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Abstract

:

Amyloid beta (Aβ) plays a major role in the pathogenesis of Alzheimer’s disease and, more recently, has been shown to protect against liver fibrosis. Therefore, we studied Aβ-42 levels and the expression of genes involved in the generation, degradation, and transport of Aβ proteins in liver samples from patients at different stages of metabolic dysfunction-associated liver disease (MASLD) and under steatotic conditions in vitro/in vivo. Amyloid precursor protein (APP), key Aβ-metabolizing proteins, and Aβ-42 were analyzed using RT-PCR, Western blotting, Luminex analysis in steatotic in vitro and fatty liver mouse models, and TaqMan qRT-PCR analysis in hepatic samples from patients with MASLD. Hepatocytes loaded with palmitic acid induced APP, presenilin, and neprilysin (NEP) expression, which was reversed by oleic acid. Increased APP and NEP, decreased BACE1, and unchanged Aβ-42 protein levels were found in the steatotic mouse liver compared to the normal liver. Aβ-42 concentrations were low in MASLD samples of patients with moderate to severe fibrosis compared to the livers of patients with mild or no MASLD. Consistent with the reduced Aβ-42 levels, the mRNA expression of proteins involved in APP degradation (ADAM9/10/17, BACE2) and Aβ-42 cleavage (MMP2/7/9, ACE) was increased. In the steatotic liver, the expression of APP- and Aβ-metabolizing proteins is increased, most likely related to oxidative stress, but does not affect hepatic Aβ-42 levels. Consistent with our previous findings, low Aβ-42 levels in patients with liver fibrosis appear to be caused by the reduced production and enhanced non-amyloidogenic processing of APP.
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1. Introduction


Alzheimer’s disease (AD) is a degenerative brain disorder and is the most common type of dementia. The most prevalent form of AD, which occurs late in life, is associated with the deposition of amyloid beta (Aβ) in the brain following its accumulation in the brain. The balance between Aβ protein production and clearance determines the steady-state level of Aβ, while disturbances in Aβ homeostasis lead to Aβ deposits in the brain [1].



Aβ peptides are derived from the amyloid precursor protein (APP), a transmembrane protein, through the sequential cleavage of APP by membrane-bound β-secretases and γ-secretases. This route of APP processing is termed the amyloidogenic pathway and leads to different species of Aβ, of which Aβ-42 has a deleterious effect on the aggregation and formation of plaques [1]. Therefore, APP is cleaved by β-secretase BACE1 (β-site APP cleaving enzyme 1), a membrane-bound aspartic protease, into N-terminal soluble APPsβ and a membrane-tethered βCTF (β C-terminal fragment). The latter is subjected to further processing by a γ-secretase enzyme complex containing presenilin (PSEN 1/2, PS1/2), resulting in the intracellular fragment AICD (APP intracellular domain) and Aβ [2]. In particular, PS1/2 cleaves the βCTF fragment at positions 40 and 42, yielding the protein fragments Aβ40/42 [2]. Furthermore, APP can be cleaved within the Aβ domain by membrane-bound α-secretases such as ADAMs (a disintegrin and metalloproteases), generating the soluble N-terminal fragment APPsα and the membrane-tethered αCTF (α C-terminal fragment). In this non-amyloidogenic pathway, αCTF is further processed by the γ-secretase complex into extracellular peptide p3 and the intracellular fragment AICD [2]. The Aβ protein concentration in a given compartment is not only balanced by the activation of amyloidogenic or non-amyloidogenic pathways, but also by the degradation or elimination of Aβ protein [3]. The degradation of Aβ in the brain and peripheral organs, including the liver, is performed by a variety of proteases belonging to the metalloprotease (e.g., NEP, neprilysin, ECE 1/2, endothelin-converting enzyme 1/2, ACE, angiotensin I-converting enzyme, MMP, and matrix metallopeptidase), serine protease (e.g., APEH, acylaminacyl-peptide hydrolase, MBP, myelin basic protein, IDE, and insulin-degrading enzyme), cysteine protease (Cathepsin B), and aspartyl protease (e.g., BACE2) families. Aβ-degrading proteases cooperate with other catabolic processes for Aβ elimination and can be induced or repressed by Aβ peptides itself [4].



The liver plays a central role in the human body; therefore, disturbances in hepatic functionality affect various organs, including the brain, emphasizing the significance of the liver–brain axis [3]. In this sense, the recently reported association between postoperative cognitive dysfunction after orthotopic liver transplantation and increased serum markers of dementia, including Aβ-42 [5], may reflect the importance of the hepatic clearance of these factors for intact brain function. An epidemiological study showed that comorbidities, such as liver cirrhosis, were significantly associated with mild cognitive impairment and dementia [6]. In addition, cirrhotic livers do not properly eliminate Aβ-42 from the serum [7], and serum levels of Aβ-42 are increased in patients with cirrhosis [8]. Liver tissues from patients with cirrhosis revealed decreased Aβ-42 levels and a low expression of key proteins that are known to generate and degrade Aβ-42 [9]. Furthermore, Buniatian et al. reported an unexpected role of Aβ-42 in the liver as a regulator of cell–cell interactions and the protection against liver fibrosis/cirrhosis [9,10].



Non-alcoholic fatty liver disease (NAFLD), recently noted as metabolic dysfunction-associated steatotic liver disease (MASLD), is the leading cause of chronic liver disease worldwide [11]. NAFLD/MASLD encompasses various disorders characterized by slow progression, initially caused by abnormal or excessive accumulation of lipid droplets in hepatocytes (steatosis, fatty liver), leading to metabolic dysfunction-associated steatohepatitis (MASH/NASH) and its progression towards hepatic cirrhosis, as well as an increased risk of developing liver cancer [11]. The critical determinants of disease progression are reactive oxygen species (ROS), endoplasmic stress, mitochondrial dysfunction, and lipid toxicity, leading to cell death, inflammation, and fibrogenesis [11]. Besides its impact on liver function, MASLD is also associated with a lower cognitive performance and an altered memory [12].



Despite the notion that MASLD is associated with and contributes to AD [6,13], the mechanism underlying this interplay is unclear. Given the puzzling gaps in understanding the role of hepatic Aβ clearance in different liver disorders, we sought to focus on the current work on MASLD-associated changes in the hepatic utilization of Aβ. Therefore, we analyzed hepatic Aβ levels and the gene expression of proteins involved in the generation, degradation, and transport of Aβ proteins in liver tissue samples from patients with different stages of MASLD. Furthermore, we assessed APP- and Aβ-metabolizing proteins in steatotic mouse livers and hepatocytes upon lipotoxic stress induced by saturated fatty acids.




2. Results


2.1. Saturated Palmitic Acid Induces the Gene Expression of APP and Its Metabolizing Proteins In Vitro, Which Is Attenuated by Mono-Unsaturated Oleic Acid


Hepatic steatosis, a major hallmark of MASLD, is caused by the disruption of lipid homeostasis and is associated with fatty acid-mediated cell stress, which can be analyzed using in vitro models of steatosis [14]. Saturated palmitic acid (PA) significantly induced the mRNA expression of amyloid precursor protein (APP), γ-secretase presenilin (PS1), and α-secretase ADAM17 in Huh7 and HepG2 cells (Figure 1A,B). Neprilysin mRNA (NEP/MME), the main Aβ-42 degrading enzyme, was barely expressed in hepatoma cell lines. In primary human hepatocytes, PA treatment induced the mRNA expression of APP, PS1, and neprilysin (NEP) (Figure 1C), whereas β-secretase BACE1 was not affected.



The treatment of the cells with a mixture of saturated PA and mono-unsaturated oleic acid (PA/OA, ratio 1/2) abolished the enhanced expression (Figure 1A,B,D) of APP- and Aβ-42-generating genes. Since oleic acid attenuates the deleterious effects of saturated fatty acids, such as PA [15], it is likely that cellular oxidative stress caused by PA is responsible for enhanced mRNA expression. In addition, PA treatment induces endoplasmic reticulum (ER) stress [16]. The ER stress inducers tunicamycin (Tun) and thapsigargin (Tab) had no effect on APP and BACE1 mRNA levels, while PS1 mRNA expression was only increased by Tab (Figure 1E). This largely excludes PA-induced ER stress as a cause of the enhanced expression of these genes.




2.2. Hepatic Expression of APP and Its Metabolizing Protein, but Not Aβ-42, Levels Are Altered in a Fatty Liver Mouse Model


The fact that a high-fat diet (HFD) for 14 weeks leads to the development of fatty liver with no signs of fibrosis in mice [17] led us to use this model to explore the impact of hepatic steatosis on the expression of APP, APP degradation, and Aβ-42-producing proteins in the liver. We found a significantly enhanced mRNA expression of APP, NEP, and NOTCH1/3, substrates of γ-secretase PS1, in steatotic livers of HFD mice (Figure 2A). Protein analysis demonstrated increased APP and NEP levels in the livers of HFD-fed mice, whereas BACE1 was reduced in comparison to the normal livers of mice fed a standard diet (SD) (Figure 2C). Interestingly, mRNA expression of the α-secretases of the non-amyloidogenic pathway, ADAM9/10/17 (Figure 2B), and hepatic Aβ-42 levels were unaltered in HFD mice compared to standard diet (SD) mice (Figure 2D). These findings support the assumption that in vivo hepatic fat accumulation, and consequently increased oxidative stress, results in the enhanced expression of APP and altered levels of Aβ-42-generating proteins, but these changes in protein expression do not affect hepatic Aβ-42 levels.




2.3. Hepatic Aβ-42 Levels Are Reduced in Patients with MASH


Liver tissue samples from patients with MASLD (see Table S2), from patients with a metabolic-dysfunction associated steatohepatitis (MASH) activity score (MAS) of 1–4 (steatosis) or 5–8 (MASH), and from patients with histopathologically proven non-diseased livers (MAS = 0) were homogenized and assessed for Aβ-42 using multiplex analysis. Aβ-42 tissue levels were found to be significantly reduced in the livers of patients with MASH compared to those with simple steatosis or controls (Figure 3). The reduction was independent of type 2 diabetes (T2D), BMI, hypertension, hypercholesterolemia, or the sex of the patients. It was previously shown that reduced Aβ-42 levels were found in liver tissue from patients with fibrosis or cirrhosis [9], but a comparison of Aβ-42 levels with histological fibrosis scores in samples with MAS ≥1 did not show a significant difference between no, mild to moderate, or severe fibrosis and cirrhosis (Figure S1A). Furthermore, Aβ-42 levels in steatotic samples without fibrosis did not differ according to tissue steatosis grade (Figure S1B). Therefore, regarding MASH, the observed diminished Aβ-42 liver tissue levels may correspond to a multifactorial disease (hepatic steatosis combined with fibrosis) rather than to a single pathological condition.




2.4. mRNA Expression of APP, APP Degradation, and Aβ-42-Processing Proteins Is Altered in Liver Tissue from Patients with MASH


A larger cohort of liver samples from patients with MASLD (see Table S1) was analyzed for the mRNA expression of genes involved in APP and Aß-42 processing via non-amyloidogenic and amyloidogenic pathways. We used a TaqMan RT-PCR-based high-throughput platform to analyze a variety of genes involved in APP and Aβ-42 metabolism (Table S3) in liver samples from patients with an MAS of 1–4 (steatosis) or 5–8 (MASH), and from patients with histopathologically proven non-diseased livers (MAS = 0). In Figure 4, Figure 5 and Figure 6, only data with a significant difference in the mRNA expression of the analyzed genes are shown. In MASH samples, we found a significantly increased mRNA expression of members of the α-secretase family, ADAM9/10/17, and BACE2 (Figure 4A), all known for their APP cleavage activities, thereby fueling the non-amyloidogenic pathway and implicating lower Aβ-42 tissue levels. In addition, UCHL1 expression, a negative regulator of BACE1 activity that is mostly responsible for Aβ-42 production, was enhanced in MASH samples, indicating diminished Aβ-42 levels (Figure 4B). Furthermore, γ-secretase PS1/PSEN1 (Figure 4B) and their alternative cleavage substrate NOTCH 1 (Figure 4E) was increased in MASH. Aβ-42 can be degraded by several enzymes, of which ACE and the matrix metalloproteinases MMP2, MMP7, and MMP9 are significantly elevated in MASH (Figure 4C). These findings are further supported by an inverse correlation between Aβ-42 levels and the mRNA expression of ADAM9/10/17, UCHL1, ACE, MMP2, and MMP9 in the MASH samples (Table S6). Overall, low hepatic Aβ-42 levels in patients with MASH appear to be dependent on activated non-amyloidogenic and hindered amyloidogenic pathways.




2.5. Fibrotic Rather Than Steatotic Liver Tissue Conditions Are Responsible for Differentially Expressed APP- and Aβ-42-Processing Genes


Furthermore, mRNA expression levels of APP-processing genes were plotted in liver samples from patients with an MAS ≥ 1, indicating steatosis or MASH, stratified according to their histological fibrosis score. In liver samples with mild/moderate to severe fibrosis compared to the absence of fibrosis, we found a significantly increased expression of ADAM9, BACE2, and UCHL1, as well as a reduced BACE1 expression (Figure 5A,B), corresponding to APP processing towards a non-amyloidogenic pathway. In fibrotic MASLD samples, the Aβ-42-degrading enzymes ACE, MMP2, and MMP7 were enhanced, while the expression of APEH, ECE1, and MBP was reduced (Figure 5C). APOA1, APOE, and APOJ expression, all responsible for Aβ-42 binding and transport, declined with higher fibrosis scores (Figure 5D). Furthermore, correlation analysis of mRNA expression levels with histological grades of inflammation (Table S7) showed only weak correlations for ADAM9, HMGCS2, MMP2, MMP7, NEP, APOE, and NOTCH3.
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Figure 5. Expression of APP-processing proteins in relation to liver tissue fibrosis scores. mRNA expression of proteins processing APP and Aβ-42 were plotted regarding their histologically proven fibrosis grade in liver samples from patients with an MAS ≥ 1 (steatosis and MASH). (A) Non-amyloidogenic pathway and (B–D) amyloidogenic pathway of APP and Aβ-42 processing: (A) degradation of APP, (B) degradation of APP followed by processing towards Aβ-42 formation, (C) degradation of Aβ-42 and (D) binding/transport of Aβ-42. mRNA expression was analyzed using qRT-PCR, followed by normalization to three housekeeping genes—GUSB, HPRT1, and TBP (see Table S3). Data are presented as box blots displaying median values, lower and upper quartiles, and the range of the values (whiskers), with outliers shown as circles (values between 1.5 and 3 times the interquartile range). Fibrosis score: 0, n = 27; 1–2, n = 23; 3–4, n = 14. Statistical differences were analyzed using the Kruskal–Wallis test with post hoc Bonferroni correction. * p < 0.05, ** p < 0.01. 
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To assess the impact of hepatic steatosis on APP-processing gene expression, we divided the mRNA expression of liver samples from MASLD patients according to their histological steatosis grade, thereby excluding samples with fibrosis. Interestingly, we found increased APP, PS1, and NEP in steatotic liver tissue compared to normal liver tissue (Figure 6), which is in line with the PA-induced mRNA expression found in vitro (Figure 1A–C) and in part in HFD mice (Figure 2A–B). APOE expression was induced under steatotic conditions and was reduced under fibrotic conditions (Figure 4D). APOE expression was positively correlated with steatosis grade (Figure 6), reduced in samples with an MAS ≥ 5 compared to MAS 1–4 (Figure 4D), and negatively correlated with fibrosis grade (Figure 5D). The mRNA expression of the studied genes did not change with underlying T2D, BMI, hypertension, hypercholesterinemia, or sex of the patients.
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Figure 6. Expression of APP-processing proteins in relation to liver tissue steatosis grade. mRNA expression of genes processing APP and Aβ-42 were plotted according to the histologically proven steatosis grade in liver samples from patients without hepatic fibrosis. mRNA expression was analyzed using qRT-PCR, followed by normalization to three housekeeping genes—GUSB, HPRT1, and TBP (see Table S3). Data are presented as box blots displaying median values, lower and upper quartiles, and the range of the values (whiskers), with outliers shown as circles (values between 1.5 and 3 times the interquartile range). Steatosis grade: 0 < 5, n = 26; 5–33, n = 10; >33, n = 17. Statistical differences were analyzed using the Kruskal–Wallis test with post hoc Bonferroni correction. * p < 0.05, ** p < 0.01. 
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3. Discussion


MASLD, the leading cause of chronic liver disease, is associated with cognitive impairment and AD [13], as well as dyslipidemia, which correlates with mental status in patients with AD [12]. Additionally, diet-induced MASLD triggers the pathological signs of AD in wild-type mice. This effect was enhanced in APP- [18] and APP/PS1 [19]-transgenic mice. A recent report showing neurodegeneration in juvenile pigs with diet-induced MASLD provided evidence of gut probiotics for Aβ levels and memory loss [20]. Hypercholesterolemia may also be related to an increased risk of developing AD or mild cognitive impairment in humans [21]. In addition, oxidative stress and its related products are recognized as being involved in the onset of AD [22]. These findings strongly confirmed the liver–brain axis, with the liver as the central organ of lipid metabolism. While most reports have addressed the consequences of disturbed lipid metabolism on brain physiology and disease development, little is known about its impact on hepatic Aβ metabolism.



Since impaired peripheral clearance of Aβ by the liver is a feature of MASLD [3], and due to the fact that free fatty acids have been shown to be responsible for oxidative and endoplasmic reticulum stress in hepatocytes [15,16], we analyzed the impact of free fatty acids on the hepatic Aβ levels and mRNA expression of its metabolizing proteins. The treatment of hepatocytes with saturated PA enhanced the mRNA expression of APP, PS1, NEP, and ADAM17, and this effect was abrogated by monounsaturated oleic acid. This suggests that the hepatic accumulation of fatty acids [14,23] is not the main cause of Aβ gene regulation, which seems to be induced by increased oxidative stress upon PA exposure. Palmitic acid has been shown to increase reactive oxygen species (ROS) production by promoting the uncoupling of glycolysis and tricarboxylic acid (TCA) cycle fluxes, which enhances redox imbalance and the formation of reactive oxygen intermediates, leading to ER stress and apoptosis [24]. In our in vitro studies, ER stress may play a minor role in the regulation of the gene expression of Aβ-metabolizing proteins, since ER stress inducers showed no effect, except increased PS1 expression after tapsigargin treatment. We have previously reported that PA treatment induces oxidative stress and subsequently activates different pathways, leading to NF-κB activation [23]. Furthermore, oxidative stress has been shown to induce ADAM17 expression in platelets via p38 MAPK signaling [25], which parallels our findings of PA-induced ADAM17 expression and its abolishment by OA addition (less p38 activation) in hepatoma cells. However, there are conflicting results regarding Aβ-metabolizing gene expression related to oxidative stress, reporting that PA upregulates BACE1 expression in skeletal muscle cells [26]. In contrast, in vitro studies in human neural cells demonstrated no effect on BACE1 transcription by EGF (activating Erk1/2 and p38), PMA (phorbol 12-myristate 13-acetate) (activating PKC), or IL-1β and TNF (activating NFkB) [27]. We found that the addition of OA abolishes the PA-induced expression of Aβ-metabolizing proteins, which points to a role of oxidative stress in Aβ metabolism, as shown recently in neural cells [28].



In fatty liver tissue from mice fed an HFD [17], we found an enhanced hepatic APP and NEP expression compared to normal liver tissue. These findings are consistent with previous reports showing increased hepatic APP expression in leptin-deficient mice (ob/ob mice) with advanced liver steatosis and oxidative stress [29]. Furthermore, in patients with obesity, diabetes, and MASLD, a high NEP expression has been found in the liver along with an enhanced NEP activity in the blood, with hepatic fat accumulation being a driver of increased circulating NEP [30]. Additionally, we found unchanged BACE1 mRNA in vitro, but a reduced BACE1 protein expression in the livers of HFD mice, which might be due to increased Nrf2 (nuclear factor erythroid-derived 2-related factor 2, NFE2L2) activity under oxidative stress in hepatic steatosis [24]. Nrf2, a transcription factor that induces a variety of cytoprotective and detoxification genes, negatively regulates BACE1 expression independently of redox regulation in humans and mouse models of AD [31]. In addition, Nrf2 expression levels were upregulated in the livers of patients with MASLD and diet-induced obese mice [32]. The expression of α-secretases ADAM9, ADAM10, and ADAM17, and notably Aβ-42 levels, were not changed in steatotic compared to normal liver tissue in HFD mice. A limitation of the mouse model in this study is that male mice were used and the inclusion of female subjects should be considered for future research. In conclusion, APP- and Aβ-42-metabolizing proteins may be regulated by fatty liver conditions, but do not affect hepatic Aβ-42 levels.



To our knowledge, our study is the first attempt to characterize the expression of APP, Aβ-42, and their metabolizing genes in the liver tissue of patients with MASLD. Here, we show reduced Aβ-42 levels in tissue samples from patients with a moderate to severe MAS compared to those from patients with a low MAS (steatosis) or a normal liver. Even though this decline in Aβ-42 levels in liver tissue does not correlate with corresponding histopathological fibrosis scores, it may be associated with fibrogenesis in MASLD, according to our previous report on lower hepatic Aβ-42 concentrations in cirrhosis [9]. The Aβ protein is generated from APP via the amyloidogenic pathway, and hepatic Aβ-42 levels are determined by the rate of generation and degradation. APP is an integral membrane protein and a precursor protein of Aβ-42 that plays a central role in AD pathogenesis [33]. Bioinformatics studies have revealed that APP expression is increased in severe versus mild MASLD livers and might be involved in the development of MASLD [34]. We did not find an altered APP expression in hepatic samples from patients with regard to their MASH activity, but detected increased APP expression in steatotic livers from patients and HFD-fed mice, as well as in steatotic liver cells in vitro. APP expression did not correlate with Aβ-42 tissue levels or histopathologic inflammation. Therefore, APP expression, which plays a role in cholesterol turnover [28], may be linked to lipid homeostasis, but its expression level may not be causative for Aβ-42 tissue concentration in the livers of patients with MASLD.



APP can be metabolized via the amyloidogenic pathway, but also via the non-amyloidogenic pathway, by α-secretases such as ADAM9, ADAM10, and ADAM17, thereby reducing APP levels for further processing towards Aβ generation [2]. In samples from patients with MASH, we found an increased expression of three α-secretases, ADAM9, ADAM10, and ADAM17, with an inverse correlation with Aβ-42 levels. Previous reports point to the enhanced hepatic expression of ADAM10 [35] and ADAM17 [36] in mouse models of MASLD, most likely reflecting their involvement in MASLD progression. The activities of ADAM10 and ADAM17 in mouse livers with MASH are negatively regulated by reversion-inducing cysteine-rich proteins with Kazal motifs (RECKs), membrane-anchored glycoproteins [37], which were recently shown to be reduced in samples from patients with MASLD [38]. Additionally, BACE2 expression is enhanced in MASH tissues, particularly in those with severe fibrosis, as recently reported for the pediatric population with liver fibrosis [10]. BACE2, a homologous aspartase of BACE1, is primarily expressed in the peripheral tissues and cleaves APP within the Aβ domain near the α-secretase site, leading to diminished Aβ production [39]. In summary, liver tissue from patients with advanced MASLD revealed an increased expression of genes known to cleave APP towards the non-amyloidogenic pathway, such as ADAM9, ADAM10, ADAM17, and BACE2, which are likely involved in decreased hepatic Aβ-42 levels in MASLD.



Aβ-42 is generated through the sequential cleavage of APP by BACE1, which mediates the initial and rate-limiting processing steps, and the γ-secretase complex containing presenilin (PS) 1/2. We found a reduced BACE1 expression in fibrotic livers of patients with MASLD, which is in line with the reduced BACE1 mRNA expression in cirrhotic livers [9] and might be associated with upregulated Nrf2 (NFE2L2), known for its negative BACE1 regulation [31], in patients with MASLD [32]. PS1 expression is enhanced in MASH samples and seems to be linked to steatosis, whereas its expression is related to the histopathological steatosis grade. Of note, UCHL1 (Ubiquitin C-terminal hydrolase 1), an important player in the elimination of oxidized or misfolded proteins and known to decrease BACE1-catalyzed cleavage [40], is increasingly expressed in the tissue samples of patients with MASH and severe fibrosis, and inversely correlates with Aβ-42 levels. A reduced UCHL1 activity is related to increased BACE1 and Aβ peptide accumulation in the brain [40]; UCHL1 was found to be upregulated in hepatic stellate cells upon activation in fibrosis, as well as in samples from patients with alcoholic liver disease [41]. In summary, reduced Aβ-42 levels in liver tissue from patients with MASLD might be due to limited Aβ-42 production because the expression of its rate-limiting enzyme BACE1 is decreased and UCHL1, a negative BACE1 regulator, is enhanced.



Several proteins facilitate the transport of Aβ peptides between different compartments from the brain to the liver. Among the analyzed genes that influence hepatic Aβ transport and Aβ levels in MASLD, we found almost no change in the expression of A2M (alpha-2-macroglobulin) [33], APOA1 (apolipoprotein A1) [42], APOJ (apolipoprotein J; clusterin) [33], Deptor (DEP domain-containing mTOR-interacting protein) [43], TTR (transthyretin) [44], or LRP1 (LDL receptor-related protein 1) [33]. Apolipoprotein E (APOE) can regulate Aβ transport, clearance, and aggregation, and the expression of specific isoforms of APOE (E4 over E3 and E2) is responsible for a genetic predisposition to AD [33]. We found an increased expression of APOE in samples with higher steatosis grades, but it was lower along with more severe fibrosis, which is reflected in the higher APOE expression in livers with a low compared to a high MAS. In addition, we analyzed a variety of genes involved in Aβ degradation and that are associated with AD development, which has been described in detail recently (reviews [4,33]). In MASH samples, we found an enhanced expression of ACE, MMP2, MMP7, and MMP9, of which ACE, MMP2, and MMP7 were inversely correlated with the corresponding Aβ-42 tissue levels, indicating a regulatory role for Aβ-42 in MASLD. Elevated MMP2 mRNA expression in MASH samples has been reported previously [45] and might be explained by RECK expression (see ADAM10 and ADAM17 above), a negative regulator of MMP2 and MMP9 [37], which is reduced in samples from patients with MASLD [38]. In line with this, we found an increased ACE, MMP2, and MMP7 mRNA expression, but also reduced APEH, ECE1, MBP, and NEP in samples with an advanced fibrosis grade. Overall, an increased expression of metalloproteinases, ACE, and MMP, which are known to degrade Aβ peptides and are associated with fibrosis, might contribute to lower Aβ-42 tissue levels in MASLD.



The significance of the liver–brain axis in AD has been shown previously, reflected by MASLD-induced neurodegeneration [6,21] or cirrhosis-impaired Aβ-42 clearance [7]. In this study, we highlighted the impact of MASLD on the regulation of hepatic Aβ-42 levels, which has been shown to protect against liver fibrosis/cirrhosis [9,10]. The deposition of lipids and steatosis accompanied by oxidative stress are responsible for the regulation of genes involved in APP and Aβ metabolism, but have no implication on hepatic Aβ-42 levels. In liver samples from patients with MASH, we found reduced Aβ-42 concentrations, which were not dependent on the expression of APP or Aβ transport proteins, but most likely caused by (i) an increased degradation of APP towards the non-amyloidogenic pathway, (ii) a degraded generation of Aβ peptides along the amyloidogenic pathway, and (iii) an enhanced expression of genes removing Aβ-42. Incipient fibrosis is paralleled by reduced Aβ-42 liver tissue levels in MASLD, and low Aβ-42 may favor hepatic fibrogenesis [10], but the initial cause of Aβ decline in liver fibrosis remains to be determined.




4. Materials and Methods


Study Subjects and Collection of Samples: Liver tissue samples of patients without MASLD (n = 26), patients with simple liver steatosis (n = 30), and patients with MASH (n = 36) were examined and analyzed, as described previously [16] (for tissue characteristics, see Supplementary Tables S1 and S2). The experimental procedures were performed according to the guidelines of the charitable state-controlled foundation HTCR (Human Tissue and Cell Research, Regensburg, Germany), with written informed consent from patients. The study and the consent form were approved by the local ethical committee of the University of Regensburg (ethics statement 12-101-0048, University of Regensburg, Germany). All experiments involving human tissues and cells have been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).



Mouse liver tissue: Mouse liver samples were obtained from mice, as described in a previously published study [17]. Briefly, fourteen-week-old male C57BL/6 mice were fed ad libitum a control diet (ssniff® EF acc. D12450B (I) mod., SD) or a high-fat diet (ssniff® EF R/M, D12451, 42% of energy from fat, HFD) for 14 weeks (n = 5 per group). Procedures were approved by the University of Regensburg Laboratory Animal Committee and complied with the German Law on Animal Protection and the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals, 1999. Experiments were conducted according to institutional and governmental regulations for animal use (Government of the Oberpfalz and Unterfranken, 54-2532.1-30/13, 9 December 2013).



Cell culture and treatments: In vitro experiments were performed, as previously described [23]. The human hepatoma cell line HepG2 was obtained from American Type Culture Collection (HB-8065, ATCC, Manassas, VA, USA) and Huh7 cells (ECACC 01042712) were obtained from the European Collection of Authenticated Cell Cultures (ECACC) (Salisbury, UK). Cells were grown at 37 °C and 5% CO2 in DMEM supplemented with 1% MEM (100x), 1% L-glutamine (200 mM), 1% penicillin/streptomycin (10,000 U/mL), and 10% fetal calf serum (all from Sigma-Aldrich, Deisenhofen, Germany). Cells were seeded at a density of 5 × 104 cells/cm2 in 6-well plates and were maintained in culture for 24 h. After a period of starvation (serum-free culture medium DMEM: HepG2 for 24 h, Huh7 for 8 h), cells were treated with indicated concentrations of either PA or with a PA/OA mixture (ratio 1:2) for 24 h. Free fatty acids (OA, #01008-5G, PA #P0500-10G) were obtained from Sigma-Aldrich (Deisenhofen, Germany), were dissolved in isopropanol, and added to culture medium supplemented with 1% BSA (Roth, Karlsruhe, Germany). PHHs were isolated and maintained in culture, as described earlier [46].



Real-Time quantitative PCR (SYBR Green): The mRNA expression was investigated using real-time qPCR using SYBR Green, as described recently [9]. Total RNA was isolated from cultured cells or mouse liver tissue using the RNeasy Mini Kit (Qiagen, Hilden, Germany), and an additional on-column DNase digestion with RNase-Free DNase Set (Qiagen, Hilden, Germany) and was quantified at 260/280 nm with the Thermo Fisher Scientific Nanodrop 2000 spectrophotometer. One μg of total RNA was reverse-transcribed using the QuantiTect Reverse-Transcription System (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Real-time RT-PCR (Roche, Penzberg, Germany) was performed in triplicate using the LightCycler ® 480 SYBR Green I Master (Roche), and the specificity of the PCR reactions was confirmed by sequencing the amplified DNA fragments (Geneart, Regensburg, Germany). For the quantification and analysis of the efficiency of each PCR reaction, serially diluted standard curves (at least six different dilutions for each of the genes analyzed) were calculated. The PCR reaction was evaluated using dissociation curve analysis, and expression values were normalized to the expression values of the housekeeping gene YWAHZ (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta) or HPRT1 (hypoxanthine guaninephosphoribosyl transferase (1)). The primers used for qRT-PCR are listed in Tables S4 and S5.



SDS-PAGE and immunoblotting: The total protein concentration was determined using the BCA Protein assay (Bio-Rad). Briefly, 50 μg of protein per lane was separated using 12% SDS-PAGE (Bio-Rad, Hercules, CA, USA) under reducing conditions, and proteins were transferred onto PVDF membranes (Amersham Cytiva, ThermoFisher Scientific, Darmstadt, Germany). Membranes were blocked in 5% BSA (Albumin Fraction V, Applichem, Darmstadt, Germany) in TBS-0.5%Tween (Merck, Darmstadt, Germany) for 1 h, incubated at 4 °C overnight with respective primary antibodies diluted in 5%BSA/TBS-0.5%Tween, and were developed using enhanced chemiluminescence reagent (Thermo Fisher Scientific, Darmstadt, Germany). The following antibodies were used: anti-APP (#SAB3500274; 1:4000) was obtained from Sigma-Aldrich (Taufkirchen, Germany), anti-neprilysin (#ab79423; 1:1000) from Abcam (Cambridge, UK), anti-BACE1 (#PA1-757; 1:500) and anti-PS1 (#PA5-20376; 1:750) from Thermo Fisher Scientific (Waltham, MA, USA), and anti-β-actin (#4970; 1:2000) from Cell Signaling (Danvers, MA, USA). Secondary goat horseradish peroxidase-conjugated antibodies (anti-rabbit #P0448; 1:10,000) were obtained from Dako (Hamburg, Germany). A VersaDocTM 4000 MP imaging system (Bio-Rad, Hercules, CA, USA) was used for imaging and densitometric analyses. The data were normalized to the respective densitometric values of β-actin as a loading control.



Taqman quantitative Real time PCR (qRT-PCR): Total RNA was isolated from a larger cohort of human liver tissues (see Supplementary Table S1) using the RNeasy kit, including on-column genomic DNA digestion with the RNase-free DNase Set (Qiagen, Hilden, Germany). For quantitative RT-PCR analysis, we used the Fluidigm BioMark high-throughput quantitative (q) PCR chip platform (Fluidigm Corporation, San Francisco, CA, USA) with pre-designed gene expression assays from Thermo Fisher (Supplementary Table S3), according to the manufacturer’s instructions. The data were analyzed using the ΔΔCt method, and the expression values were normalized to the expression levels of three housekeeping genes (HPRT1, GUSB, and TBP).



Quantification of Aβ-42 Peptides in Liver homogenates: In human (for characteristics, see Supplementary Table S2) and mouse livers, Aβ-42 peptides were detected using the V-Plex® Kit (Mesoscale, Rockville, MD, USA) using the antibody (4G8) recognizing human and rodent Aβ-42. Mouse livers with their respective controls were analyzed using the Luminex assay using the MILLIPLEX MAP Mouse Amyloid Beta Magnetic Bead Kit (MABMAG-83K, Merck).



Statistical analysis: mRNA expression results of patient samples were evaluated for normality distribution using a Shapiro–Wilk test. Data were presented as box plots displaying median values, lower and upper quartiles, and the range of the values. Statistical differences between two groups were analyzed using a two-tailed Mann–Whitney U Test or Student’s unpaired t-test (in vitro), and between several groups (data from human samples) using a Kruskal–Wallis test with post hoc Bonferroni correction where appropriate. Values of p < 0.05 were considered significant (SPSS Statistics 26.0 program, IBM, Leibniz Rechenzentrum, München, Germany). Each experiment was performed at least in triplicate, and results were expressed as means ± SD (standard deviation) or SEM (standard error of the mean), as indicated.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms25168768/s1. References [46,47,48,49,50,51,52,53,54,55,56,57,58,59] are cited in the supplementary materials.





Author Contributions


Conceptualization, C.B., L.D. and T.S.W.; methodology, C.B., S.G., K.K. and M.K.; validation, S.G., M.K. and T.S.W.; formal analysis, S.G., M.K. and T.S.W.; investigation, S.G., C.B. and T.S.W.; resources, L.D., M.M., M.S. and T.S.W.; data curation, C.B., S.G. and T.S.W.; writing—original draft preparation, S.G. and T.S.W.; writing—review and editing, C.B., L.D., S.G. and T.S.W. All authors have read and agreed to the published version of the manuscript.




Funding


M.S. and K.K. were supported by the Robert Bosch Stiftung Stuttgart, Germany. L.D. was supported by the Interfaculty Centre for Pharmacogenomics and Pharma Research (ICEPHA) Graduate School.




Institutional Review Board Statement


This study and the consent form were approved by the local ethical committee of the University of Regensburg (ethics statement 12-101-0048, University of Regensburg, Germany). All experiments involving human tissues and cells have been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).




Informed Consent Statement


The experimental procedures were performed according to the guidelines of the charitable state-controlled foundation HTCR (Human Tissue and Cell Research, Regensburg, Germany), with written informed consent from patients.




Data Availability Statement


The original contributions presented in this study are included in the article/supplementary material; further inquiries can be directed to the corresponding author.




Acknowledgments


The authors are grateful to Monika Buchner; University Children’s Hospital, University Hospital of Regensburg, Germany; and Igor Liebermann, Margarete Fischer-Bosch Institute of Clinical Pharmacology, Stuttgart, Germany, for their excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chetelat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer disease. Nat. Rev. Dis. Primers 2021, 7, 33. [Google Scholar] [CrossRef] [PubMed]

	



Bassendine, M.F.; Taylor-Robinson, S.D.; Fertleman, M.; Khan, M.; Neely, D. Is Alzheimer’s Disease a Liver Disease of the Brain? J. Alzheimers Dis. 2020, 75, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Estrada, L.D.; Ahumada, P.; Cabrera, D.; Arab, J.P. Liver Dysfunction as a Novel Player in Alzheimer’s Progression: Looking Outside the Brain. Front. Aging Neurosci. 2019, 11, 174. [Google Scholar] [CrossRef] [PubMed]

	



Nalivaeva, N.N.; Beckett, C.; Belyaev, N.D.; Turner, A.J. Are amyloid-degrading enzymes viable therapeutic targets in Alzheimer’s disease? J. Neurochem. 2012, 120, 167–185. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Wen, D.X.; Zhao, Y.H.; Hang, Y.N.; Mandell, M.S. Increase of beta-amyloid and C-reactive protein in liver transplant recipients with postoperative cognitive dysfunction. Hepatobiliary Pancreat. Dis. Int. 2013, 12, 370–376. [Google Scholar] [CrossRef]

	



Chen, T.B.; Yiao, S.Y.; Sun, Y.; Lee, H.J.; Yang, S.C.; Chiu, M.J.; Chen, T.F.; Lin, K.N.; Tang, L.Y.; Lin, C.C.; et al. Comorbidity and dementia: A nationwide survey in Taiwan. PLoS ONE 2017, 12, e0175475. [Google Scholar] [CrossRef] [PubMed]

	



Wiest, R.; Weiss, T.S.; Danielyan, L.; Buechler, C. Serum Amyloid Beta42 Is Not Eliminated by the Cirrhotic Liver: A Pilot Study. J. Clin. Med. 2021, 10, 2669. [Google Scholar] [CrossRef]

	



Wang, Y.R.; Wang, Q.H.; Zhang, T.; Liu, Y.H.; Yao, X.Q.; Zeng, F.; Li, J.; Zhou, F.Y.; Wang, L.; Yan, J.C.; et al. Associations Between Hepatic Functions and Plasma Amyloid-Beta Levels-Implications for the Capacity of Liver in Peripheral Amyloid-Beta Clearance. Mol. Neurobiol. 2017, 54, 2338–2344. [Google Scholar] [CrossRef]

	



Buniatian, G.H.; Weiskirchen, R.; Weiss, T.S.; Schwinghammer, U.; Fritz, M.; Seferyan, T.; Proksch, B.; Glaser, M.; Lourhmati, A.; Buadze, M.; et al. Antifibrotic Effects of Amyloid-Beta and Its Loss in Cirrhotic Liver. Cells 2020, 9, 452. [Google Scholar] [CrossRef]

	



Buniatian, G.H.; Schwinghammer, U.; Tremmel, R.; Cynis, H.; Weiss, T.S.; Weiskirchen, R.; Lauschke, V.M.; Youhanna, S.; Ramos, I.; Valcarcel, M.; et al. Consequences of Amyloid-β Deficiency for the Liver. Adv. Sci. 2024, 11, e2307734. [Google Scholar] [CrossRef]

	



Chalasani, N.; Younossi, Z.; Lavine, J.E.; Charlton, M.; Cusi, K.; Rinella, M.; Harrison, S.A.; Brunt, E.M.; Sanyal, A.J. The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of Liver Diseases. Hepatology 2018, 67, 328–357. [Google Scholar] [CrossRef] [PubMed]

	



Celikbilek, A.; Celikbilek, M.; Bozkurt, G. Cognitive assessment of patients with nonalcoholic fatty liver disease. Eur. J. Gastroenterol. Hepat. 2018, 30, 944–950. [Google Scholar] [CrossRef] [PubMed]

	



Weinstein, G.; Zelber-Sagi, S.; Preis, S.R.; Beiser, A.S.; DeCarli, C.; Speliotes, E.K.; Satizabal, C.L.; Vasan, R.S.; Seshadri, S. Association of Nonalcoholic Fatty Liver Disease with Lower Brain Volume in Healthy Middle-aged Adults in the Framingham Study. JAMA Neurol. 2018, 75, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Lechon, M.J.; Donato, M.T.; Martinez-Romero, A.; Jimenez, N.; Castell, J.V.; O’Connor, J.E. A human hepatocellular in vitro model to investigate steatosis. Chem-Biol. Interact. 2007, 165, 106–116. [Google Scholar] [CrossRef] [PubMed]

	



Ricchi, M.; Odoardi, M.R.; Carulli, L.; Anzivino, C.; Ballestri, S.; Pinetti, A.; Fantoni, L.I.; Marra, F.; Bertolotti, M.; Banni, S.; et al. Differential effect of oleic and palmitic acid on lipid accumulation and apoptosis in cultured hepatocytes. J. Gastroenterol. Hepatol. 2009, 24, 830–840. [Google Scholar] [CrossRef]

	



Weiss, T.S.; Lupke, M.; Ibrahim, S.; Buechler, C.; Lorenz, J.; Ruemmele, P.; Hofmann, U.; Melter, M.; Dayoub, R. Attenuated lipotoxicity and apoptosis is linked to exogenous and endogenous augmenter of liver regeneration by different pathways. PLoS ONE 2017, 12, e0184282. [Google Scholar] [CrossRef] [PubMed]

	



Eisinger, K.; Rein-Fischboeck, L.; Neumeier, M.; Schmidhofer, S.; Pohl, R.; Haberl, E.M.; Liebisch, G.; Kopp, A.; Schmid, A.; Krautbauer, S.; et al. Alpha-syntrophin deficient mice are protected from adipocyte hypertrophy and ectopic triglyceride deposition in obesity. Exp. Mol. Pathol. 2018, 104, 212–221. [Google Scholar] [CrossRef]

	



Kim, D.G.; Krenz, A.; Toussaint, L.E.; Maurer, K.J.; Robinson, S.A.; Yan, A.; Torres, L.; Bynoe, M.S. Non-alcoholic fatty liver disease induces signs of Alzheimer’s disease (AD) in wild-type mice and accelerates pathological signs of AD in an AD model. J. Neuroinflam. 2016, 13, 1. [Google Scholar] [CrossRef]

	



Pincon, A.; De Montgolfier, O.; Akkoyunlu, N.; Daneault, C.; Pouliot, P.; Villeneuve, L.; Lesage, F.; Levy, B.I.; Thorin-Trescases, N.; Thorin, E.; et al. Non-Alcoholic Fatty Liver Disease, and the Underlying Altered Fatty Acid Metabolism, Reveals Brain Hypoperfusion and Contributes to the Cognitive Decline in APP/PS1 Mice. Metabolites 2019, 9, 104. [Google Scholar] [CrossRef]

	



Zeltser, N.; Meyer, I.; Hernandez, G.V.; Trahan, M.J.; Fanter, R.K.; Abo-Ismail, M.; Glanz, H.; Strand, C.R.; Burrin, D.G.; La Frano, M.R.; et al. Neurodegeneration in juvenile Iberian pigs with diet-induced nonalcoholic fatty liver disease. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E592–E606. [Google Scholar] [CrossRef]

	



Ricciarelli, R.; Canepa, E.; Marengo, B.; Marinari, U.M.; Poli, G.; Pronzato, M.A.; Domenicotti, C. Cholesterol and Alzheimer’s disease: A still poorly understood correlation. IUBMB Life 2012, 64, 931–935. [Google Scholar] [CrossRef] [PubMed]

	



Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative stress and the amyloid beta peptide in Alzheimer’s disease. Redox Biol. 2018, 14, 450–464. [Google Scholar] [CrossRef] [PubMed]

	



Schilcher, K.; Dayoub, R.; Kubitza, M.; Riepl, J.; Klein, K.; Buechler, C.; Melter, M.; Weiss, T.S. Saturated Fat-Mediated Upregulation of IL-32 and CCL20 in Hepatocytes Contributes to Higher Expression of These Fibrosis-Driving Molecules in MASLD. Int. J. Mol. Sci. 2023, 24, 13222. [Google Scholar] [CrossRef] [PubMed]

	



Serviddio, G.; Bellanti, F.; Vendemiale, G. Free radical biology for medicine: Learning from nonalcoholic fatty liver disease. Free Radic. Biol. Med. 2013, 65, 952–968. [Google Scholar] [CrossRef] [PubMed]

	



Brill, A.; Chauhan, A.K.; Canault, M.; Walsh, M.T.; Bergmeier, W.; Wagner, D.D. Oxidative stress activates ADAM17/TACE and induces its target receptor shedding in platelets in a p38-dependent fashion. Cardiovasc. Res. 2009, 84, 137–144. [Google Scholar] [CrossRef] [PubMed]

	



Botteri, G.; Salvado, L.; Guma, A.; Hamilton, D.L.; Meakin, P.J.; Montagut, G.; Ashford, M.L.J.; Ceperuelo-Mallafre, V.; Fernandez-Veledo, S.; Vendrell, J.; et al. The BACE1 product sAPP beta induces ER stress and inflammation and impairs insulin signaling. Metab. -Clin. Exp. 2018, 85, 59–75. [Google Scholar] [CrossRef] [PubMed]

	



Satoh, J.; Kuroda, Y. Amyloid precursor protein β-secretase (BACE) mRNA expression in human neural cell lines following induction of neuronal differentiation and exposure to cytokines and growth factors. Neuropathology 2000, 20, 289–296. [Google Scholar] [CrossRef] [PubMed]

	



Gamba, P.; Guglielmotto, M.; Testa, G.; Monteleone, D.; Zerbinati, C.; Gargiulo, S.; Biasi, F.; Iuliano, L.; Giaccone, G.; Mauro, A.; et al. Up-regulation of -amyloidogenesis in neuron-like human cells by both 24-and 27-hydroxycholesterol: Protective effect of N-acetyl-cysteine. Aging Cell 2014, 13, 561–572. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, J.; Chang, R.; Steinberg, R.A.; Arce, A.; Yang, J.S.; van der Eb, P.; Abdullah, T.; Chandrashekar, D.V.; Eck, S.M.; Meza, P.; et al. Modulation of hepatic amyloid precursor protein and lipoprotein receptor-related protein 1 by chronic alcohol intake: Potential link between liver steatosis and amyloid-β. Front. Physiol. 2022, 13, 930402. [Google Scholar] [CrossRef]

	



Kjeldsen, S.A.S.; Gluud, L.L.; Werge, M.P.; Pedersen, J.S.; Bendtsen, F.; Alexiadou, K.; Tan, T.C.; Torekov, S.S.; Iepsen, E.W.; Jensen, N.J.; et al. Neprilysin activity is increased in metabolic dysfunction-associated steatotic liver disease and normalizes after bariatric surgery or GLP-1 therapy. Iscience 2023, 26, 108190. [Google Scholar] [CrossRef]

	



Bahn, G.; Park, J.S.; Yun, U.J.; Lee, Y.J.; Choi, Y.; Park, J.S.; Baek, S.H.; Choi, B.Y.; Cho, Y.S.; Kim, H.K.; et al. NRF2/ARE pathway negatively regulates BACE1 expression and ameliorates cognitive deficits in mouse Alzheimer’s models. Proc. Natl. Acad. Sci. USA 2019, 116, 12516–12523. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, S.; Liang, Z.R.; Wu, Q.A.; Wang, M.; Yang, M.L.; Chen, C.; Zheng, H.T.; Zhu, Z.M.; Li, L.; Yang, G.Y. Hepatic lipid accumulation induced by a high-fat diet is regulated by Nrf2 through multiple pathways. Faseb J. 2022, 36, e22280. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.F.; Xu, T.H.; Yan, Y.; Zhou, Y.R.; Jiang, Y.; Melcher, K.; Xu, H.E. Amyloid beta: Structure, biology and structure-based therapeutic development. Acta Pharmacol. Sin. 2017, 38, 1205–1235. [Google Scholar] [CrossRef] [PubMed]

	



Qi, S.; Wang, C.; Li, C.; Wang, P.; Liu, M. Candidate genes investigation for severe nonalcoholic fatty liver disease based on bioinformatics analysis. Medicine 2017, 96, e7743. [Google Scholar] [CrossRef] [PubMed]

	



Tutusaus, A.; de Gregorio, E.; Cucarull, B.; Cristobal, H.; Areste, C.; Graupera, I.; Coll, M.; Colell, A.; Gausdal, G.; Lorens, J.B.; et al. A Functional Role of GAS6/TAM in Nonalcoholic Steatohepatitis Progression Implicates AXL as Therapeutic Target. Cell Mol. Gastroenterol. 2020, 9, 349–368. [Google Scholar] [CrossRef] [PubMed]

	



Casagrande, V.; Mauriello, A.; Bischetti, S.; Mavilio, M.; Federici, M.; Menghini, R. Hepatocyte specific TIMP3 expression prevents diet dependent fatty liver disease and hepatocellular carcinoma. Sci. Rep. 2017, 7, 6747. [Google Scholar] [CrossRef]

	



Palladini, G.; Di Pasqua, L.G.; Croce, A.C.; Ferrigno, A.; Vairetti, M. Recent Updates on the Therapeutic Prospects of Reversion-Inducing Cysteine-Rich Protein with Kazal Motifs (RECK) in Liver Injuries. Int. J. Mol. Sci. 2023, 24, 17407. [Google Scholar] [CrossRef]

	



Dashek, R.J.; Cunningham, R.P.; Taylor, C.L.; Alessi, I.; Diaz, C.; Meers, G.M.; Wheeler, A.A.; Ibdah, J.A.; Parks, E.J.; Yoshida, T.; et al. Hepatocellular RECK as a Critical Regulator of Metabolic Dysfunction-Associated Steatohepatitis Development. Cell Mol. Gastroenterol. 2024, 18, 101365. [Google Scholar] [CrossRef] [PubMed]

	



Vassar, R. BACE1—The β-secretase enzyme in Alzheimer’s disease. J. Mol. Neurosci. 2004, 23, 105–113. [Google Scholar] [CrossRef]

	



Guglielmotto, M.; Monteleone, D.; Vasciaveo, V.; Repetto, I.E.; Manassero, G.; Tabaton, M.; Tamagno, E. The Decrease of Uch-L1 Activity Is a Common Mechanism Responsible for Abeta 42 Accumulation in Alzheimer’s and Vascular Disease. Front. Aging Neurosci. 2017, 9, 320. [Google Scholar] [CrossRef]

	



Wilson, C.L.; Murphy, L.B.; Leslie, J.; Kendrick, S.; French, J.; Fox, C.R.; Sheerin, N.S.; Fisher, A.; Robinson, J.H.; Tiniakos, D.G.; et al. Ubiquitin C-terminal hydrolase 1: A novel functional marker for liver myofibroblasts and a therapeutic target in chronic liver disease. J. Hepatol. 2015, 63, 1421–1428. [Google Scholar] [CrossRef] [PubMed]

	



Endres, K. Apolipoprotein A1, the neglected relative of Apolipoprotein E and its potential role in Alzheimer’s disease. Neural Regen. Res. 2021, 16, 2141–2148. [Google Scholar] [CrossRef]

	



Davies, J.; Zachariades, E.; Rogers-Broadway, K.R.; Karteris, E. Elucidating the role of DEPTOR in Alzheimer’s disease. Int. J. Mol. Med. 2014, 34, 1195–1200. [Google Scholar] [CrossRef]

	



Chu, Y.P.; Jin, L.W.; Wang, L.C.; Ho, P.C.; Wei, W.Y.; Tsai, K.J. Transthyretin attenuates TDP-43 proteinopathy by autophagy activation via ATF4 in FTLD-TDP. Brain 2023, 146, 2089–2106. [Google Scholar] [CrossRef]

	



Toyoda, H.; Kumada, T.; Kiriyama, S.; Tanikawa, M.; Hisanaga, Y.; Kanamori, A.; Tada, T.; Murakami, Y. Higher hepatic gene expression and serum levels of matrix metalloproteinase-2 are associated with steatohepatitis in non-alcoholic fatty liver diseases. Biomark. Biochem. Indic. Expo. Response Susceptibility Chem. 2013, 18, 82–87. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, T.S.; Dayoub, R. Thy-1 (CD90)-Positive Hepatic Progenitor Cells, Hepatoctyes, and Non-parenchymal Liver Cells Isolated from Human Livers. Methods Mol. Biol. 2017, 1506, 75–89. [Google Scholar] [CrossRef]

	



Huang, H.; Bihaqi, S.W.; Cui, L.; Zawia, N.H. In vitro Pb exposure disturbs the balance between Abeta production and elimination: The role of AbetaPP and neprilysin. Neurotoxicology 2011, 32, 300–306. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; Zhao, Y.; Yu, L.; He, X.; Wang, Y.; Jiang, P.; Yu, R.; Li, W.; Dong, B.; Wang, X.; et al. Overexpression of ADAM9 decreases radiosensitivity of hepatocellular carcinoma cell by activating autophagy. Bioengineered 2021, 12, 5516–5528. [Google Scholar] [CrossRef]

	



Pan, B.; Huo, T.; Cao, M.; Jing, L.; Luo, X.; Qu, Z.; Feng, H.; Yuan, F.; Guo, K. ADAM10 promotes the proliferation of ligamentum flavum cells by activating the PI3K/AKT pathway. Int. J. Mol. Med. 2021, 47, 688–698. [Google Scholar] [CrossRef]

	



Arcidiacono, P.; Webb, C.M.; Brooke, M.A.; Zhou, H.; Delaney, P.J.; Ng, K.-E.; Blaydon, D.C.; Tinker, A.; Kelsell, D.P.; Chikh, A. p63 is a key regulator of iRHOM2 signalling in the keratinocyte stress response. Nat. Commun. 2018, 9, 1021. [Google Scholar] [CrossRef]

	



Wang, T.; Shi, F.; Jin, Y.; Jiang, W.; Shen, D.; Xiao, S. Abnormal Changes of Brain Cortical Anatomy and the Association with Plasma MicroRNA107 Level in Amnestic Mild Cognitive Impairment. Front Aging Neurosci. 2016, 8, 112. [Google Scholar] [CrossRef]

	



Fischer, M.; Skowron, M.; Berthold, F. Reliable transcript quantification by real-time reverse transcriptase-polymerase chain reaction in primary neuroblastoma using normalization to averaged expression levels of the control genes HPRT1 and SDHA. J. Mol. Diagn. 2005, 7, 89–96. [Google Scholar] [CrossRef] [PubMed]

	



Augustin, S.; Rimbach, G.; Augustin, K.; Schliebs, R.; Wolffram, S.; Cermak, R. Effect of a short- and long-term treatment with Ginkgo biloba extract on amyloid precursor protein levels in a transgenic mouse model relevant to Alzheimer’s disease. Arch. Biochem. Biophys. 2009, 481, 177–182. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.Y.; Lee, M.; Kim, E.J. Involvement of Klotho, TNF-alpha and ADAMs in radiation-induced senescence of renal epithelial cells. Mol. Med. Rep. 2021, 23, 22. [Google Scholar] [CrossRef] [PubMed]

	



Wen, Y.; Yu, W.H.; Maloney, B.; Bailey, J.; Ma, J.; Marié, I.; Maurin, T.; Wang, L.; Figueroa, H.; Herman, M.; et al. Transcriptional regulation of beta-secretase by p25/cdk5 leads to enhanced amyloidogenic processing. Neuron 2008, 57, 680–690. [Google Scholar] [CrossRef] [PubMed]

	



Kalinin, S.; Gavrilyuk, V.; Polak, P.E.; Vasser, R.; Zhao, J.; Heneka, M.T.; Feinstein, D.L. Noradrenaline deficiency in brain increases beta-amyloid plaque burden in an animal model of Alzheimer’s disease. Neurobiol Aging 2007, 28, 1206–1214. [Google Scholar] [CrossRef] [PubMed]

	



Hajdu, M.; Luttun, A.; Pelacho, B.; Burns, T.C.; Chase, L.; Gutiérrez-Pérez, M.; Jiang, Y.; Lenvik, T.; Vas, V.; Uher, F.; et al. Transcriptional characterization of the Notch signaling pathway in rodent multipotent adult progenitor cells. Pathol. Oncol. Res. POR 2007, 13, 302–310. [Google Scholar] [CrossRef]

	



Robinson, S.C.; Klobucar, K.; Pierre, C.C.; Ansari, A.; Zhenilo, S.; Prokhortchouk, E.; Daniel, J.M. Kaiso differentially regulates components of the Notch signaling pathway in intestinal cells. Cell Commun. Signal 2017, 15, 24. [Google Scholar] [CrossRef]

	



Baeten, J.T.; Lilly, B. Differential Regulation of NOTCH2 and NOTCH3 Contribute to Their Unique Functions in Vascular Smooth Muscle Cells. J. Biol. Chem. 2015, 290, 16226–16237. [Google Scholar] [CrossRef]








[image: Ijms 25 08768 g001] 





Figure 1. Palmitic acid (PA) induces the mRNA expression of APP and its metabolizing proteins in vitro, which is reduced by mono-unsaturated oleic acid (OA). (A) Huh7 and (B) HepG2 cells were treated without or with indicated concentrations of PA or PA/OA (1/2) for 24 h, and (C) primary human hepatocytes (PHHs) were treated without or with PA for 24 h. (D) Huh7 cells were treated without or with PA or PA/OA (1/2) for 24 h. (E) HepG2 cells were treated with endoplasmic reticulum (ER) stress inducers thapsigargin (Tab, 0.5 µM for 6 h) or tunicamycin (Tun, 10 µg/mL for 16 h). The mRNA levels of genes involved in the amyloidogenic (APP, BACE1, PS1, and NEP) and non-amyloidogenic (ADAM9, ADAM10, and ADAM17) pathways of APP and its metabolizing genes were analyzed using qRT-PCR, and were normalized to HPRT1 (three independent experiments, mean ± SEM). * p < 0.05 differs from untreated control (0, Ctrl); # p < 0.05 differs from 0.4 mM or 0.8 mM PA/OA treatment. 
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Figure 2. Expression of APP, its metabolizing proteins, and the hepatic levels of Aβ-42 in mice fed a high-fat diet. Male mice were fed a standard diet (SD) or a high-fat diet (HFD) for 14 weeks, resulting in hepatic steatosis in the HFD group. Hepatic liver tissue was analyzed for mRNA expression of (A) APP- and Aβ-42-generating genes, as well as γ-secretase (PS1) substrates NOTCH1/3 and (B) non-amyloidogenic pathway-related genes. The mRNA levels were analyzed using qRT-PCR and were normalized to YWHAZ (n = 5). (C) Total protein extracts were isolated from liver samples and Western blot analysis using specific antibodies was performed with β-actin as loading control. Relative protein abundance was determined using densitometric analysis and was normalized to the loading control. (D) Hepatic Aβ-42 levels in samples from mice fed a standard diet (SD) or a high-fat diet (HFD). Aβ-42 concentrations were determined using multiplex analysis in homogenates from liver tissue. Data are presented either as data points or mean ± SD (n = 5); * p < 0.05 and ** p < 0.01. 
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Figure 3. Hepatic Aβ-42 levels in samples from patients with MASLD. Aβ-42 concentrations were determined using multiplex analysis in tissue homogenates from patients with MASH (MAS ≥ 5; n = 23; 4.91 ± 2.30), steatosis (MAS 1–4; n = 21; 6.67 ± 2.63), or control liver (MAS 0; n = 12; 7.78 ± 1.35). * p < 0.05 and ** p < 0.01 were considered as significantly different. 
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Figure 4. Expression of APP- and Aß-42-processing proteins in liver samples from patients with MASLD. The mRNA expression of proteins involved in the processing of APP and Aβ-42 via (A) non-amyloidogenic and (B–D) amyloidogenic pathways was analyzed: (A) degradation of APP, (B) degradation of APP followed by processing towards Aβ-42 formation, (C) degradation of Aβ-42, (D) binding / transport of Aβ-42, and (E) alternative substrate of γ-secretase PS1. mRNA expression was analyzed in hepatic tissue samples from patients with MASH (MAS ≥ 5, n = 36), hepatic steatosis (MAS 1–4, n = 30), and normal liver tissue (MAS 0, n = 26) using qRT-PCR followed by normalization to three housekeeping genes—GUSB, HPRT1, and TBP (see Table S3). Data are presented as box blots displaying median values, lower and upper quartiles, and the range of the values (whiskers), with outliers shown as circles (values between 1.5 and 3 times the interquartile range). Statistical differences were analyzed using the Kruskal–Wallis test with post hoc Bonferroni correction. * p < 0.05, ** p < 0.01. 
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