, 2019; Whitehouse, 2019). One of the first signs of AD formation and manifestation is the pathological aggregation of amyloid beta (Aβ) deposits and the abnormal accumulation of tau proteins followed by inflammation (Tiraboschi et al., 2004). Amyloidogenesis is a well-controlled process in healthy tissues, but pathologic amyloid plaques can accumulate in various tissues in Alzheimer’s disease (Whelly et al., 2012; Reglodi et al., 2018c). Accumulation of amyloid plaques has also been identified in peripheral organs, resulting in a systemic disorder (Morris et al., 2014; Reglodi et al., 2018c; Pomilio et al., 2020). Among others, Aβ aggregation pathologically alters pancreatic function (Kawarabayashi et al., 1996; Arbor et al., 2016; Tavares et al., 2017) and can negatively affect renal function (Kheirbakhsh et al., 2018).

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a 38-amino acid C-terminally α-amidated peptide that was first isolated in 1989 from an ovine hypothalamic extract by Miyata and colleagues (Miyata et al., 1989). PACAP belongs to the vasoactive intestinal polypeptide (VIP)–secretin–growth hormone-releasing hormone (GHRH)–glucagon superfamily. PACAP has three major G protein-coupled seven-transmembrane receptors: PAC1, VPAC1, and VPAC2. PAC1 is responsible for specific PACAP binding, while the VPAC1 and VPAC2 receptors have equal affinity to bind PACAP and VIP (Laburthe et al., 2002). PACAP and its receptors have been detected in the CNS and many peripheral tissues such as the respiratory tract, urinary tract, and digestive system (Vaudry et al., 2009), or in bone and chondrogenic cultures (Juhasz et al., 2015a; Jozsa et al., 2018). The protective/preventive role of PACAP has been proven in several age-related disorders, and lack of PACAP leads to accelerated aging (Reglodi et al., 2018a; Szegeczki et al., 2019). PACAP has been shown to attenuate the severity of AD in different animal models and protects from Aβ toxicity (Han et al., 2014a; Maasz et al., 2017). We have previously described that PACAP-deficient mice are prone to develop a presenile systemic amyloidosis, with peripheral organs severely affected (Reglodi et al., 2018c). The most dramatic amyloid deposition was found in the kidneys of aging PACAP knockout mice, where 100% of the animals developed a severe glomerular infiltration causing functional failure (Gronewold et al., 2017; Reglodi et al., 2018c). In addition, PACAP has a nephroprotective role in various kidney pathologies, such as toxic nephropathies and ischemia/reperfusion-induced kidney injury of rats (Horvath et al., 2019; Laszlo et al., 2019). Binding to its receptors, PACAP initiates the activation of various signaling pathways via the activation of intracellular messengers such as adenylate cyclase, which triggers protein kinase A (PKA), and subsequent activation of the phosphorylate transcription factors such as CREB and mediates different gene expressions (Kienlen Campard et al., 1997; Juhasz et al., 2014b; Dong Q. et al., 2019). PACAP has a modulatory role in several signaling cascades such as Notch and sonic hedgehog signaling (Sandor et al., 2014; Fulop et al., 2019), Sox transcription factor activation (Szegeczki et al., 2019), and has an important balancing function in bone morphogenetic protein (BMP) signaling (Jozsa et al., 2019; Laszlo et al., 2019).

BMP is a member of the transforming growth factor beta (TGF-β) protein family predominantly detected in bone and has several functions, from the embryonic development to the homeostasis of adult tissues (Bandyopadhyay et al., 2013). BMPs can bind to serine/threonine protein kinase receptor (BMPR1), the downstream targets of which bind the corresponding DNA sequence through the Smad cascade and regulate the expression of certain genes, such as those coding for collagens (Von Bubnoff and Cho, 2001). BMP4 is one of the major cytokines which regulate proper kidney development (Nishinakamura and Sakaguchi, 2014; Mills et al., 2017). BMP receptor activation via BMP4 influences the expression of basement membrane components, such as collagen type IV (Matsubara et al., 2015; Laszlo et al., 2019), which also plays an important role in proper filtration. Alterations in BMP4 expression have also been demonstrated in AD (Li D. et al., 2008). BMP and PACAP signaling crosstalk has already been shown in various processes. PACAP has been demonstrated to play a role as an antagonist of BMP4 in Xenopus early development (Otto et al., 2000), and BMPs can modulate PACAP function in peptidergic system formation (Pavelock et al., 2007). The expression of BMPs is altered in bone development processes (Jozsa et al., 2018) and shows a shifted expression pattern in the callus formation of PACAP knockout (KO) mice (Jozsa et al., 2019). The addition of PACAP increased BMP4 expression in the UMR-106 osteogenic cell line (Juhasz et al., 2014b). Moreover, we have demonstrated that PACAP addition elevated BMP4 expression in ischemia-induced kidney injury (Laszlo et al., 2019).

For detailed investigation of AD formation, various in vivo and in vitro experiments have been performed (Wu et al., 2019) in order to follow the molecular biological alterations. There are a few genetically modified mice with tau and Aβ overexpression showing macroscopical and molecular biological disorders of AD (Radak et al., 2010; Abraham et al., 2019). In these models, it has been proven that physical activity was able to postpone the manifestation of AD, but its detailed mechanism has not yet been investigated (Radak et al., 2010). As PACAP has an important protective role in the kidneys and has a direct protective role in AD, it could be one of the target molecules to positively influence Aβ elimination via the kidneys (Leckstrom et al., 1997).

In our experiments, we present evidence that physical activity has direct effects on AD in the kidneys of Alzheimer’s disease mouse models. Furthermore, we show that PACAP and BMP signaling are also involved in the prevention of illness formation via physical activation.



MATERIALS AND METHODS


Animals

Male Alzheimer transgenic [B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J] (n = 5) mice were used to follow the effects of AD. Three-month-old wild type (WT; no transgenic modulation and no training, n = 5), Alzheimer transgenic mice (AD, n = 5), and trained Alzheimer’s disease mice (TAD, n = 5) were kept under light/dark cycles of 12:12 h with food and water ad libitum. Alzheimer transgenic mice were trained on a treadmill four times per week for 1 h divided into 10 sessions. One session contained 2 min of low-intensity running (10 m/min) and 4 min of high-intensity running (20 m/min). The study was carried out in accordance with ethical guidelines (ethical permission number: PEI/001/2105-6/2014, Semmelweis University, Hungary). Genotyping was performed using a Phire Animal Tissue Direct PCR Kit (Thermo Fischer Scientific, Waltham, MA, United States) according to the manufacturer’s instructions.



Light Microscopical Morphology

Kidneys were washed in phosphate-buffered saline (PBS) three times and fixed in a 4:1 mixture of absolute ethanol and 40% formaldehyde, then embedded in paraffin. Serial sections were made and hematoxylin–eosin (HE) staining (Sigma-Aldrich, MO, United States) for morphological analysis and Congo red staining (Abcam, Cambridge, United Kingdom) for Aβ accumulation were performed. The staining protocols were carried out according to the manufacturer’s instructions. Photomicrographs were taken using a DP74 camera (Olympus Corporation, Tokyo, Japan) on an Olympus Bx53 microscope (Olympus Corporation, Tokyo, Japan). For measurement of the staining intensity, we used ImageJ 1.40g freeware. Pixel density analysis was performed from at least three photos of five independent experiments.



Immunohistochemistry

Immunohistochemistry was performed on WT, AD, and TAD mice kidney tissue samples to visualize the localization of CREB, Smad1, and collagen type IV (Col. IV). The kidneys were fixed in a 4:1 mixture of absolute ethanol and 40% formaldehyde and washed in 70% ethanol. After embedding, serial sections were made and deparaffinization was then followed by rinsing in PBS (pH 7.4). Non-specific binding sites were blocked with PBS supplemented with 1% bovine serum albumin (Amresco LLC, Solon, OH, United States), then the samples were incubated with polyclonal CREB (Millipore, MO, United States) at a dilution of 1:600, Smad1 (Cell Signaling, Danvers, MA, United States) at a dilution of 1:500, or Col. IV (Abcam, Cambridge, United Kingdom) antibody at a dilution of 1:600 at 4°C overnight. For visualization of the primary antibodies, anti-rabbit Alexa Fluor 555 secondary antibody (Life Technologies Corporation, Carlsbad, CA, United States) was used at a dilution of 1:1,000. The samples were mounted in a Vectashield mounting medium (Vector Laboratories, Peterborough, United Kingdom) containing 4’,6-diamidino-2-phenylindole (DAPI) for nuclear DNA staining. For the negative controls, anti-rabbit Alexa Fluor 555 was used without the primary antibodies. For the detection of Col. IV, photomicrographs were taken using the DP74 camera (Olympus Corporation, Tokyo, Japan) on an Olympus Bx53 microscope (Olympus Corporation, Tokyo, Japan). Images were acquired using cellSense Entry 1.5 software (Olympus, Shinjuku, Tokyo, Japan) with constant camera settings to allow comparisons of the fluorescent signal intensities. For CREB and Smad1, an Olympus FV1000S confocal microscope (Olympus Co., Tokyo, Japan) was used applying × 60 oil immersion objective (NA: 1.3). For excitation, laser lines of 543 nm were used. The average pixel time was 4 μs. Z image series of 1 μm optical thickness were recorded in sequential scan mode. Images of Alexa555 and DAPI were overlaid using Adobe Photoshop version 10.0 software. Contrast of images was equally increased without changing constant settings.



RT-PCR Analysis

The kidneys of WT (n = 5), AD (n = 5), and TAD (n = 5) mice were mechanically ground and were dissolved in Trizol (Applied Biosystems, Foster City, CA, United States), after 30 min incubation on 4°C, and total RNA was isolated. RNA was harvested in RNase-free water and stored at -70°C. Reverse transcription was performed by using High-Capacity RT kit (Applied Biosystems, Foster City, CA, United States). For the sequences of primer pairs and details of the polymerase chain reactions (see Table 1). Amplifications were performed in a thermal cycler (Labnet MultiGene 96-well Gradient Thermal Cycler; Labnet International, Edison, NJ, United States) as follows: 95°C, 2 min, followed by 35 cycles (denaturation, 94°C, 30 s; annealing for 45 s at optimized temperatures as given in Table 1; and extension, 72°C, 90 s) and then 72°C, 7 min. Actin was used as the internal control. PCR products were analyzed using a 1.2% agarose gel containing ethidium bromide. The optical densities of the PCR product signals were determined by using ImageJ 1.40g freeware.


TABLE 1. Nucleotide sequences, amplification sites, GenBank accession numbers, amplimer size, and PCR reaction conditions for each primer pair.
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Western Blot Analysis

The kidneys of WT (n = 5), AD (n = 5), and TAD (n = 5) mice were washed in physiological saline and stored at -70°C. The samples were mechanically disintegrated with a tissue grinder in liquid nitrogen. Then, they were collected in 100 μl of homogenization RIPA (radioimmunoprecipitation assay) buffer (150 mM sodium chloride, 1.0% NP40, 0.5% sodium deoxycholate, 50 mM Tris, pH 8.0) containing protease inhibitors (10 μg/ml aprotinin, 5 mM benzamidine, 10 μg/ml leupeptin, 10 μg/ml trypsin inhibitor, 1 mM PMSF, 5 mM EDTA, 1 mM EGTA, 8 mM Na-fluoride, and 1 mM Na-orthovanadate). The suspensions were sonicated by pulsing burst for 30 s at 40 A (Cole-Parmer, IL, United States). The total cell lysates for Western blot analyses were prepared. Forty micrograms protein was separated in 7.5% SDS–polyacrylamide gels for the detection of PAC1, VPAC1, VPAC2, PKA, P-PKA, CREB, P-CREB, BMP2, BMP4, BMPR1, Smad1, Col. IV, and actin. The proteins were transferred electrophoretically to nitrocellulose membranes and exposed to the primary antibodies overnight at 4°C in the dilution, as given in Table 2. After washing for 30 min with PBS Tween (PBST), the membranes were incubated with the peroxidase-conjugated secondary antibody anti-rabbit IgG in a 1:1,500 (Bio-Rad Laboratories, CA, United States) or anti-mouse IgG in a 1:1,500 (Bio-Rad Laboratories, CA, United States) dilution. The signals were detected with enhanced chemiluminescence (Advansta Inc., Menlo Park, CA, United States) according to the instructions of the manufacturer. Actin was used as an internal control. The signals were developed with a gel documentary system (Fluorchem E, ProteinSimple, CA, United States). The optical densities of the signals were measured by using ImageJ 1.40g freeware.


TABLE 2. Antibodies used in the experiments.
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Statistical Analysis

All data are representative of at least five independent experiments. For all figures, the samples of the same WT, AD, and TAD animals were chosen with their inner control for a better comparison. Changes were based on the five results, but only one demonstrative photo from the same animal group was used in every figure. Statistical analysis was performed by ANOVA and unpaired Student’s t-test. The threshold for the statistically significant differences as compared to the control samples was set at ∗p < 0.05 and to the AD samples at #p < 0.05.




RESULTS


Reduced Aβ Accumulation After Physical Activity in AD Kidneys

In WT mice, a normal kidney cortex morphology was demonstrated (Figure 1A), without any Congo red positivity (Figure 1C). On the contrary, Aβ plaque accumulation was detectable in AD mice (Figure 1A). Homogenous eosinophilic deposits were visible, which are typical features of Aβ appearance in the interstitium of AD kidneys (Figure 1A). Strong Aβ positivity could be seen in the proximal and distal tubules and the Bowman capsule of AD kidneys with Congo red staining (Figure 1C). Moreover, the tubular systems of AD kidneys showed a strong eosinophilic appearance. Pixel analysis revealed a significantly elevated staining intensity in AD kidneys compared with the WT kidneys (Figure 1B). Interestingly, increased physical activity diminished the eosinophilic deposits in the interstitium and also reduced Aβ accumulation in the cortical tubules (Figures 1A,C, respectively). Physical activity decreased the elevated staining intensity in TAD animals compared with the AD samples (Figures 1A,B).
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FIGURE 1. (A) Representative microphotograph of wild-type (WT), Alzheimer’s disease (AD), and trained Alzheimer’s disease (TAD) kidneys stained with hematoxylin and eosin. Overview of the kidney cortex. Original magnification was × 20. Scale bar, 50 μm. Arrows show a representative area for amyloid beta (Aβ) plaque formation. (B) Staining intensity analysis. Representative data of five independent experiments. The staining intensities are presented as bar graphs ± SEM. Asterisks indicate significant (∗p < 0.05) differences in the staining pixel intensity compared to WT and (#p < 0.05) compared to AD. (C) Representative microphotographs of WT, AD, and TAD kidneys stained with Congo red. Red colors show Aβ accumulation. Original magnification was × 20. Scale bar, 50 μm.




Normalized Receptors of PACAP Signaling in TAD Animals

In WT kidneys, the messenger RNAs (mRNAs) of all PACAP receptors were detectable (Figure 2A). Some alterations were shown with the RT-PCR reactions in AD mice, which were normalized in TAD animals (Figures 2A,C). The protein expressions of PAC1, VPAC1, and VPAC2 receptors were equally demonstrated in WT kidneys (Figures 2B,C). On the contrary, PAC1 receptor protein expression was almost undetectable, and strongly reduced VPAC1 and VPAC2 protein expressions were demonstrated in AD kidneys (Figures 2B,C). Physical activity increased the expressions of PACAP receptors in TAD kidneys (Figures 2B,C). Most dominantly, the protein expressions of PAC1 and VPAC1 receptors were elevated (Figures 2B,C).
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FIGURE 2. mRNA (A) and protein (B) expressions of pituitary adenylate cyclase-activating polypeptide (PACAP) receptors in the kidneys. The optical density of the signals was measured and the results were normalized to the optical density of the wild type (WT). For (A,B), the numbers below the signals represent the integrated densities of the signals determined by ImageJ software. Asterisks indicate significant (∗p < 0.05) alterations of expressions as compared to the WT and (#p < 0.05) compared to Alzheimer’s disease (AD). Representative data of five independent experiments. For reverse transcription PCR (RT-PCR) and for Western blot, actin was used as the control. (C) Statistical analysis of the RT-PCR and Western blot data. All data presented are the averages of at least five different experiments. Statistical analysis was performed with Student’s t-test. All data were normalized on actin and are expressed as the mean ± SEM.




Altered Canonical Signaling Pathways of PACAP in AD

To demonstrate the involvement of PACAP signaling in AD kidneys, first, we investigated the canonical downstream targets. PKA is activated by the elevated adenylate cyclase activity; subsequently, the phosphorylation of PKA is increased and triggers the transcriptional activity of CREB. In all experimental groups, the mRNAs of PKA and CREB were demonstrated without significant alterations (Figures 3A,C). In AD kidneys, a diminished PKA protein expression was detected, which was increased in TAD animals (Figures 3B,C). In TAD kidneys, the PKA expression almost normalized and reached the basal level, but the more active phosphorylated form of PKA after a strong reduction in AD mice did not re-increase (Figures 3B,C). Similarly, CREB protein expression was reduced in AD kidneys; moreover, its phosphorylated, thus more active, form was undetectable in AD (Figures 3B,C). The increased activity of AD mice augmented the expression of CREB and elevated the phosphorylation level of the transcription factor (Figures 3B,C). CREB expression and specific localization in proximal tubules have been demonstrated earlier (Taub, 2018). In WT kidneys, CREB appears in the cytoplasm and shows an apical accumulation in proximal tubules; only cytoplasmic signals appeared in distal tubules and barely detectable CREB was visible in the Bowman capsule (Figure 3D). CREB signal diminished and no subcellular specificity could be analyzed with this method in AD kidneys (Figure 3D). Interestingly, strong apical signals were demonstrated in proximal tubular cells of TAD kidneys, but no further alterations were shown in distal tubules and in renal corpuscles (Figure 3D).
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FIGURE 3. mRNA (A) and protein (B) expressions of pituitary adenylate cyclase-activating polypeptide (PACAP) signaling in the kidneys. The optical density of the signals was measured and the results were normalized to the optical density of the controls. For (A,B), the numbers below the signals represent the integrated densities of the signals determined by ImageJ software. Asterisks indicate significant (∗p < 0.05) alterations of expressions as compared to the wild type (WT) and (#p < 0.05) compared to Alzheimer’s disease (AD). Representative data of five independent experiments. For reverse transcription PCR (RT-PCR) and for Western blot, actin was used as the control. (C) Statistical analysis of the RT-PCR and Western blot data. All data presented are the averages of at least five different experiments. Statistical analysis was performed with Student’s t-test. All data were normalized on actin and are expressed as the mean ± SEM. (D) Immunohistochemistry of CREB in the cortex of the kidneys. Arrows show the apical part of the proximal tubules. Magnification was made with × 60 objective. Scale bar, 20 μm.




Modified BMP Signaling in AD

For the investigation of PACAP signaling crosstalk, we followed the BMP signaling pathways. First, the mRNAs of BMP2 and BMP4 were detected in all experimental groups without significant alterations (Figures 4A,C). BMPR1 and Smad1 mRNA expressions were reduced in AD kidneys, but elevated in TAD kidneys (Figures 4A,C). The protein expression of BMP2 diminished in AD kidneys and did not increase in TAD animals (Figures 4B,C). Furthermore, AD kidneys showed a decreased BMP4 expression, but it was augmented in TAD animals (Figures 4B,C). A similar pattern was demonstrated in the expression of BMPR1, which normalized in TAD kidneys after a strong AD reduction (Figures 4B,C). The protein expression of Smad1 is strongly reduced in AD kidneys, and a lower but significant elevation was detected in TAD animals (Figures 4B,C). With immunohistochemistry, a strong cytoplasmic signal of Smad1 was demonstrated in WT kidneys (Figure 4D). In AD animals, Smad1 reduction was visible in the tubular system, but it increased in the proximal tubules of TAD kidneys (Figure 4D).
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FIGURE 4. mRNA (A) and protein (B) expressions of bone morphogenetic protein (BMP) signaling in the kidneys. For reverse transcription PCR (RT-PCR) and for Western blot, actin was used as the control. The optical density of the signals was measured and the results were normalized to the optical density of the controls. For panels (A) and (B), the numbers below the signals represent the integrated densities of the signals determined by ImageJ software. Asterisks indicate significant (∗p < 0.05) alterations of expressions as compared to the wild type (WT) and (#p < 0.05) compared to Alzheimer’s disease (AD). Representative data of five independent experiments. (C) Statistical analysis of the RT-PCR and Western blot data. All data presented are the averages of at least five different experiments. Statistical analysis was performed with Student’s t-test. All data were normalized on actin and are expressed as the mean ± SEM. (D) Immunohistochemistry of Smad1 in the cortex of the kidneys. Magnification was made with × 60 objective. Scale bar, 20 μm.




Altered Expressions of Basement Membrane Components in AD

As we have published earlier, the common target of BMP and PACAP signaling can be collagen type IV, which was also altered in ischemic conditions of the kidneys (Laszlo et al., 2019). The mRNA expression of collagen type IV was undetectable in AD kidneys, while it was demonstrated in TAD kidneys (Figures 5A,C). The protein expression of this collagen showed a prominent reduction in AD kidneys, but it was significantly elevated in TAD animals (Figures 5B,C). On the other hand, the immunopositivity of collagen type IV was decreased dominantly around the tubules of AD kidneys, while no such strong reduction was detected around the renal corpuscles (Figure 5D). In TAD animals, the signals of collagen type IV were elevated around the tubules and renal corpuscles (Figure 5D).
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FIGURE 5. mRNA (A) and protein (B) expressions of collagen type IV in the kidneys. For reverse transcription (RT-PCR) and for Western blot, actin was used as the control. The optical density of the signals was measured and the results were normalized to the optical density of the controls. For (A,B), the numbers below the signals represent the integrated densities of the signals determined by ImageJ software. Asterisks indicate significant (∗p < 0.05) alterations of expressions as compared to the wild type (WT) and (#p < 0.05) compared to Alzheimer’s disease (AD). Representative data of five independent experiments. (C) Statistical analysis of the RT-PCR and Western blot data. All data presented are the averages of at least five different experiments. Statistical analysis was performed with Student’s t-test. All data were normalized on actin and are expressed as the mean ± SEM. (D) Immunohistochemistry of collagen type IV in the cortex of the kidneys. Magnification was made with × 20 objective. Scale bar, 50 μm.





DISCUSSION

Numerous molecular and neuropathological disorders have been described in AD, such as tau hyperphosphorylation (Sierra-Fonseca and Gosselink, 2018), modification of Ca2+ signaling pathways (Glaser et al., 2019), and Aβ accumulation (Naseri et al., 2019), leading to neuronal and synaptic disorders (Cardozo et al., 2019). In Alzheimer’s disease, several peripheral organs are also involved, such as the testis (Tavares et al., 2017), pancreas (Kulas et al., 2017), and kidneys (Paterson et al., 2017), indicating a complex systemic disease (Morris et al., 2014). Pathological Aβ accumulation in the kidneys (Gronewold et al., 2017) may result in filtration disorder. Although various signaling molecules have been identified as possible targets in the treatment of this neurodegeneration process (Loera-Valencia et al., 2019; Patel et al., 2019), the complexity of AD makes drug development difficult. Limited data show the importance of physical activity in postponing the manifestation of characteristic AD (Radak et al., 2010; Abraham et al., 2019). One of the possible protective agents could be PACAP, which has been described to have a preventive effect on AD formation (Han et al., 2014b). PACAP has also been shown to modify amyloid aggregation (Reglodi et al., 2018c) and has important preventive functions in aging (Reglodi et al., 2018a; Szegeczki et al., 2019). The general protective role of the neuropeptide has been demonstrated in various disorders, such as retinopathy (Vaczy et al., 2018), diabetes (Banki et al., 2014), Parkinson’s disease (Reglodi et al., 2006; Reglodi et al., 2017), and inflammatory processes (Sakamoto et al., 2015). It has been shown that PACAP diminishes the harmful effects of oxidative stress (Juhasz et al., 2014a), ischemic conditions (Reglodi et al., 2018d), and mechanical overload (Juhasz et al., 2015b). Although the positive function of PACAP in AD has been published, a detailed analysis in peripheral organs has still not been completely performed.

In an AD mouse model system, we investigated the kidneys and the effects of physical exercise in connection to PACAP signaling pathways. Similarly to previous results, we identified a strong Aβ accumulation and intensive eosinophilia in AD kidneys (Gronewold et al., 2017). In contrast, the microscopical signs of Aβ deposits were not detectable after physical activity. Although cortical accumulation of Aβ has not been altered in high-intensity training (Frederiksen et al., 2019), it has also been published that training and running have a protective effect in the hippocampus of mice in AD (Schimidt et al., 2019). Although physical activity generally decreases the amount of Aβ deposits or concentration in the blood and cerebrospinal fluid (Brown et al., 2019), no data are available to clarify the mechanism in the periphery. We can conclude that elevated physical activity protects the kidneys from Aβ accumulation. We have demonstrated that PACAP has a direct connection with mechanotransduction (Juhasz et al., 2015b; Szentleleky et al., 2019). Therefore, we investigated the possible alterations of the expressions of PACAP receptors in the kidneys of AD and trained AD animals. The expressions of all PACAP receptors were demonstrated in the kidneys, with a significant decrease in the AD samples. The protein expressions of all PACAP receptors recovered in TAD animals. VPAC1 has already been shown to be expressed in the highest level in proximal tubules (Eneman et al., 2016), and the expression of the PAC1 receptor was demonstrated in the HK-2 cell line (Li et al., 2010). Direct binding of PACAP in kidney diseases has been proven both on PAC1 and VPAC1 receptors (Li M. et al., 2008), suggesting their equal importance in AD-related disorders. Reduction of the PAC1 receptors has been demonstrated in the CNS of the AD models (Han et al., 2014a), and mechanical stimulation increased the expression in chondrogenic cells (Juhasz et al., 2015b). The importance of the PACAP signaling pathway is also hallmarked by the elevated expression of the VPAC receptor in TAD, demonstrating the VIP/PACAP-related signaling crosstalk in AD (Dogrukol-Ak et al., 2004). Subsequently, we conclude that training and increased physical activity has a direct effect on AD via the activation of PACAP signaling. The most described PACAP-mediated signaling pathway is regulated by PKA (Vaudry et al., 2009), and its activity is reduced in AD (Kumar and Singh, 2018). Moreover, it has been published that the increased activity of PKA via CREB phosphorylation can regulate and suppress Aβ secretion in platelets (Sepulveda et al., 2019). We also detected PKA and CREB expression reductions in AD kidneys, while in TAD kidneys their expressions normalized. On the other hand, the autophosphorylated PKA is not affected by physical activity, suggesting a PACAP-independent regulation of PKA phosphorylation (Smith and Scott, 2018). Autophosphorylation of PKA is not necessary for the phosphorylation of CREB and its activity is not in ratio with its phosphorylation, but other signaling elements can be partly involved in the increased CREB phosphorylation, such as ERK activation (Racz et al., 2006). CREB is one of the transcription factors which can be phosphorylated by PKA (Zakany et al., 2002), and its activation in synapses is important in memory-related gene expression (Teich et al., 2015). CREB phosphorylation can be harmed in AD and result in alterations of synaptic plasticity (Teich et al., 2015). CREB is an essential factor in the regulation of the Na-K ATPase function in kidney proximal tubules (Taub, 2018); subsequently, it regulates their filtration function. Elevated physical exercise increased the expression and phosphorylation of this transcription factor in AD kidneys. Notably, CREB localization was detected in the apical part of the proximal tubular cells in WT animals. This apical accumulation diminished in AD, but was expressed in the proximal tubular cells of the TAD groups. This phenomenon further strengthened the hypothesis that CREB regulates proximal tubule function and physical activity may rescue the normal filtration in AD. These facts suggest that PKA activation via PACAP signaling is one of the molecular pathways involved in the physical activity-mediated protection mechanisms in AD.

PACAP signaling has various molecular crosstalks (Juhasz et al., 2015a), such as BMP signaling (Jozsa et al., 2018), sonic hedgehog signaling (Juhasz et al., 2015b), or Notch signaling (Fulop et al., 2019). The connection of PACAP signaling and BMPs has been shown in bone formation (Juhasz et al., 2014b; Jozsa et al., 2018, 2019) and cartilage development (Juhasz et al., 2014a). Moreover, PACAP has an effect on BMP signaling in the kidneys in ischemic–reperfusion conditions (Laszlo et al., 2019). It has also been shown that BMP expression and function can be modified in AD in glial cell differentiation (Kwak et al., 2014). In this neurodegeneration, Aβ can modify the BMP2 and BMP4 release (Kwak et al., 2014) and has an effect on other BMPs, such as increased BMP6 expression (Crews et al., 2010). BMP2 and BMP4 mRNA expressions were not altered. We demonstrated similar results in the femurs (Jozsa et al., 2018), testis (Reglodi et al., 2018b), and various other organs of PACAP KO mice (Reglodi et al., 2018c), where the Western blot and mRNA levels were not in correlation. In the UMR-106 cell line, PACAP did not alter the mRNA expression, but the protein expression was changed (Juhasz et al., 2014b). In high-density cell cultures, the addition of PACAP did not significantly modulate the mRNA expressions of certain matrix-producing enzymes or matrix proteins (Juhasz et al., 2014a, 2015b). These findings indicate that PACAP signaling exerts more pronounced effects on posttranscriptional events and cellular protein metabolism, and it has less influence on the gene expression of the targeted downstream molecules. Although the BMP2 protein expression was not altered in TAD animals, we detected an elevation in the BMP4 protein expression after training. This suggests that physical activity induces the activation of BMP signaling partly via PACAP receptor activation. BMPR1 induces the activation of Smad transcription factors and can regulate the expression of various genes, such as basement membrane components (Villacorte et al., 2016). Interestingly, the expression of BMPR1 was strongly decreased in AD kidneys, but recovered in TAD animals. The ratio of Smad1 reduction and its elevation was slightly lower than that of BMPR1, but the immunopositivity of elevated Smad1 in TAD kidneys was visible in the proximal tubules. It strongly suggests a direct communication between PACAP and BMP signaling in AD kidneys. We conclude that physical activity mediates the PACAP–BMP4 signaling axis to protect the function of kidneys in AD.

We have already demonstrated that BMP signaling activated the expression of collagen type IV in ischemic reperfusion injury (Laszlo et al., 2019). It has also been discussed that PACAP has an effect on basement membrane expression, especially collagen type IV, in the testes of PACAP KO mice (Reglodi et al., 2018b). Furthermore, PACAP was able to elevate collagen secretion in the cartilage (Juhasz et al., 2014a). Components of the basement membrane have been altered around the microvessels of the cortex in AD (Christov et al., 2008); subsequently, the blood–brain barrier can be compromised. After physical activity, we detected an elevated collagen type IV expression in AD animals. Collagen type IV has been shown to inhibit Aβ plaque formation (Kiuchi et al., 2002) and normalize the function of the blood–brain barrier. Therefore, the elevated collagen type IV expression in TAD kidneys indicates a normalized basement membrane formation, which can play a role in Aβ elimination in the kidneys.



CONCLUSION

In conclusion, our data suggest that physical activity in AD can decrease the Aβ plaque formation and that elevated physical exercise affects the PACAP/BMP-mediated signaling pathway and CREB activation in the kidneys. The latter can regulate the Na-K ATPase in proximal tubules and the expression of collagen type IV, which in turn normalize the kidney tubular system function. Therefore, the systemic effect of physical activity can postpone the formation of AD via normalization of amyloid elimination via the kidneys.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by PEI/001/2105-6/2014, Semmelweis University, Hungary, 1091 Budapest, Üllõi út 93. fsz. 2.



AUTHOR CONTRIBUTIONS

TJ, DR, and GH contributed to the study conception and design. ZR and DÁ established the physical activity model, animal care, and operations were established. HP, VS, BH, and TJ performed the molecular biological analysis. BH, HP, and VS performed immunohistochemistry and histology. VS and TJ performed the statistical analysis. HP, BH, VS, and AT did the acquisition of data. TJ, AT, RZ, and DR analyzed and interpreted the data. HP, RZ, TJ, GH, and DR participated in drafting the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

NKFIK115874, PD109644, K119759, NKFIHFK129190, PTE AOK Research Grant, KA 2017-17, MTA-TKI 14016, GINOP-2.3.2-15-2016-00050 “PEPSYS,” New National Excellence Program of the Ministry of Human Capacities (UNKP-16-4-IV), EFOP-3.6.1.-16-2016-00004 Comprehensive Development for Implementing Smart Specialization Strategies at the University of Pécs, EFOP-3.6.2-16-2017-00008 “The role of neuro-inflammation in neurodegeneration: from molecules to clinics” Center for Neuroscience of the University of Pécs, EFOP-3.6.3-VEKOP-16-2017-00009, University of Debrecen (OTKA Bridging Fund), EFOP-3.6.1.-16-2016-00004 Comprehensive Development for Implementing Smart Specialization Strategies at the University of Pécs (Budapest, Hungary), NAP B KTIA NAP 13-2014-0022 (MTA-PTE NAP B Pain Research Group, identification number 888819), NAP 2017-1.2.1-NKP-2017-00002, and OTKA-NN 114458. The project was co-financed by the European Union and the European Social Fund. Bolyai Janos Research Scholarship (TJ and AT). Szodoray Lajos and Magyary Zoltán Funds by the Hungarian Academy of Science and the European Union and the State of Hungary, co-financed by the European Social Funding. Fund in the framework of TÁMOP 4.2.4 (TJ). VS was supported by the ÚNKP-19-3 “National Excellence Program” of the Ministry of Human Capacities. A/2-11-1-2012-0001 “National Excellence Program.” Higher Education Institutional Excellence Program of the Ministry of Human Capacities in Hungary, within the framework of the FIKP II (2019) of the University of Pécs. National Excellence Program (126823) of Innovation and Technology Ministry, Hungary (ZR).



ACKNOWLEDGMENTS

We are grateful to Mrs. Krisztina Bíró for excellent technical assistance.


ABBREVIATIONS

Aβ, amyloid beta; AD mouse, Alzheimer’s disease mouse; APP, amyloid precursor protein; BMP, bone morphogenetic protein; cAMP, cyclic adenosine monophosphate; CNS, central nervous system; CREB, cAMP response element-binding protein; HE staining, hematoxylin and eosin staining; KO mouse, knockout mouse; mRNA, messenger ribonucleic acid; PAC1, pituitary adenylate cyclase-activating polypeptide type I receptor; PACAP, pituitary adenylate cyclase activating polypeptide; PKA, protein kinase A; P-PKA, phosphorylated protein kinase A; Smad, SMA (“small” worm phenotype) and Drosophila MAD (“Mothers Against Decapentaplegic”) TAD mouse, trained Alzheimer’s disease mouse; VPAC, vasoactive intestinal polypeptide receptor; WT mouse, wild-type mouse.


REFERENCES

Abraham, D., Feher, J., Scuderi, G. L., Szabo, D., Dobolyi, A., Cservenak, M., et al. (2019). Exercise and probiotics attenuate the development of Alzheimer’s disease in transgenic mice: role of microbiome. Exp. Gerontol. 115, 122–131. doi: 10.1016/j.exger.2018.12.005

Arbor, S. C., Lafontaine, M., and Cumbay, M. (2016). Amyloid-beta Alzheimer targets - protein processing, lipid rafts, and amyloid-beta pores. Yale J. Biol. Med. 89, 5–21.

Bandyopadhyay, A., Yadav, P. S., and Prashar, P. (2013). BMP signaling in development and diseases: a pharmacological perspective. Biochem. Pharmacol. 85, 857–864. doi: 10.1016/j.bcp.2013.01.004

Banki, E., Kovacs, K., Nagy, D., Juhasz, T., Degrell, P., Csanaky, K., et al. (2014). Molecular mechanisms underlying the nephroprotective effects of PACAP in diabetes. J. Mol. Neurosci. 54, 300–309. doi: 10.1007/s12031-014-0249-z

Belghali, M., Chastan, N., Cignetti, F., Davenne, D., and Decker, L. M. (2017). Loss of gait control assessed by cognitive-motor dual-tasks: pros and cons in detecting people at risk of developing Alzheimer’s and Parkinson’s diseases. Geroscience 39, 305–329. doi: 10.1007/s11357-017-9977-7

Brown, B. M., Peiffer, J., and Rainey-Smith, S. R. (2019). Exploring the relationship between physical activity, beta-amyloid and tau: a narrative review. Ageing Res. Rev. 50, 9–18. doi: 10.1016/j.arr.2019.01.003

Burns, A., and Iliffe, S. (2009). Alzheimer’s disease. BMJ 338:b158.

Cardozo, P. L., De Lima, I. B. Q., Maciel, E. M. A., Silva, N. C., Dobransky, T., and Ribeiro, F. M. (2019). Synaptic elimination in neurological disorders. Curr. Neuropharmacol. 17, 1071–1095. doi: 10.2174/1570159x17666190603170511

Cervellati, C., Trentini, A., Rosta, V., Passaro, A., Bosi, C., Sanz, J. M., et al. (2020). Serum beta-secretase 1 (BACE1) activity as candidate biomarker for late-onset Alzheimer’s disease. Geroscience 42, 159–167. doi: 10.1007/s11357-019-00127-6

Christov, A., Ottman, J., Hamdheydari, L., and Grammas, P. (2008). Structural changes in Alzheimer’s disease brain microvessels. Curr. Alzheimer Res. 5, 392–395. doi: 10.2174/156720508785132334

Crews, L., Adame, A., Patrick, C., Delaney, A., Pham, E., Rockenstein, E., et al. (2010). Increased BMP6 levels in the brains of Alzheimer’s disease patients and APP transgenic mice are accompanied by impaired neurogenesis. J. Neurosci. 30, 12252–12262. doi: 10.1523/jneurosci.1305-10.2010

Dogrukol-Ak, D., Tore, F., and Tuncel, N. (2004). Passage of VIP/PACAP/secretin family across the blood-brain barrier: therapeutic effects. Curr. Pharm. Des. 10, 1325–1340. doi: 10.2174/1381612043384934

Dong, Q., Jie, Y., Ma, J., Li, C., Xin, T., and Yang, D. (2019). Renal tubular cell death and inflammation response are regulated by the MAPK-ERK-CREB signaling pathway under hypoxia-reoxygenation injury. J. Recept. Signal. Transduct. Res. 39, 383–391. doi: 10.1080/10799893.2019.1698050

Dong, Y., Digman, M. A., and Brewer, G. J. (2019). Age- and AD-related redox state of NADH in subcellular compartments by fluorescence lifetime imaging microscopy. Geroscience 41, 51–67. doi: 10.1007/s11357-019-00052-8

Eneman, B., Van Den Heuvel, L., Freson, K., Van Geet, C., Willemsen, B., Dijkman, H., et al. (2016). Distribution and function of PACAP and Its receptors in the healthy and nephrotic kidney. Nephron 132, 301–311. doi: 10.1159/000445035

Frederiksen, K. S., Madsen, K., Andersen, B. B., Beyer, N., Garde, E., Hogh, P., et al. (2019). Moderate- to high-intensity exercise does not modify cortical beta-amyloid in Alzheimer’s disease. Alzheimers Dement. 5, 208–215. doi: 10.1016/j.trci.2019.04.006

Fulop, B. D., Sandor, B., Szentleleky, E., Karanyicz, E., Reglodi, D., Gaszner, B., et al. (2019). Altered Notch signaling in developing molar teeth of pituitary adenylate cyclase-activating polypeptide (PACAP)-deficient mice. J. Mol. Neurosci. 68, 377–388. doi: 10.1007/s12031-018-1146-7

Glaser, T., Arnaud Sampaio, V. F., Lameu, C., and Ulrich, H. (2019). Calcium signalling: a common target in neurological disorders and neurogenesis. Semin. Cell Dev. Biol. 95, 25–33. doi: 10.1016/j.semcdb.2018.12.002

Gronewold, J., Todica, O., Klafki, H. W., Seidel, U. K., Kaltwasser, B., Wiltfang, J., et al. (2017). Association of plasma beta-amyloid with cognitive performance and decline in chronic kidney disease. Mol. Neurobiol. 54, 7194–7203. doi: 10.1007/s12035-016-0243-2

Han, P., Liang, W., Baxter, L. C., Yin, J., Tang, Z., Beach, T. G., et al. (2014a). Pituitary adenylate cyclase-activating polypeptide is reduced in Alzheimer disease. Neurology 82, 1724–1728.

Han, P., Tang, Z., Yin, J., Maalouf, M., Beach, T. G., Reiman, E. M., et al. (2014b). Pituitary adenylate cyclase-activating polypeptide protects against beta-amyloid toxicity. Neurobiol. Aging 35, 2064–2071. doi: 10.1016/j.neurobiolaging.2014.03.022

Horvath, G., Opper, B., and Reglodi, D. (2019). The neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) is protective in inflammation and oxidative stress-induced damage in the kidney. Int. J. Mol. Sci. 20:4944. doi: 10.3390/ijms20194944

Jozsa, G., Fulop, B. D., Kovacs, L., Czibere, B., Szegeczki, V., Kiss, T., et al. (2019). Lack of pituitary adenylate cyclase-activating polypeptide (PACAP) disturbs callus formation. J. Mol. Neurosci. doi: 10.1007/s12031-019-01448-z [Epub ahead of print].

Jozsa, G., Szegeczki, V., Palfi, A., Kiss, T., Helyes, Z., Fulop, B., et al. (2018). Signalling alterations in bones of pituitary adenylate cyclase activating polypeptide (PACAP) gene deficient mice. Int. J. Mol. Sci. 19:2538. doi: 10.3390/ijms19092538

Juhasz, T., Helgadottir, S. L., Tamas, A., Reglodi, D., and Zakany, R. (2015a). PACAP and VIP signaling in chondrogenesis and osteogenesis. Peptides 66, 51–57. doi: 10.1016/j.peptides.2015.02.001

Juhasz, T., Szentleleky, E., Somogyi, C. S., Takacs, R., Dobrosi, N., Engler, M., et al. (2015b). Pituitary adenylate cyclase activating polypeptide (PACAP) pathway Is induced by mechanical load and reduces the activity of hedgehog signaling in chondrogenic micromass cell cultures. Int. J. Mol. Sci. 16, 17344–17367. doi: 10.3390/ijms160817344

Juhasz, T., Matta, C., Katona, E., Somogyi, C., Takacs, R., Gergely, P., et al. (2014a). Pituitary adenylate cyclase activating polypeptide (PACAP) signalling exerts chondrogenesis promoting and protecting effects: implication of calcineurin as a downstream target. PLoS One 9:e91541. doi: 10.1371/journal.pone.0091541

Juhasz, T., Matta, C., Katona, E., Somogyi, C., Takacs, R., Hajdu, T., et al. (2014b). Pituitary adenylate cyclase-activating polypeptide (PACAP) signalling enhances osteogenesis in UMR-106 cell line. J. Mol. Neurosci. 54, 555–573. doi: 10.1007/s12031-014-0389-1

Kawarabayashi, T., Shoji, M., Sato, M., Sasaki, A., Ho, L., Eckman, C. B., et al. (1996). Accumulation of beta-amyloid fibrils in pancreas of transgenic mice. Neurobiol. Aging 17, 215–222. doi: 10.1016/0197-4580(95)02061-6

Kheirbakhsh, R., Haddadi, M., Muhammadnejad, A., Abdollahi, A., Shahi, F., Amanpour-Gharaei, B., et al. (2018). Longterm behavioral, histological, biochemical and hematological evaluations of amyloid betainduced Alzheimer’s disease in rat. Acta Neurobiol. Exp. 78, 51–59. doi: 10.21307/ane-2018-004

Kienlen Campard, P., Crochemore, C., Rene, F., Monnier, D., Koch, B., and Loeffler, J. P. (1997). PACAP type I receptor activation promotes cerebellar neuron survival through the cAMP/PKA signaling pathway. DNA Cell Biol. 16, 323–333. doi: 10.1089/dna.1997.16.323

Kiuchi, Y., Isobe, Y., and Fukushima, K. (2002). Type IV collagen prevents amyloid beta-protein fibril formation. Life Sci. 70, 1555–1564. doi: 10.1016/s0024-3205(01)01528-4

Kulas, J. A., Puig, K. L., and Combs, C. K. (2017). Amyloid precursor protein in pancreatic islets. J. Endocrinol. 235, 49–67. doi: 10.1530/joe-17-0122

Kumar, A., and Singh, N. (2018). Calcineurin inhibition and protein kinase A activation limits cognitive dysfunction and histopathological damage in a model of dementia of the Alzheimer’s type. Curr. Neurovasc. Res. 15, 234–245. doi: 10.2174/1567202615666180813125125

Kwak, Y. D., Hendrix, B. J., and Sugaya, K. (2014). Secreted type of amyloid precursor protein induces glial differentiation by stimulating the BMP/Smad signaling pathway. Biochem. Biophys. Res. Commun. 447, 394–399. doi: 10.1016/j.bbrc.2014.03.139

Laburthe, M., Couvineau, A., and Marie, J. C. (2002). VPAC receptors for VIP and PACAP. Recept. Channels 8, 137–153. doi: 10.1080/10606820213680

Laszlo, E., Juhasz, T., Varga, A., Czibere, B., Kovacs, K., Degrell, P., et al. (2019). Protective effect of PACAP on ischemia/reperfusion-induced kidney injury of male and female rats: gender differences. J. Mol. Neurosci. 68, 408–419. doi: 10.1007/s12031-018-1207-y

Leckstrom, A., Bjorklund, K., Permert, J., Larsson, R., and Westermark, P. (1997). Renal elimination of islet amyloid polypeptide. Biochem. Biophys. Res. Commun. 239, 265–268. doi: 10.1006/bbrc.1997.7465

Li, D., Tang, J., Xu, H., Fan, X., Bai, Y., and Yang, L. (2008). Decreased hippocampal cell proliferation correlates with increased expression of BMP4 in the APPswe/PS1DeltaE9 mouse model of Alzheimer’s disease. Hippocampus 18, 692–698. doi: 10.1002/hipo.20428

Li, M., Maderdrut, J. L., Lertora, J. J., Arimura, A., and Batuman, V. (2008). Renoprotection by pituitary adenylate cyclase-activating polypeptide in multiple myeloma and other kidney diseases. Regul. Pept. 145, 24–32. doi: 10.1016/j.regpep.2007.09.012

Li, M., Balamuthusamy, S., Khan, A. M., Maderdrut, J. L., Simon, E. E., and Batuman, V. (2010). Pituitary adenylate cyclase-activating polypeptide ameliorates cisplatin-induced acute kidney injury. Peptides 31, 592–602. doi: 10.1016/j.peptides.2009.12.018

Loera-Valencia, R., Cedazo-Minguez, A., Kenigsberg, P. A., Page, G., Duarte, A. I., Giusti, P., et al. (2019). Current and emerging avenues for Alzheimer’s disease drug targets. J. Intern. Med. 286, 398–437.

Maasz, G., Zrinyi, Z., Reglodi, D., Petrovics, D., Rivnyak, A., Kiss, T., et al. (2017). Pituitary adenylate cyclase-activating polypeptide (PACAP) has a neuroprotective function in dopamine-based neurodegeneration in rat and snail parkinsonian models. Dis. Model. Mech. 10, 127–139. doi: 10.1242/dmm.027185

Matsubara, T., Araki, M., Abe, H., Ueda, O., Jishage, K., Mima, A., et al. (2015). Bone morphogenetic protein 4 and Smad1 mediate extracellular matrix production in the development of diabetic nephropathy. Diabetes 64, 2978–2990. doi: 10.2337/db14-0893

Mills, C. G., Lawrence, M. L., Munro, D. A. D., Elhendawi, M., Mullins, J. J., and Davies, J. A. (2017). Asymmetric BMP4 signalling improves the realism of kidney organoids. Sci. Rep. 7:14824.

Miyata, A., Arimura, A., Dahl, R. R., Minamino, N., Uehara, A., Jiang, L., et al. (1989). Isolation of a novel 38 residue-hypothalamic polypeptide which stimulates adenylate cyclase in pituitary cells. Biochem. Biophys. Res. Commun. 164, 567–574. doi: 10.1016/0006-291x(89)91757-9

Morris, J. K., Honea, R. A., Vidoni, E. D., Swerdlow, R. H., and Burns, J. M. (2014). Is Alzheimer’s disease a systemic disease? Biochim. Biophys. Acta 1842, 1340–1349.

Naseri, N. N., Wang, H., Guo, J., Sharma, M., and Luo, W. (2019). The complexity of tau in Alzheimer’s disease. Neurosci. Lett. 705, 183–194.

Nazarian, A., Arbeev, K. G., Yashkin, A. P., and Kulminski, A. M. (2019). Genetic heterogeneity of Alzheimer’s disease in subjects with and without hypertension. Geroscience 41, 137–154. doi: 10.1007/s11357-019-00071-5

Nishinakamura, R., and Sakaguchi, M. (2014). BMP signaling and its modifiers in kidney development. Pediatr. Nephrol. 29, 681–686. doi: 10.1007/s00467-013-2671-9

Otto, C., Schutz, G., Niehrs, C., and Glinka, A. (2000). Dissecting GHRH- and pituitary adenylate cyclase activating polypeptide-mediated signalling in Xenopus. Mech. Dev. 94, 111–116. doi: 10.1016/s0925-4773(00)00302-6

Panda, S. S., and Jhanji, N. (2019). Natural products as potential anti-Alzheimer agents. Curr. Med. Chem. doi: 10.2174/0929867326666190618113613 [Epub ahead of print].

Patel, D. V., Patel, N. R., Kanhed, A. M., Patel, S. P., Sinha, A., Kansara, D. D., et al. (2019). Novel multitarget directed triazinoindole derivatives as anti-Alzheimer agents. ACS Chem. Neurosci. 10, 3635–3661. doi: 10.1021/acschemneuro.9b00226

Paterson, E. N., Williams, M. A., Passmore, P., Silvestri, G., Macgillivray, T. J., Maxwell, A. P., et al. (2017). Estimated glomerular filtration rate is not associated with Alzheimer’s disease in a Northern Ireland cohort. J. Alzheimers Dis. 60, 1379–1385. doi: 10.3233/jad-170480

Pavelock, K. A., Girard, B. M., Schutz, K. C., Braas, K. M., and May, V. (2007). Bone morphogenetic protein down-regulation of neuronal pituitary adenylate cyclase-activating polypeptide and reciprocal effects on vasoactive intestinal peptide expression. J. Neurochem. 100, 603–616. doi: 10.1111/j.1471-4159.2006.04293.x

Pomilio, C., Gorojod, R. M., Riudavets, M., Vinuesa, A., Presa, J., Gregosa, A., et al. (2020). Microglial autophagy is impaired by prolonged exposure to beta-amyloid peptides: evidence from experimental models and Alzheimer’s disease patients. Geroscience 42, 613–632. doi: 10.1007/s11357-020-00161-9

Racz, B., Tamas, A., Kiss, P., Toth, G., Gasz, B., Borsiczky, B., et al. (2006). Involvement of ERK and CREB signaling pathways in the protective effect of PACAP in monosodium glutamate-induced retinal lesion. Ann. N.Y. Acad. Sci. 1070, 507–511. doi: 10.1196/annals.1317.070

Radak, Z., Hart, N., Sarga, L., Koltai, E., Atalay, M., Ohno, H., et al. (2010). Exercise plays a preventive role against Alzheimer’s disease. J. Alzheimers Dis. 20, 777–783. doi: 10.3233/jad-2010-091531

Reglodi, D., Atlasz, T., Szabo, E., Jungling, A., Tamas, A., Juhasz, T., et al. (2018a). PACAP deficiency as a model of aging. Geroscience 40, 437–452. doi: 10.1007/s11357-018-0045-8

Reglodi, D., Cseh, S., Somoskoi, B., Fulop, B. D., Szentleleky, E., Szegeczki, V., et al. (2018b). Disturbed spermatogenic signaling in pituitary adenylate cyclase activating polypeptide-deficient mice. Reproduction 155, 129–139.

Reglodi, D., Jungling, A., Longuespee, R., Kriegsmann, J., Casadonte, R., Kriegsmann, M., et al. (2018c). Accelerated pre-senile systemic amyloidosis in PACAP knockout mice - a protective role of PACAP in age-related degenerative processes. J. Pathol. 245, 478–490. doi: 10.1002/path.5100

Reglodi, D., Vaczy, A., Rubio-Beltran, E., and Maassenvandenbrink, A. (2018d). Protective effects of PACAP in ischemia. J. Headache Pain 19:19.

Reglodi, D., Renaud, J., Tamas, A., Tizabi, Y., Socias, S. B., Del-Bel, E., et al. (2017). Novel tactics for neuroprotection in Parkinson’s disease: role of antibiotics, polyphenols and neuropeptides. Prog. Neurobiol. 155, 120–148. doi: 10.1016/j.pneurobio.2015.10.004

Reglodi, D., Tamas, A., Lengvari, I., Toth, G., Szalontay, L., and Lubics, A. (2006). Comparative study of the effects of PACAP in young, aging, and castrated males in a rat model of Parkinson’s disease. Ann. N.Y. Acad. Sci. 1070, 518–524. doi: 10.1196/annals.1317.072

Sakamoto, K., Kuno, K., Takemoto, M., He, P., Ishikawa, T., Onishi, S., et al. (2015). Pituitary adenylate cyclase-activating polypeptide protects glomerular podocytes from inflammatory injuries. J. Diabetes Res. 2015: 727152.

Sandor, B., Fintor, K., Felszeghy, S., Juhasz, T., Reglodi, D., Mark, L., et al. (2014). Structural and morphometric comparison of the molar teeth in pre-eruptive developmental stage of PACAP-deficient and wild-type mice. J. Mol. Neurosci. 54, 331–341. doi: 10.1007/s12031-014-0392-6

Schimidt, H. L., Garcia, A., Izquierdo, I., Mello-Carpes, P. B., and Carpes, F. P. (2019). Strength training and running elicit different neuroprotective outcomes in a beta-amyloid peptide-mediated Alzheimer’s disease model. Physiol. Behav. 206, 206–212. doi: 10.1016/j.physbeh.2019.04.012

Sepulveda, C., Hernandez, B., Burgos, C. F., Fuentes, E., Palomo, I., and Alarcon, M. (2019). The cAMP/PKA pathway inhibits beta-amyloid peptide release from human platelets. Neuroscience 397, 159–171. doi: 10.1016/j.neuroscience.2018.11.025

Sierra-Fonseca, J. A., and Gosselink, K. L. (2018). Tauopathy and neurodegeneration: A role for stress. Neurobiol. Stress 9, 105–112. doi: 10.1016/j.ynstr.2018.08.009

Smith, F. D., and Scott, J. D. (2018). Protein kinase A activation: something new under the sun? J. Cell Biol. 217, 1895–1897. doi: 10.1083/jcb.201805011

Szegeczki, V., Bauer, B., Jungling, A., Fulop, B. D., Vago, J., Perenyi, H., et al. (2019). Age-related alterations of articular cartilage in pituitary adenylate cyclase-activating polypeptide (PACAP) gene-deficient mice. Geroscience 41, 775–793. doi: 10.1007/s11357-019-00097-9

Szentleleky, E., Szegeczki, V., Karanyicz, E., Hajdu, T., Tamas, A., Toth, G., et al. (2019). Pituitary adenylate cyclase activating polypeptide (PACAP) reduces oxidative and mechanical stress-evoked matrix degradation in chondrifying cell cultures. Int. J. Mol. Sci. 20:168. doi: 10.3390/ijms20010168

Taub, M. (2018). Gene level regulation of Na,K-ATPase in the renal proximal tubule is controlled by two independent but interacting regulatory mechanisms involving salt inducible kinase 1 and CREB-regulated transcriptional coactivators. Int. J. Mol. Sci. 19:2086. doi: 10.3390/ijms19072086

Tavares, R. S., Martins, S., Almeida-Santos, T., Sousa, A. P., Ramalho-Santos, J., and Da Cruz, E. S. O. A. (2017). Alzheimer’s disease-related amyloid-beta1-42 peptide induces the loss of human sperm function. Cell Tissue Res. 369, 647–651. doi: 10.1007/s00441-017-2665-1

Teich, A. F., Nicholls, R. E., Puzzo, D., Fiorito, J., Purgatorio, R., Fa, M., et al. (2015). Synaptic therapy in Alzheimer’s disease: a CREB-centric approach. Neurotherapeutics 12, 29–41. doi: 10.1007/s13311-014-0327-5

Tiraboschi, P., Hansen, L. A., Thal, L. J., and Corey-Bloom, J. (2004). The importance of neuritic plaques and tangles to the development and evolution of AD. Neurology 62, 1984–1989. doi: 10.1212/01.wnl.0000129697.01779.0a

Vaczy, A., Kovari, P., Kovacs, K., Farkas, K., Szabo, E., Kvarik, T., et al. (2018). Protective role of endogenous PACAP in inflammation-induced retinal degeneration. Curr. Pharm. Des. 24, 3534–3542. doi: 10.2174/1381612824666180924141407

Vaudry, D., Falluel-Morel, A., Bourgault, S., Basille, M., Burel, D., Wurtz, O., et al. (2009). Pituitary adenylate cyclase-activating polypeptide and its receptors: 20 years after the discovery. Pharmacol. Rev. 61, 283–357.

Villacorte, M., Delmarcelle, A. S., Lernoux, M., Bouquet, M., Lemoine, P., Bolsee, J., et al. (2016). Thyroid follicle development requires Smad1/5- and endothelial cell-dependent basement membrane assembly. Development 143, 1958–1970. doi: 10.1242/dev.134171

Von Bubnoff, A., and Cho, K. W. (2001). Intracellular BMP signaling regulation in vertebrates: pathway or network? Dev. Biol. 239, 1–14. doi: 10.1006/dbio.2001.0388

Whelly, S., Johnson, S., Powell, J., Borchardt, C., Hastert, M. C., and Cornwall, G. A. (2012). Nonpathological extracellular amyloid is present during normal epididymal sperm maturation. PLoS One 7:e36394. doi: 10.1371/journal.pone.0036394

Whitehouse, P. J. (2019). Ethical issues in early diagnosis and prevention of Alzheimer disease. Dialog. Clin. Neurosci. 21, 101–108. doi: 10.31887/dnc.2019.21.1/pwhitehouse

Wu, H., Wu, Z. G., Shi, W. J., Gao, H., Wu, H. H., Bian, F., et al. (2019). Effects of progesterone on glucose uptake in neurons of Alzheimer’s disease animals and cell models. Life Sci. 238:116979. doi: 10.1016/j.lfs.2019.116979

Zakany, R., Szucs, K., Bako, E., Felszeghy, S., Czifra, G., Biro, T., et al. (2002). Protein phosphatase 2A is involved in the regulation of protein kinase A signaling pathway during in vitro chondrogenesis. Exp. Cell Res. 275, 1–8. doi: 10.1006/excr.2002.5487


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 © 2020 Perényi, Szegeczki, Horváth, Hinnah, Tamás, Radák, Ábrahám, Zákány, Reglodi and Juhász. 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/fncel-14-00243-g003.jpg
A RT-PCR B Western blot

Normalized optical density

— ) ()] — A ()]
= < £ = g <
PKA _ PKA
J50bp | = T n
1.0 1.0 1.2 . 0.2* 1
i
441 bp [ 44 kDa
1.6 . 0.2* 0. 2#
Actin |- CREB |
462 bp ’ - 42 kDa o —
4* 0. 6#
P-CREB '
42 kDa ﬂ | —
1.0 0.1* 0.4#
Actin [ :
420,
¢ Densitometric analysis 1.0 1.0 1.0
:2 CIPKA mRNA 22 OCREB mRNA
,1 -]:- @ PKA protein g ) O CREB protein
# Op-PKA protein s O p-CREB protein
0,8 2 15
0,6 p<0.05 g p<0.05
0,4 .g L # #
(V]
0,2 £ 05 g
i% £ ,
o L 5
wT R Les WT AD TAD

-0,5

b CREB immunohistochemistry






OPS/images/fncel-14-00243-g002.jpg
Normalized optical density

A RT-PCR
I_
PAC1
213 bp
VPAC1 |
266 bp

VPAC2
149 bp

Actin

462 bp

0.7*

B Western blot

03#

_

hJ

¢ Densitometric analysis

1,2

0,8
0,6
0,4
0,2

# @PAC1 protein

#

WT

AD

Normalized optical density

TAD

e
=N

0,8
0,6
0,4
0,2

o

OPAC1 mRNA

p<0.05

PAC1

58 k

Da

VPAC1
61 kDa

VPAC2

45 kDa |

Actin
42 kDa

Normalized optical density

1,2

0,8
0,6
0,4

0,2

WT

AD

TAD

= a)
= <

T~

70 01"

WT AD

OVPAC2 mRNA
@ VPAC2 protein

p<0.05

OVPAC1 mRNA
@ VPAC1 protein

p<0.05





OPS/images/fncel-14-00243-g001.jpg
A HE staining

B HE staining intensity

p<0.05

30000 - *

25000 -
z #
A 'I'
£ 20000 - -
s T I
2 T
2 15000 A
e]
Q
T
go 10000 A
5

5000 -

0 L] L] 1
WT AD TAD

¢ Congo red staining






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Physical Activity Protects the Pathological Alterations of Alzheimer’s Disease Kidneys via the Activation of PACAP and BMP Signaling Pathways



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Light Microscopical Morphology



		Immunohistochemistry



		RT-PCR Analysis



		Western Blot Analysis



		Statistical Analysis







		RESULTS



		Reduced Aβ Accumulation After Physical Activity in AD Kidneys



		Normalized Receptors of PACAP Signaling in TAD Animals



		Altered Canonical Signaling Pathways of PACAP in AD



		Modified BMP Signaling in AD



		Altered Expressions of Basement Membrane Components in AD







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fncel-14-00243-g005.jpg
A RT-PCR B Western blot

— A Q = A
= g £ = g
209 bp 160 kDa
04* 16

Actin |‘ , Actin §
462 bp 42 kDa

¢ Densitometric analysis

o 2 # OCol 4a1 mRNA

]

g @ Col IV protein
1,5 #

e} 7

2 1

o *

?

= 05 >

(1]

£

2 0

WT AD TAD

D Col. IVimmunohistochemistry






OPS/images/fncel-14-00243-g004.jpg
A RT-PCR B Western blot
— a) —

a)
<<
BMP2 BMP2
209 bp 18 kDa
P4 ‘ BMP4
294 bp i 47 kDa
1.0 1.0 0.6
BMPR1 BMPR1
487 bp 60 kDa
1.0 05*  0.8*
306 bp J | 60 kDa | =
1.0 0.5* 0.6 1.0 02* 04
At i - 1 p————
462 bp o y ! 42 kDa -
1.0 1.0 1.0 1.0 1.0 1.0
¢ Densitometric analysis
1,2 OBMP2 mRNA 1,2 OBMP4 mRNA

B BMP4 protein

! @ BMP2 protein ; 1 p<0.05
0,8 0,8
0,6 p<005 1 0,6
0,4 ' % e

: . . 0,4
0,2 0,2

0 = 0

T AD

Normalized optical
density

Normalized optical
density

1,2 WT AD AD
’ O BMPR1 mRNA 12 , WT |:|T£D 4L RN
® 1 i madlm
= MR R, poaketo ] 1 @ Smad1 protein
Q =
s » 08 p<0.05 5. 08 <0.05
?2 06 o2 p<0.
N £ ) * Q2 06 x
S8 7 250 x
g 0,4 t_és T 0[4 * *
(=] * -
0,2
2 L 3 0,2
0+ 0
WT AD TAD WT AD TAD

D Smadl immunohistochemistry

AD TAD






OPS/images/fncel-14-00243-t002.jpg
Antibody

Anti-BMP4

Anti-BMPR1

Anti-Smad1

Anti-CREB

Anti-P-CREB

Anti-Col. IV

Anti-PKA

Anti-P-PKA

Anti-BMP2

Anti-actin

Host animal

Rabbit, polyclonal

Mouse, monoclonal

Rabbit, polyclonal

Rabbit, polyclonal

Rabbit, polyclonal

Mouse, monoclonal

Rabbit, polyclonal

Rabbit, polyclonal

Mouse, monoclonal

Mouse, monoclonal

Dilution

1:600

1:600

1:600

1:800

1:800

1:500

1:800

1:600

1:500

1:10,000

Distributor

Cell Signaling, Danvers, MA,
United States

Abcam, Cambridge,

United Kingdom

Cell Signaling, Danvers, MA,
United States

Millipore, Billerica, MA,
United States

Millipore, Billerica, MA,
United States

Abcam, Cambridge,

United Kingdom

Cell Signaling, Danvers, MA,
United States

Cell Signaling, Danvers, MA,
United States

Abcam, Cambridge,

United Kingdom
Sigma-Aldrich, St. Louis, MO,
United States





OPS/images/cover.jpg
, frontiers
in Cellular Neuroscience






OPS/images/fncel-14-00243-t001.jpg
Gene

PAC1 (ADCYAP1R1)

VPACT (VIPR1)

VPAC2 (VIPR2)

PKA (Prkaca)

CREB (Creb1)

BMP2 (Bmp2)

BMP4 (Bmp4)

BMPR1 (Bmpria)

Smad1 (Smad1)

Collagen type IV (Col4al)

Actin (Actb)

Primer

Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense

Nucleotide sequence (5'—3’)

TATTACTACCTGTCGGTGAAG (912-932)
ATGACTGCTGTCCTGCTC (1107-1124)
TTT GAG GAT TTC GGG TGC (974-991)
TGG GCC TTA AAG TTG TCG (1222-1239)
CTC CTG GTA GCC ATC CTT (805-822)
ATG CTG TGG TCG TTT GTG (936-953)
GCAAAGGCTACAACAAGGC (847-865)
ATGGCAATCCAGTCAATCG (1109-1126)
AGA TTG CCA CAT TAG CCC (95-112)
GCT GTATTG CTC CTC CCT (518-535)
AAG CCA GGT GTC TCC AAG (697-714)
AAG TCC ACA TAC AAA GGG TG (886-905)
TAG TCC CAA GCA TCA CCC (876-893)

TCG TAC TCG TCC AGA TAC AAC (1149-1169)

CCATTG CTT TGC CAT TAT (240-257)
TTT ACC AAC CTG CCG AAC (709-726)
AGC ACC TAC CCT CAC TCC C (935-953)

GAA ACC ATC CAC CAA CAC G (1222-1240)
TCG GCT ATT CCT TCG TGA TG (4963-4982)

GGA TGG CGT GGG CTT CTT (5154-5171)
GCCAACCGTGAAAAGATGA (419-437)
CAAGAAGGAAGGCTGGAAAA (861-880)

Genbank ID

NM_007407.4

NM_011703.4

NM_009511.2

NM_008854

NM031017.1

NM_017178.1

NM_012827.2

NM_009758.4

NM_013130.2

NM_007735.2

NM_007393.5

Annealing temperature (°C)

52

53

53

53

52

53

53

47

56

56

54

Amplimer size (bp)

213

266

149

280

441

209

294

487

306

209

462









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





