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In the last few years, microbial infection and innate immune theories have been proposed as an alternative approach explaining the etiopathogenesis and origin of Alzheimer’s disease (AD). Lactoferrin, one of the main antimicrobial proteins in saliva, is an important modulator of immune response and inflammation, and represents an important defensive element by inducing a broad spectrum of antimicrobial effects against microbial infections. We demonstrated that lactoferrin levels in saliva are decreased in prodromal and dementia stages of AD compared with healthy subjects. That finding seems to be specific to cerebral amyloid-β (Aβ) load as such observation was not observed in healthy elderly controls or those subjects with frontotemporal dementia. In the present study, we analysed salivary lactoferrin levels in a mouse model of AD. We observed robust and early reduction of lactoferrin levels in saliva from 6- and 12-month-old APP/PS1 mice. Because saliva is secreted by salivary glands, we presume that deregulation in salivary glands resulting in reduced salivary lactoferrin levels may occur in AD. To test this hypothesis, we collected submandibular glands from APP/PS1 mice, as well as submandibular gland tissue from AD patients and we analysed the expression levels of key components of the salivary protein signalling pathway. A significant reduction in M3 receptor levels was found along with decreased acetylcholine (Ach) levels in submandibular glands from APP/PS1 mice. Similarly, a reduction in M3 receptor levels was observed in human submandibular glands from AD patients but in that case, the Ach levels were found increased. Our data suggest that the ACh-mediated M3 signalling pathway is impaired in salivary glands in AD, resulting in salivary gland dysfunction and reduced salivary lactoferrin secretion.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease with key pathological hallmarks including amyloid plaques, neurofibrillary tangles, and neurodegeneration (1, 2). Although Aβ and tau hyperphosphorylation plays a central role in the development of AD, increasing evidence suggests that AD pathogenesis includes strong interactions with immune mechanisms in response to brain infections (3).

In the last few years, an additional explanation for the etiopathogenesis of AD has been proposed, involving potential microbial infections along with an innate immune origin for the disease. A number of studies show strong evidence proving the presence of microbial infectious in AD brains, including viruses, bacteria and fungi (4–11). AD is a complex disease and microbial infection may be one of the disease mechanisms triggering the pathology in which an interplay between genetic and other environmental risk factors along with the infections contribution and the immune response exists (12).

The innate immune system uses antimicrobial peptides and proteins against invading microorganisms or pathogens (13). In the last decade, several studies explored a novel role for antimicrobial peptides in AD pathology as potential biomarkers (14). One of the most promising antimicrobial proteins may be lactoferrin (14, 15). Lactoferrin is a multifunctional iron-binding glycoprotein, found abundantly at mucosae, and in secreted fluids, including saliva, with a potent antimicrobial and immunomodulatory activity (16, 17). Lactoferrin represents an important defensive element by inducing a broad spectrum of antimicrobial effects against bacteria, fungi, protozoa, viruses and yeasts (18). It plays an important role in regulating the oral microbiota and the inflammatory state of the oral mucosa (19) and contributes to maintaining the symbiosis in the host-microbiome relationship in AD (20). Additionally, other physiological functions of lactoferrin include antioxidant activities, neuroprotection, immune response regulation, anti-inflammatory and anti-carcinogenic potential (21–25).

In 2017 we demonstrated a reduction in salivary lactoferrin levels in AD patients as well as patients with mild cognitive impairment (MCI), when compared with healthy controls (26). More recently we have shown that reduced salivary lactoferrin levels correlate with increased cerebral amyloid-β (Aβ) and this observation is specific to MCI and AD patients but not to healthy elderly controls or patients with frontotemporal dementia (27). Therefore, we proposed that the reduced lactoferrin levels in AD could reflect compromised immunity that may result in an enhanced risk of brain infections (28).

Pre-clinical models meeting the main pathological hallmarks of AD, including amyloidosis, are very useful to study the AD mechanisms of pathology. Moreover, well-characterised genetically-induced mouse models avoid the diagnostic uncertainty and interfering comorbidities that are present in patients. Here, we studied the regulation of salivary lactoferrin levels in a mouse model of cerebral amyloidosis (APP/PS1 transgenic mice). We observed an early and robust reduction in salivary lactoferrin levels in APP/PS1 mice at 6-, and 12-month-old. Saliva and salivary proteins are secreted from salivary glands under the autonomic nervous system control. Particularly, through acetylcholine (Ach) action on the acinar M3 muscarinic receptors in salivary glands, the parasympathetic nervous system stimulates the saliva secretion (29–31). Based on these findings, we presumed that deregulation in salivary glands may occur in AD. To test this hypothesis, we collected submandibular glands from APP/PS1 mice as well as submandibular gland tissue from AD patients. We then analysed the M3 muscarinic receptor and Ach levels, both regulating the salivary lactoferrin expression and levels. We found a significant reduction in M3 receptor and Ach levels in submandibular glands from APP/PS1 mice. Human AD submandibular glands showed a similar reduction in M3 receptor expression but increased Ach levels.



Methods


Animal Experiments

Male double transgenic APP/PS1 mice (6- and 12-month-old), a cross between Tg2576 (overexpressing human APP695) and mutant PS1 (M146L), were used from our inbred colony (Instituto de Investigación Hospital 12 de Octubre). Age-matched mice not expressing the transgene were used as wild-type (WT) controls. Animals were sacrificed by deep anaesthesia and perfused transcardially either with saline for biochemical analysis, or 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4 for immunohistochemical analysis. All animals were handled and cared for according to the Council Directive 2010/63/UE of 22 September 2010 and ARRIVA guidelines (2020). Sample size was estimated for each condition using the SPSS statistics software, assuming a normal distribution in all cases. This sample size is necessary to minimise the number of animals obtaining significant differences between groups and reducing the possible intragroup variability with an established statistical power of 95% confidence. In all cases, variability or standard deviation lower than the mean along with less than 10% of losses (mice deaths) are expected.



Saliva Collection

APP/PS1, and WT mice were anaesthetised by isoflurane inhalation and subcutaneously injected with pilocarpine (0.5 mg/kg i.p.; Novartis Farmacéutica, S.A. Barcelona, España) to induce salivation. Saliva collection proceeded for 5-10 min following stimulation with pilocarpine, collected into Eppendorf tubes from each mouse, and stored at -80°C.



Human Submandibular Glands

Post-mortem submandibular gland samples were obtained from brain donors diagnosed with AD and healthy control individuals. Frozen samples were supplied by the Institute of Neuropathology Brain Bank IDIBELL-Hospital Universitari de Bellvitge (Hospitalet de Llobregat, Spain), the University of Alabama at Birmingham-CHTN (USA), and Banner Sun Health Research Institute, Arizona (USA). Subjects’ consent was obtained according to the Declaration of Helsinki, and approval came from the Research Ethics Committee of the above-mentioned responsible institutions. A total of 26 samples were categorised into two groups, as it is presented in Supplementary Table 1.



Western Blot

Proteins were isolated from submandibular gland samples by standard methods. Briefly, submandibular glands were homogenised in lysis buffer NP-40 (50 mM Tris-base pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA) containing a mixture of protease and phosphatase inhibitors (ROCHE cOmplete™ Protease Inhibitor Cocktail), and centrifuged for 15 min at 10000 rpm at 4°C. The supernatant was recovered and stored at -80°C. Protein estimation from salivary gland lysates and saliva samples was determined using the BCA assay (Pierce BCA Protein Assay Kit, Thermo Fisher, Waltham, MA, USA). Each sample was loaded in a precast 10% Tris-HCl (CriterionTM TGX Stain-FreeTM Precast Gels, BioRad Laboratories, CA, USA) and the separated proteins were transferred to polyvinylidene fluoride (PVDF) membranes (BioRad Laboratories). Primary antibodies utilised were: rabbit polyclonal anti-lactoferrin antibody (ab135710, Abcam Cambridge, UK), and rabbit polyclonal anti-M3mAChR antibody (ab126168, Abcam Cambridge, UK). Protein loading was monitored using a mousemonoclonal antibody against β-actin (A1978, 1:10000; Sigma-Aldrich, St. Louis, USA). Membranes were then incubated for 1 hour with the appropriate horseradish peroxidase-conjugated secondary antibodies (1:2000; Dako, CA, USA), and immunocomplexes were revealed by an enhanced chemiluminescence reagent (ECL Clarity; BioRad Laboratories). Densitometric quantification was carried out with Image Studio Lite 5.0 software (Li-COR Biosciences, NE, USA). Protein bands were normalised to β-actin levels and expressed as a percentage of the control group.



Immunohistochemistry

Submandibular glands tissue was fixed for 24 hours in 4% paraformaldehyde (PFA) by immersion. Then, submandibular gland samples were paraffin-embedded for subsequent cryotome sectioning (Leica, Wetzlar, Germany). 4 µm thick sections were processed free-floating for immunohistochemistry. All primary antibodies were diluted in PB 0.1 M containing 0.5% bovine serum albumin and 0.5% Triton X-100. The following primary antibodies were used: rabbit antiserum anti-lactoferrin antibody (07-685, Merk Millipore, Darmstadt, Germany), After overnight incubation, primary antibody staining was revealed using the avidin-biotin complex method (VECTASTAIN Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA). The sections were counterstained with Vector haematoxylin (H3401, Vector Laboratories). Images were captured using a light microscope (Zeiss microscope; Carl Zeiss Microimaging, GmbH, Oberkochen, Germany). All images were analysed using the Volocity software (PerkinElmer, Waltham, MA, USA).



RNA Extraction and Quantification

RNA was obtained from APP/PS1 and WT submandibular glands using NZYol (NZYTech, Lda., Lisboa, Portugal) following the manufacturer’s protocol. RNA concentration was measured in a NanoDrop™ One Spectrophotometer (ThermoFisher) and 1µg of each sample was retrotranscribed to cDNA using iScript™ cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR (qRT-PCR) was performed in a LightCycler® 480 Instrument (Roche Diagnostics) using NZYSpeedy qPCR Green Master Mix (NZYTech, Lda., Lisbon, Portugal) and different oligonucleotides: lactoferrin and the housekeeping gene (HPRT) (Supplementary Table 2).

Relative levels of mRNA were calculated using crossing-point (Cp) data and ΔΔCp method (also known as ΔΔCt). Cp data from the gene of interest (GOI) were normalised to mean of endogenous gene HPRT data to obtain ΔCp data (ΔCp = mean CpHPRT - CpGOI). ΔΔCp was calculated between the normalised ΔCp values from each time point.



Acetylcholine Determination

The amount of acetylcholine (ACh) from mice submandibular tissue was determined using a commercially available choline/ACh assay ELISA kit (Abcam, Cambridge, UK) according to the manufacturer’s instructions.



Data and Statistical Analysis

All data are expressed as the mean ± standard error of the mean (SEM) in percentage. Sample size estimation was carried out using the IBM SPSS Statistics software, Version 21.0. (Armonk, NY, USA). Statistical analysis and exponential curve fitting were performed using GraphPad Prism 6.01 (GraphPad Software, La Jolla, CA, USA) software. Statistical analysis was carried out using Student’s t-test for two group comparisons. For more than two group comparisons the one-way Analysis of variance (ANOVA) followed by Tukey’s correction test was used. Statistical significance was set at p < 0.05.




Results


Lactoferrin Levels Are Decreased in Saliva From APP/PS1 Mice

We tested salivary lactoferrin levels in 6- (initial-moderate symptoms) and 12 month-old (severe symptoms) APP/PS1 and WT mice by western blot using 4µl of saliva. We found that salivary lactoferrin levels were significantly lower in 6- (p < 0.05; Figure 1A) and 12- (p < 0.05; Figure 1B) month-old transgenic APP/PS1 mice compared with age-matched WT mice. These results were consistent with our previous studies carried out in patients (26, 27) showing that lactoferrin levels determined by ELISA were reduced in saliva from MCI and AD patients. Interestingly, total protein secretion into saliva showed no changes in APP/PS1 mice compared with WT mice either at 6- or 12-month-old (4.03 ± 0.41 µg/ml vs 4.10 ± 0.30 µg/ml, and 2.94 ± 0.60 µg/ml vs 2.10 ± 0.35 µg/ml, respectively, p > 0.05). Therefore, we may suggest that salivary lactoferrin levels in APP/PS1 mice progressively decrease starting at the early stages of neurodegeneration.




Figure 1 | Salivary lactoferrin levels in APP/PS1 and WT mice. (A, B) Western blot analysis showed that lactoferrin levels were reduced in the submandibular gland samples from (A) 6- and (B) 12-month-old APP/PS1 compared with WT mice (n = 8-15, per group). Representative Western blots (lower panels) and histograms with their densitometric analysis (upper panels) are shown. Data are represented as mean ± SEM. Differences between groups were assessed using the Mann-Whitney test. *p < 0.05.





Lactoferrin Expression in Submandibular Glands From APP/PS1 Mice Remained Unaltered

Lactoferrin and other antimicrobial substances have been found in rat submandibular glands, particularly in serous acini and ductal cells (32). The identification of cellular compartments via immunohistochemistry may help to understand the role and function of the submandibular glands. Therefore, we performed an immunohistochemistry analysis on submandibular glands from 6- and 12- month-old APP/PS1 and WT mice. As expected, robust lactoferrin immunoreactivity at the plasma membrane of submandibular acinar cells was observed in submandibular glands from APP/PS1 and age-matched WT mice (Figures 2A, B). However, there were no clear differences in the staining intensity across 6- and 12-month-old mice groups. To confirm these results, we also analysed lactoferrin levels in submandibular glands from 6- and 12- mount-old APP/PS1 and WT mice by western blot. No differences were found between the mice groups (Figures 2C, D). Additionally, mRNA levels of lactoferrin showed no changes in submandibular glands from 6- and 12- month-old APP/PS1 and WT mice (data not shown).




Figure 2 | Lactoferrin levels in mice submandibular glands. (A, B) Lactoferrin stained (brown) sections of submandibular glands from (A) 6- and (B) 12-month-old APP/PS1 and WT mice. Size bar 20 μm. All sections were counterstained with haematoxylin (blue). In the lower histograms, quantification of the lactoferrin signal from 6- and 12-month-old APP/PS1 and WT mice submandibular glands, respectively (n = 8, per group) is shown. (C, D) Western blot analysis showing lactoferrin levels in submandibular glands from (C) 6- and (D) 12-month-old APP/PS1 and WT mice (n = 12-18, per group). Representative Western blots (lower panels) and histograms with their densitometric analysis (upper panels) are shown. Data are represented as mean ± SEM. Differences between groups were assessed using the Mann-Whitney test.





Muscarinic M3 Receptor Levels Are Reduced in Submandibular Glands From APP/PS1 Mice and AD Patients

Since saliva secretion evoked by cholinergic stimulation is mediated by activation of muscarinic M3 receptors, we determined the levels of M3 receptors in submandibular glands from 6- and 12-month-old mice groups by western blot. We found a significant decrease in M3 receptor levels in submandibular glands from both 6- (p < 0.05; Figure 3A) and 12- (p < 0.001; Figure 3B) month-old transgenic APP/PS1 mice compared with age-matched WT mice.




Figure 3 | Muscarinic M3 receptor levels in mice and human submandibular glands. (A, B) Western blot analysis showed reduced M3 receptor levels in submandibular glands from (A) 6- and (B) 12-month-old APP/PS1 compared with WT mice (n = 8-13, per group). (C) In submandibular glands from AD patients, M3 receptor levels were also decreased compared with healthy control subjects (n = 8-10, per group). Representative Western blots and histograms with their densitometric analysis are shown. Data are represented as mean ± SEM. Differences between groups were assessed using the Mann-Whitney test. *p < 0.05; ***p < 0.001.



M3 receptor levels in human submandibular glands showed equivalent results to those observed in mice. A significant reduction in M3 receptor levels in submandibular glands from AD patients compared with healthy control subjects was observed (p < 0.05; Figure 3C).



ACh Content Is Differently Expressed in Submandibular Glands From APP/PS1 Mice and AD Patients

Due to the above-mentioned mechanism involved in salivary secretion, we suggest that changes in ACh levels in submandibular glands may result in the modification of salivary secretory function in AD pathology. Therefore, we evaluated ACh content in submandibular glands homogenates from 6- and 12-month-old mice groups. Although ACh levels were found increased in the 12-month-old compared with 6-month-old animals in both genotypes, (APP/PS1 = p < 0.0001, and WT = p < 0.05, respectively; Figure 4A), APP/PS1 mice showed lower ACh levels in their submandibular glands compared with WT mice, and this was significant at 12- month-old (p < 0.05; Figure 4A). These results along with the observed reduction in M3 receptor levels in submandibular glands from APP/PS1 mice (Figures 3A, B) suggest that dysfunction in the ACh-mediated M3 signalling pathway may cause impaired salivary gland function, leading to reduced salivary lactoferrin secretion.




Figure 4 | Ach levels in submandibular glands from APP/PS1 mice and AD patients. (A) Salivary gland ACh levels increased with ageing in both, APP/PS1 and WT mice. However, APP/PS1 mice showed lower ACh levels in their submandibular glands compared to WT mice, significantly at 12-month-old (n = 9-10, per group). (B) There were higher levels of ACh in submandibular glands from AD patients compared with control subjects (n = 8-9, per group). Data are represented as mean ± SEM. Differences between groups were assessed using the ANOVA and Tukey’s test for mice samples, and the Mann-Whitney test for human samples. *p < 0.05; ****p < 0.0001.



On the contrary, ACh levels in the submandibular gland from AD patients were found higher compared with control subjects (p < 0.05; Figure 4B), in agreement with previously reported data in saliva (33). These findings may be explained by the use of acetylcholinesterase (AChE) inhibitors in the treatment of AD, which may help to increase and prolong the activity period of the released Ach. Supporting this hypothesis, decreased salivary AChE activity was reported in patients with AD compared with age-matched subjects, with significant differences in those who responded to AChE inhibitor treatment (34).




Discussion

Here, we demonstrated that salivary lactoferrin levels are reduced in APP/PS1 compared with WT mice. This reduction was already detected at 6-month-old AD mice, equivalent to an initial stage of the disease, and such reduction remained at 12-month-old AD mice, equivalent to a moderate-severe stage. Our findings are consistent with our previous works examining human salivary samples, revealing that salivary lactoferrin levels are decreased in the prodromal and dementia stages of AD (26, 27). These data suggest that the APP/PS1 mice are suitable to model human salivary lactoferrin secretion. However, unexpectedly, lactoferrin content showed no changes in submandibular glands from these transgenic mice suggesting that the observed reduction in saliva was protein-synthesis independent. We further found that the muscarinic M3 receptor levels were decreased in submandibular glands from 6- and 12-month-old APP/PS1 mice compared with WT along with lower Ach levels. In addition, submandibular glands from AD patients showed similar reduction in M3 receptor levels but interestingly, increased Ach.

Saliva is an exocrine secretion containing different enzymes and antimicrobial proteins, along with immunoglobulins, growth factors, mucosal glycoproteins, and regulatory peptides (35, 36). One of these salivary antimicrobial proteins is lactoferrin, an important modulator of the immune response and inflammation (37–39). Lactoferrin represents an important defensive element by inducing a broad spectrum of antimicrobial effects against bacteria, fungi, protozoa, viruses, and yeasts (18). Salivary lactoferrin was found to decrease at the early stages of AD (26), therefore we proposed that deficiency of salivary lactoferrin in AD patients might facilitate oral bacterial or viral proliferation and the expansion of pathogens or their inflammatory products to the central nervous system (28).

Salivary glands actively secrete most of the buccal salivary components, including water, ions, and proteins. Such secretion depends on the autonomic nerve supply, particularly parasympathetic nerves, in a nerve-mediated reflex (29, 40). The primary parasympathetic salivary centres establish connections with the lateral hypothalamus. Hypothalamic-related deficits have been described in association with AD, even before the occurrence of any clinical symptoms of cognitive decline (41). Several hypothalamic nuclei showed pathological hallmarks including reduced neuronal population, dystrophic axons, abnormal Golgi, and synaptic spines. However, the characteristic AD pathology (neurofibrillary tangles and senile plaques) in these areas was absent in early-onset AD cases, suggesting that these morphological hypothalamic neuron alterations could appear very early in AD, prior to Aβ and tau deposition (42, 43). Several immunity deficits may occur during the AD preclinical stage and it is possible that they could facilitate AD progression according to experimental and clinical findings (44). Many authors suggest that immune system disturbances associated with AD may be the consequence of nervous system dysfunction determined by hypothalamic lesions (45, 46). We recently proposed that due to the dysregulation of hypothalamic immunity in early AD, salivary lactoferrin could be downregulated in AD, reflecting other disturbances of systemic immunity associated with this neurodegenerative disease (28).

Both, the volume and composition of secreted saliva depend on the autonomic nerve-mediated stimulation, particularly the parasympathetic system. Autonomic parasympathetic efferent nerves conduct signals from the salivary centres in the brain medulla to salivary glands, and salivary secretion is influenced by projecting neurons from the lateral hypothalamus to the salivary centres, which have excitatory or inhibitory effects on this signalling (40). Salivary secretion is largely dependent upon the activation of muscarinic receptors on salivary acinar cells through the release of ACh from parasympathetic nerves (40). There are five subtypes of muscarinic cholinergic receptors, M1–M5 (47, 48), but although some of them participate in the presynaptic and postsynaptic transmission (31), likely muscarinic M3 receptors are the principal mediators of the cholinergic response in salivary glands (31, 49). Salivary gland acinar cells secrete saliva following the interaction of ACh from parasympathetic nerves with M3 muscarinic receptors (30, 31, 49, 50). Therefore, it appears that the observed reduction in both M3 receptors and Ach levels in submandibular glands from APP/PS1 mice may deregulate salivary secretion, resulting in lower lactoferrin levels in the saliva fluid. However, no significant differences were previously found in the volume of saliva evoked by pilocarpine stimulation in APP/PS1 mice compared with their respective WT mice (51).

Our findings in human salivary gland samples partially differ from those obtained in a mouse model of AD. Although we found a significant reduction in M3 receptor levels in submandibular glands from AD patients compared with healthy control subjects, glandular Ach levels were found to increase. Specifically, Ach is the most studied neurotransmitter in AD and constitutes one of the most studied therapeutic targets (52). According to the cholinergic hypothesis (53), the main cause of AD is the reduction in ACh synthesis. Then, alterations in cholinergic activity may affect salivary production. In order to reduce the cholinergic conduction defect, AChE inhibitors are widely used in AD treatment as they help to increase and prolong the activity period of the released ACh. In agreement with this, AChE activity was found significantly lower in AD patients compared with healthy control age-matched subjects (34). Moreover, a recent study showed higher levels of ACh in saliva from AD patients (33). In our present study, 13 out of 15 AD patients were under AchE inhibitor treatment, which could explain the higher Ach levels observed in their submandibular glands. This partial recovery in the ACh-mediated M3 signalling pathway might improve salivary gland function, leading to enhanced salivary lactoferrin secretion. Supporting this hypothesis, we recently reported that salivary lactoferrin levels were significantly increased in AD patients under AChE inhibitor treatment (54).

Future studies conducted in age-matched cohorts will be critical to confirm our findings and will provide a more complete understanding of salivary dysfuntion in the AD pathology as the mean age of control group is significantly lower than in AD patients. Salivary gland alterations and dysfunction, including the reduced glandular and acini volume, along with the loss of secretory volume, are associated with different diseases but also with aging (55, 56).

Saliva plays an essential role in maintaining the equilibrium of the resident oral microbiota, providing antimicrobial activity through numerous proteins and peptides including lactoferrin, which blocks the adherence and colonisation of pathogens. Salivary gland hypofunction and altered salivary composition resulting in low salivary lactoferrin levels, often lead to perturbation of the function and composition of the oral microbiota causing dysbiosis, a plausible contributory factor in the development of AD pathophysiology (20, 57).

In summary, we may hypothesise that the low release of ACh and the subsequent decreased binding of ACh to M3 receptor might explain the impaired function of salivary glands. The consequence would be a reduced salivary lactoferrin secretion in AD patients. Our findings suggest that salivary lactoferrin may serve not only as a biomarker for AD but also as a potential biomarker and target for salivary gland dysfunction.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Institute of Neuropathology Brain Bank IDIBELL-Hospital Universitari de Bellvitge (Hospitalet de Llobregat, Spain) The University of Alabama at Birmingham-CHTN (USA) Banner Sun Health Research Institute, Arizona (USA). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Autonomous University Ethics Committee for Animal Experimentation (license number: CEI 97 – 1778 – A291).



Author Contributions

EC designed the study. DA, DM, and LC carried out the experimental analysis. IF provided salivary gland samples. FB, GP, and EC have reviewed and helped draft the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by grants from Instituto de Salud Carlos III (FIS18/00118), FEDER, Comunidad de Madrid (S2017/BMD-3700; NEUROMETAB-CM), and CIBERNED (CB07/502).



Acknowledgments

We are grateful to the Banner Sun Health Research Institute Brain and Body Donation Program of Sun City, Arizona for the provision of human salivary gland samples. The Brain and Body Donation Program has been supported by the National Institute of Neurological Disorders and Stroke (U24 NS072026 National Brain and Tissue Resource for Parkinson’s Disease and Related Disorders), the National Institute on Aging (P30 AG19610 Arizona Alzheimer’s Disease Core Centre), the Arizona Department of Health Services (contract 211002, Arizona Alzheimer’s Research Centre), the Arizona Biomedical Research Commission (contracts 4001, 0011, 05-901 and 1001to the Arizona Parkinson’s Disease Consortium) and the Michael J. Fox Foundation for Parkinson’s Research.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.749468/full#supplementary-material



References

1. Querfurth, HW, and LaFerla, FM. Alzheimer’s Disease. New Engl J Med (2010) 362(4):329–44. doi: 10.1056/NEJMra0909142

2. Scheltens, P, Blennow, K, Breteler, MM, de Strooper, B, Frisoni, GB, Salloway, S, et al. Alzheimer’s Disease. Lancet (2016) 388(10043):505–17. doi: 10.1016/s0140-6736(15)01124-1

3. Heneka, MT, Golenbock, DT, and Latz, E. Innate Immunity in Alzheimer’s Disease. Nat Immunol (2015) 16(3):229–36. doi: 10.1038/ni.3102

4. Balin, BJ, Little, CS, Hammond, CJ, Appelt, DM, Whittum-Hudson, JA, Gerard, HC, et al. Chlamydophila Pneumoniae and the Etiology of Late-Onset Alzheimer’s Disease. J Alzheimer’s Dis: JAD (2008) 13(4):371–80. doi: 10.3233/JAD-2008-13403

5. Alonso, R, Pisa, D, Fernandez-Fernandez, AM, Rabano, A, and Carrasco, L. Fungal Infection in Neural Tissue of Patients With Amyotrophic Lateral Sclerosis. Neurobiol Dis (2017) 108:249–60. doi: 10.1016/j.nbd.2017.09.001

6. Itzhaki, RF. Herpes Simplex Virus Type 1 and Alzheimer’s Disease: Increasing Evidence for a Major Role of the Virus. Front Aging Neurosci (2014) 6:202. doi: 10.3389/fnagi.2014.00202

7. Lovheim, H, Gilthorpe, J, Johansson, A, Eriksson, S, Hallmans, G, and Elgh, F. Herpes Simplex Infection and the Risk of Alzheimer’s Disease: A Nested Case-Control Study. Alzheimer’s Dement: J Alzheimer’s Assoc (2015) 11(6):587–92. doi: 10.1016/j.jalz.2014.07.157

8. Lovheim, H, Gilthorpe, J, Adolfsson, R, Nilsson, LG, and Elgh, F. Reactivated Herpes Simplex Infection Increases the Risk of Alzheimer’s Disease. Alzheimer’s Dement: J Alzheimer’s Assoc (2015) 11(6):593–9. doi: 10.1016/j.jalz.2014.04.522

9. Itzhaki, RF, Lathe, R, Balin, BJ, Ball, MJ, Bearer, EL, Braak, H, et al. Microbes and Alzheimer’s Disease. J Alzheimer’s Dis: JAD (2016) 51(4):979–84. doi: 10.3233/jad-160152

10. Carter, CJ, France, J, Crean, S, and Singhrao, SK. The Porphyromonas Gingivalis/Host Interactome Shows Enrichment in GWASdb Genes Related to Alzheimer’s Disease, Diabetes and Cardiovascular Diseases. Front Aging Neurosci (2017) 9:408. doi: 10.3389/fnagi.2017.00408

11. Readhead, B, Haure-Mirande, JV, Funk, CC, Richards, MA, Shannon, P, Haroutunian, V, et al. Multiscale Analysis of Independent Alzheimer’s Cohorts Finds Disruption of Molecular, Genetic, and Clinical Networks by Human Herpesvirus. Neuron (2018) 99:64–82. doi: 10.1016/j.neuron.2018.05.023

12. Itzhaki, RF, Lin, WR, Shang, D, Wilcock, GK, Faragher, B, and Jamieson, GA. Herpes Simplex Virus Type 1 in Brain and Risk of Alzheimer’s Disease. Lancet (1997) 349(9047):241–4. doi: 10.1016/s0140-6736(96)10149-5

13. Jenssen, H, Hamill, P, and Hancock, RE. Peptide Antimicrobial Agents. Clin Microbiol Rev (2006) 19(3):491–511. doi: 10.1128/cmr.00056-05

14. Welling, MM, Nabuurs, RJ, and van der Weerd, L. Potential Role of Antimicrobial Peptides in the Early Onset of Alzheimer’s Disease. Alzheimer’s Dement: J Alzheimer’s Assoc (2015) 11(1):51–7. doi: 10.1016/j.jalz.2013.12.020

15. Hayashi, T, To, M, Saruta, J, Sato, C, Yamamoto, Y, Kondo, Y, et al. Salivary Lactoferrin Is Transferred Into the Brain via the Sublingual Route. Biosc Biotechnol Biochem (2017) 81(7):1300–4. doi: 10.1080/09168451.2017.1308241

16. Berlutti, F, Pilloni, A, Pietropaoli, M, Polimeni, A, and Valenti, P. Lactoferrin and Oral Diseases: Current Status and Perspective in Periodontitis. Ann Stomatol (Roma) (2011) 2(3-4):10–8.

17. Campione, E, Cosio, T, Rosa, L, Lanna, C, Di Girolamo, S, Gaziano, R, et al. Lactoferrin as Protective Natural Barrier of Respiratory and Intestinal Mucosa Against Coronavirus Infection and Inflammation. Int J Mol Sci (2020) 21(14): 4903–916. doi: 10.3390/ijms21144903

18. Gifford, JL, Hunter, HN, and Vogel, HJ. Lactoferricin: A Lactoferrin-Derived Peptide With Antimicrobial, Antiviral, Antitumor and Immunological Properties. Cell Mol Life Sci (2005) 62(22):2588–98. doi: 10.1007/s00018-005-5373-z

19. Lynge Pedersen, AM, and Belstrøm, D. The Role of Natural Salivary Defences in Maintaining a Healthy Oral Microbiota. J Dent (2019) 80 Suppl 1:S3–s12. doi: 10.1016/j.jdent.2018.08.010

20. Olsen, I, and Singhrao, SK. Low Levels of Salivary Lactoferrin may Affect Oral Dysbiosis and Contribute to Alzheimer’s Disease: A Hypothesis. Med Hypotheses (2021) 146:110393. doi: 10.1016/j.mehy.2020.110393

21. Valenti, P, and Antonini, G. Lactoferrin: An Important Host Defence Against Microbial and Viral Attack. Cell Mol Life Sci (2005) 62(22):2576–87. doi: 10.1007/s00018-005-5372-0

22. Wang, J, Ohno-Matsui, K, Yoshida, T, Kojima, A, Shimada, N, Nakahama, K, et al. Altered Function of Factor I Caused by Amyloid Beta: Implication for Pathogenesis of Age-Related Macular Degeneration From Drusen. J Immunol (2008) 181(1):712–20. doi: 10.4049/jimmunol.181.1.712

23. Puddu, P, Latorre, D, Carollo, M, Catizone, A, Ricci, G, Valenti, P, et al. Bovine Lactoferrin Counteracts Toll-Like Receptor Mediated Activation Signals in Antigen Presenting Cells. PloS One (2011) 6(7):e22504. doi: 10.1371/journal.pone.0022504

24. Rousseau, E, Michel, PP, and Hirsch, EC. The Iron-Binding Protein Lactoferrin Protects Vulnerable Dopamine Neurons From Degeneration by Preserving Mitochondrial Calcium Homeostasis. Mol Pharmacol (2013) 84(6):888–98. doi: 10.1124/mol.113.087965

25. Yan, D, Kc, R, Chen, D, Xiao, G, and Im, HJ. Bovine Lactoferricin-Induced Anti-Inflammation is, in Part, via Up-Regulation of Interleukin-11 by Secondary Activation of STAT3 in Human Articular Cartilage. J Biol Chem (2013) 288(44):31655–69. doi: 10.1074/jbc.M112.440420

26. Carro, E, Bartolome, F, Bermejo-Pareja, F, Villarejo-Galende, A, Molina, JA, Ortiz, P, et al. Early Diagnosis of Mild Cognitive Impairment and Alzheimer’s Disease Based on Salivary Lactoferrin. Alzheimer’s Dement (Amsterdam Netherlands) (2017) 8:131–8. doi: 10.1016/j.dadm.2017.04.002

27. González-Sánchez, M, Bartolome, F, Antequera, D, Puertas-Martín, V, González, P, Gómez-Grande, A, et al. Decreased Salivary Lactoferrin Levels Are Specific to Alzheimer’s Disease. EBioMedicine (2020) 57:102834. doi: 10.1016/j.ebiom.2020.102834

28. Bermejo-Pareja, F, Del Ser, T, Valentí, M, de la Fuente, M, Bartolome, F, and Carro, E. Salivary Lactoferrin as Biomarker for Alzheimer’s Disease: Brain-Immunity Interactions. Alzheimer’s Dement: J Alzheimer’s Assoc (2020) 16(8):1196–204. doi: 10.1002/alz.12107

29. Proctor, GB, and Carpenter, GH. Salivary Secretion: Mechanism and Neural Regulation. Monogr Oral Sci (2014) 24:14–29. doi: 10.1159/000358781

30. Nakamura, T, Matsui, M, Uchida, K, Futatsugi, A, Kusakawa, S, Matsumoto, N, et al. M(3) Muscarinic Acetylcholine Receptor Plays a Critical Role in Parasympathetic Control of Salivation in Mice. J Physiol (2004) 558(Pt 2):561–75. doi: 10.1113/jphysiol.2004.064626

31. Gautam, D, Heard, TS, Cui, Y, Miller, G, Bloodworth, L, and Wess, J. Cholinergic Stimulation of Salivary Secretion Studied With M1 and M3 Muscarinic Receptor Single- and Double-Knockout Mice. Mol Pharmacol (2004) 66(2):260–7. doi: 10.1124/mol.66.2.260

32. Carpenter, GH, Proctor, GB, Ebersole, LE, and Garrett, JR. Secretion of IgA by Rat Parotid and Submandibular Cells in Response to Autonomimetic Stimulation In Vitro. Int Immunopharmacol (2004) 4(8):1005–14. doi: 10.1016/j.intimp.2004.03.013

33. Peña-Bautista, C, Torres-Cuevas, I, Baquero, M, Ferrer, I, García, L, Vento, M, et al. Early Neurotransmission Impairment in non-Invasive Alzheimer Disease Detection. Sci Rep (2020) 10(1):16396. doi: 10.1038/s41598-020-73362-z

34. Sayer, R, Law, E, Connelly, PJ, and Breen, KC. Association of a Salivary Acetylcholinesterase With Alzheimer’s Disease and Response to Cholinesterase Inhibitors. Clin Biochem (2004) 37(2):98–104. doi: 10.1016/j.clinbiochem.2003.10.007

35. Mathison, RD, Davison, JS, Befus, AD, and Gingerich, DA. Salivary Gland Derived Peptides as a New Class of Anti-Inflammatory Agents: Review of Preclinical Pharmacology of C-Terminal Peptides of SMR1 Protein. J Inflammation (Lond) (2010) 7:49. doi: 10.1186/1476-9255-7-49

36. Melvin, JE, Yule, D, Shuttleworth, T, and Begenisich, T. Regulation of Fluid and Electrolyte Secretion in Salivary Gland Acinar Cells. Annu Rev Physiol (2005) 67:445–69. doi: 10.1146/annurev.physiol.67.041703.084745

37. Legrand, D. Lactoferrin, a Key Molecule in Immune and Inflammatory Processes. Biochem Cell Biol = Biochim Biol Cellulaire (2012) 90(3):252–68. doi: 10.1139/o11-056

38. Legrand, D. Overview of Lactoferrin as a Natural Immune Modulator. J Pediatr (2016) 173 Suppl:S10–5. doi: 10.1016/j.jpeds.2016.02.071

39. Legrand, D, Elass, E, Carpentier, M, and Mazurier, J. Lactoferrin: A Modulator of Immune and Inflammatory Responses. Cell Mol Life Sci (2005) 62(22):2549–59. doi: 10.1007/s00018-005-5370-2

40. Proctor, GB, and Carpenter, GH. Regulation of Salivary Gland Function by Autonomic Nerves. Auton Neurosci: Basic Clin (2007) 133(1):3–18. doi: 10.1016/j.autneu.2006.10.006

41. Ishii, M, and Iadecola, C. Metabolic and Non-Cognitive Manifestations of Alzheimer’s Disease: The Hypothalamus as Both Culprit and Target of Pathology. Cell Metab (2015) 22(5):761–76. doi: 10.1016/j.cmet.2015.08.016

42. Baloyannis, SJ, Mavroudis, I, Mitilineos, D, Baloyannis, IS, and Costa, VG. The Hypothalamus in Alzheimer’s Disease: A Golgi and Electron Microscope Study. Am J Alzheimer’s Dis Other Dement (2015) 30(5):478–87. doi: 10.1177/1533317514556876

43. Braak, H, and Del Trecidi, K. Neuroanatomy and Pathology of Sporadic Alzheimer’s Disease. Adv Anat Embryol Cell Biol (2015) 215:1–162. doi: 10.1007/978-3-319-12679-1_1

44. Gao, HM, and Hong, JS. Why Neurodegenerative Diseases are Progressive: Uncontrolled Inflammation Drives Disease Progression. Trends Immunol (2008) 29(8):357–65. doi: 10.1016/j.it.2008.05.002

45. Pavlov, VA, Chavan, SS, and Tracey, KJ. Molecular and Functional Neuroscience in Immunity. Annu Rev Immunol (2018) 36:783–812. doi: 10.1146/annurev-immunol-042617-053158

46. Wrona, D. Neural-Immune Interactions: An Integrative View of the Bidirectional Relationship Between the Brain and Immune Systems. J Neuroimmunol (2006) 172(1-2):38–58. doi: 10.1016/j.jneuroim.2005.10.017

47. Tobin, G, Giglio, D, and Götrick, B. Studies of Muscarinic Receptor Subtypes in Salivary Gland Function in Anaesthetized Rats. Auton Neurosci: Basic Clin (2002) 100(1-2):1–9. doi: 10.1016/s1566-0702(02)00139-x

48. Tobin, G. Presynaptic Muscarinic Receptor Mechanisms and Submandibular Responses to Stimulation of the Parasympathetic Innervation in Bursts in Rats. Auton Neurosci: Basic Clin (2002) 99(2):111–8. doi: 10.1016/s1566-0702(02)00094-2

49. de Paula, F, Teshima, THN, Hsieh, R, Souza, MM, Nico, MMS, and Lourenco, SV. Overview of Human Salivary Glands: Highlights of Morphology and Developing Processes. Anat Rec (Hoboken) (2017) 300(7):1180–8. doi: 10.1002/ar.23569

50. Dawson, LJ, Stanbury, J, Venn, N, Hasdimir, B, Rogers, SN, and Smith, PM. Antimuscarinic Antibodies in Primary Sjögren’s Syndrome Reversibly Inhibit the Mechanism of Fluid Secretion by Human Submandibular Salivary Acinar Cells. Arthritis Rheum (2006) 54(4):1165–73. doi: 10.1002/art.21764

51. Floden, AM, Sohrabi, M, Nookala, S, Cao, JJ, and Combs, CK. Salivary Aβ Secretion and Altered Oral Microbiome in Mouse Models of AD. Curr Alzheimer Res (2020) 17(12):1133–44. doi: 10.2174/1567205018666210119151952

52. Ferreira-Vieira, TH, Guimaraes, IM, Silva, FR, and Ribeiro, FM. Alzheimer’s Disease: Targeting the Cholinergic System. Curr Neuropharmacol (2016) 14(1):101–15. doi: 10.2174/1570159x13666150716165726

53. Bartus, RT, Dean, RL 3rd, Beer, B, and Lippa, AS. The Cholinergic Hypothesis of Geriatric Memory Dysfunction. Sci (New York NY) (1982) 217(4558):408–14. doi: 10.1126/science.7046051

54. Bartolome, F, Orive, G, and Carro, E. Standardizing Salivary Lactoferrin Measurements to Obtain a Robust Diagnostic Biomarker for Alzheimer’s Disease. Alzheimer’s Dement (Amsterdam Netherlands) (2021) 13(1):e12173. doi: 10.1002/dad2.12173

55. Moreira, CR, Azevedo, LR, Lauris, JR, Taga, R, and Damante, JH. Quantitative Age-Related Differences in Human Sublingual Gland. Arch Oral Biol (2006) 51(11):960–6. doi: 10.1016/j.archoralbio.2006.05.001

56. Proctor, GB, and Shaalan, AM. Disease-Induced Changes in Salivary Gland Function and the Composition of Saliva. J Dent Res (2021) 100(11):1201–9. doi: 10.1177/00220345211004842 220345211004842.

57. Lupetti, A, Welling, MM, Pauwels, EK, and Nibbering, PH. Radiolabelled Antimicrobial Peptides for Infection Detection. Lancet Infect Dis (2003) 3(4):223–9. doi: 10.1016/S1473-3099(03)00579-6




Conflict of Interest: EC is the co-founder of GEROA Diagnostics.

The remaining 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.


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

Copyright © 2021 Antequera, Moneo, Carrero, Bartolome, Ferrer, Proctor and Carro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Salivary Lactoferrin Expression in a Mouse Model of Alzheimer’s Disease

      

        		

          Introduction

        



        		

          Methods

        

          		

            Animal Experiments

          



          		

            Saliva Collection

          



          		

            Human Submandibular Glands

          



          		

            Western Blot

          



          		

            Immunohistochemistry

          



          		

            RNA Extraction and Quantification

          



          		

            Acetylcholine Determination

          



          		

            Data and Statistical Analysis

          



        



        



        		

          Results

        

          		

            Lactoferrin Levels Are Decreased in Saliva From APP/PS1 Mice

          



          		

            Lactoferrin Expression in Submandibular Glands From APP/PS1 Mice Remained Unaltered

          



          		

            Muscarinic M3 Receptor Levels Are Reduced in Submandibular Glands From APP/PS1 Mice and AD Patients

          



          		

            ACh Content Is Differently Expressed in Submandibular Glands From APP/PS1 Mice and AD Patients

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-749468-g003.jpg
B-actin

M3 (% of control)

M3 (% of control)

150 4

100 4

50 4

wt

150 4

100 4

50 4

6-months-

old

WT APP/PS1

control

APP/PS1

AD

42KDa

B
150 12-months-old
£ 100
c
[=3
= L
s
8
- 50
=
0

WT APP/PS1

wt APP/PS1

M3 | e s o= — - 80KDa
B-actln -42K0s

control AD






OEBPS/Images/fimmu-12-749468-g001.jpg
150~ 6-months-old 150~ 12-months-old
E =
g E

c

o 100 g8 100
E 3
B * 32
® z .
£ S0 -;E; 50 4
H 8
T 8
&

0 0

vt APP/PS1 vt APP/PS1

wt APP/PS1 wt APP/IPS1





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-749468-g004.jpg
0.6+

T T
- o~
o o

uajoid Bwgowu Yoy

O APP/PS1

mw

T
© © - N =
=] C o o 0

ujajoid Bwyjowu Yoy

AD

control





OEBPS/Images/fimmu-12-749468-g002.jpg
6-months-old 12-months-old
R R R atn B Y- - T T e P Y v CapeipsTT
' : " o 8 «TEDN R G 39 s

d e
i

’ = ‘ . R . | ' A D g :
o A3 h ] iy \% 3 s Y | o { Loy pact 7
g £ : 2 Y il 2 » X % ¥ . 0 PRGN . N

150 6-months-old 150 12-months-old
- — T
g e
g 100 g 100
] S
£ #
5 80 5 50
B 3
= =
0 0
wt  APP/PS1 wt  APPIPS1
D
6-months-old 12-months-old
150 4 150
s T s
5 5
= =
s 1004 s 100
el - T
(=3 (=3
£ £
£ 50 E 50
] 7]
3 s
kS =
0 0
wr  APP/PS1 wr  APPIPS1

lactoferrin | e —-78 kDa lactoferrin — e —— -78 kDa

——— — — —

B-actin B-actin

-42 kDa -42 kDa

ot APPIPGa APPIPe]






OEBPS/Images/fimmu.2021.749468_cover.jpg
, frontiers
in Immunology

Salivary Lactoferrin Expression in a
Mouse Model of Alzheimer’s Disease





