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Dietary Phosphorus Reduced Hepatic Lipid Deposition by Activating Ampk Pathway and Beclin1 Phosphorylation Levels to Activate Lipophagy in Tilapia Oreochromis niloticus
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High-phosphorus diet (HPD) reduces lipid deposition and significantly influences lipid metabolism. However, the relevant mechanism is unknown. Herein, using widely-cultured teleost tilapia Oreochromis niloticus as the experimental animals, we found that HPD and Pi incubation reduced triglyceride (TG) content (P ≤ 0.05), suppressed lipogenesis, activated AMP-activated protein kinase (AMPK) pathway and autophagy (P ≤ 0.05), and increased fatty acid β-oxidation and lipolysis in tilapia liver and hepatocytes (P ≤ 0.05). Our further investigation indicated that Pi treatments activated the lipophagy and facilitated mitochondrial fatty acid β-oxidation, and according reduced TG deposition (P ≤ 0.05). Mechanistically, phosphorus increased the AMPKα1 phosphorylation level at S496 and Beclin1 phosphorylation at S90, and Beclin1 phosphorylation by AMPKα1 was required for phosphorus-induced lipophagy and lipolysis. Our study revealed a mechanism for Beclin1 regulation and autophagy induction in response to high-phosphorus diet, and provided novel evidences for the link between dietary phosphorus addition and lipolytic metabolism via the AMPK/Beclin1 pathway. Our results also suggested that AMPK should be the potential target for the prevention and control of lipid metabolic disorders. Overall, these results suggested that HPD reduced hepatic lipid deposition by activating AMPK pathway and Beclin1 phosphorylation levels to activate lipophagy, which provided potential targets for the prevention and control of fatty liver in fish.
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INTRODUCTION

Phosphate is a necessary microelement and plays many functions in important biological processes, such as bone formation, the biosynthesis of phospholipids and nucleic acids, intracellular signaling and energy metabolism (1–3). Studies demonstrated that a high-phosphate diet suppressed hepatic lipogenesis and increased fat oxidation in the vertebrates (4, 5). The liver is a key organ that plays important roles in lipid metabolism. Non-alcoholic fatty liver disease (NAFLD) is an increasing

metabolic disease worldwide, and hepatic TG accumulation makes the liver susceptible to the mediators of inflammatory cytokines, potentially leading to hepatitis, fibrosis, cirrhosis and finally liver failure (6, 7). At present, the curing methods are limited because the pathological mechanism of NAFLD largely remains unclear. Therefore, it is very important to elucidate the mechanism of high phosphorus dietary affecting lipid metabolism, which will provide innovative insights into crucial mechanisms contributing to the inhibition of the fatty liver occurrence.

Autophagy is an evolutionarily conservative and degradation process essential for the maintenance of the energy levels within the cells (8, 9). More than 40 autophagy-related genes (ATGs) have been identified from yeast to mammalian species (10, 11). These genes participated in autophagic initiation, the phagophore nucleation and elongation, the autophagosome maturation and their fusion with the lysosomes. Studies suggest that autophagy mediates the control of lipid metabolism, which was named as autophagy-specific lipophagy (12). When lipophagy was activated, lipid droplets (LDs) were enveloped by the autophagosomes, fused with the lysosomes to form the autolysosomes, and hydrolyzed by the lysosomal acid lipases to fatty acids (12–14). Thus, lipophagy activation will restrain lipid accumulation (15), and reduce the occurrence of NAFLD (16). However, the mechanism underlying Pi-induced activation of lipophagy is largely unknown.

The deposition and utilization of lipids are critical for the maintenance of energy homeostasis within the cells. AMP-activated protein kinase (AMPK), a serine/threonine protein kinase, is an evolutionarily conserved cellular energy sensor that maintains cellular energy homeostasis (17). AMPK is comprised of a catalytic α-subunit and two regulatory subunits of β and γ (17). A reversible phosphorylation site of conserved threonine residue (Thr172) can activate AMPK (17–19). Woods et al. (20) identified the new AMPK phosphorylation sites at these sies of Thr258 and Ser485 (α1) / Ser491 (α2) of AMPK. Thr172 phosphorylation was enough for the AMPK activation, but Thr258 and Ser485 phosphorylation was not essential for AMPK activity (20). Once activated, AMPK down-regulates fatty acid synthesis (21) and promotes fatty acid oxidation (22). Besides, the activated AMPK can result in the autophagy induction (23, 24). AMPK regulates autophagy by phosphorylating Beclin1 at S91, S94 and T388 in mammals (25, 26). However, the molecular mechanism underlying how AMPK regulates autophagy is still largely unknown.

Tilapia Oreochromis niloticus is a critical economic fish all over the world, whose annual yields amount to 4.5 million tons in 2018 (27). However, excessive dietary lipids break the balance of lipolysis and lipogenesis in intensive cultivation and promote excessive lipid deposition in the liver of the fish species (28), which causes NAFLD. The fatty liver disease dramatically reduces the growth rate and disease resistance of tilapia, eventually leading to severe economic losses. Thus, it is crucial to explore the potential targets to reduce hepatic fat deposition and fatty liver disease.



MATERIALS AND METHODS

The experimental flow chart could be seen in Supplementary Table 1.


Experiment I (in vivo Studies)
 
Experimental Animal

Juvenile tilapia of uniform size were purchased from a local farm (Wuhan, Hubei Province, China). They were kept in a recyclable system for 2 weeks to acclimate the experimental conditions.



Diet Preparation

Three diets were produced with dietary phosphorus addition in the form of NaH2PO4·2H2O at the inclusion levels of 0 (low-phosphorus diet, LPD), 0.53 g/100g (middle-phosphorus diet, MPD) and 1.05 g/100g (high-phosphorus diet, HPD) (Supplementary Table 2). The Pi supplemental levels were determined according to previous study (29, 30). When formulating the diets, dry feedstuffs were ground, and weighed and mixed for 20 min. Next, NaH2PO4·2H2O was added, and they were mixed thoroughly for another 20 min. Then, we added the water and mixed them until a dough was formed. Finally, the dough was passed through the pelletizer with the 2·0-mm die in diameter. The diets were oven-dried until the moisture was about 10%. They were kept in the −20 °C. Final dietary phosphorus levels were measured, and the values were 1.21 g/100g (low-phosphorus diet, LPD), 1.75 g/100g (middle-phosphorus diet, MPD) and 2.66 g/100g (high-phosphorus diet, HPD).



Tilapia Rearing and Tissue Collection

After acclimating the experimental conditions, 225 tilapia (8.89 ± 0.01g, mean ± S.E.M) were randomly divided into nine circular fiberglass tanks (90 cm height, 80 cm diameter; 300 L water volume). Each experimental diet was assigned into three tanks randomly. The fish were fed to satiation twice a day (08:00 and 16:00, respectively) for 10 weeks. The experiment was conducted at natural photoperiod (approximately 12 h of light and 12 h of darkness). During the experiment, the parameters of the water quality in the tanks were followed below: water temperature 28.0–30.5°C, dissolved oxygen 6.10–6.52 mg/L, pH 7.05–7.59 and NH4-N 0.05–0.08 mg/L. The water temperature was measured with thermometer. Dissolved oxygen was measured with portable DO instrument. pH was measured with portable pH meter, and NH4-N with Nessler reagent spectrophotometry (GB/T 7479-1987). After the 10-week experiment, before collecting the samples, tilapia was fasted for 24 h. All sampled tilapia were anesthetized using MS-222 (100 mg/L water). Then, the liver tissues from ten fish were obtained from each tank, immediately frozen in liquid nitrogen and stored at −80°C for the RNA and protein isolation. The liver of another 3 fish was collected in each tank. They were fixed in 2.5% paraformaldehyde and 10% neutral buffered formalin for the histological, histochemical and ultrastructural analysis, respectively. Another 3 fish were collected and their livers were obtained for analysis of TG content and enzyme activities. The livers of another 6 fish were frozen in the liquid nitrogen and stored at −80°C for subsequent analysis.



TG, Non-esterified Fatty Acid (NEFA), Phosphorus Contents, and Enzymatic Activities

Commercial kits were used to determine TG (A110-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China, detection limit: 0–9.04 mmol/L) and NEFA contents (A042-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China, detection limit: 0.01–2.0 mmol/L) according to the manufacturer's instructions, respectively. Phosphorus content of diets and the liver was determined using the molybdovanadate method (spectrophotometry) as described previously (31). Fatty acid synthase (FAS) activity was measured according to the method of Chang et al. (32) and Chakrabarty (33), 6-phosphogluconate dehydrogenase (6PGD) and glucose 6-phosphate dehydrogenase (G6PD) were determined by the method of Barroso et al. (34), malic enzyme (ME) by Ochoa [Ochoa (35)], isocitrate dehydrogenase (ICDH) according to the method of Bernt and Bergmeyer (36) and carnitine palmitoyltransferase 1 (CPT1) was analyzed using the method of Bieber and Fiol (37). The amount of enzyme was defined that converts 1 μM of the substrate to product per minute at 30 °C. The one unit of enzyme activity was expressed as units per milligram of soluble protein, and Bradford Protein Assay Kit (W042-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China, detection limit: 20–2000 μg/ml) was used to determine soluble protein concentration.



Oil Red O (ORO) and Hematoxylin-Eosin (H&E) Staining, Transmission Electron Microscopy (TEM) Observation

ORO staining was conducted according to Spisni et al. (38). H&E staining was conducted according to Woods and Ellis (39). In total 10 fields from each sample were examined randomly to quantify the relative areas of hepatic lipid droplets in ORO and vacuoles in H&E staining by the Image J software. TEM observation has been described by recent publications (40).



Quantitative Real-Time PCR (QPCR) for MRNA Expression Analysis of Genes

The qPCR assays were performed to quantify the mRNA expression of genes, based on these in our previous research (41). In brief, total RNA was isolated using in TRIzolTM reagent (15596018, Invitrogen, USA), and transcribed into the cDNA with reverse transcription kit (4368813, Invitrogen, USA). qPCR assays were carried out in a 10 μL reaction system, 2 × SYBR®Premix Ex TaqTM (TaKaRa) 5 μL, 10 mM each of forward and reverse primers 0.2 μL, 0.6 μL diluted cDNA template and 4 μL double distilled H2O. The specific primer sequences for the qPCR analysis are listed in Supplementary Table 3. Seven housekeeping genes (b2m, rpl7, hprt, β-actin, ubce, 18s rRNA and tuba) were selected to screen out two stable genes as the endogenous controls, based on the analysis of the geNorm. The methods 2−ΔΔCt was used to calculate the relative mRNA expression of each gene.



Western Blot

Western blotting analysis was conducted to analyze the protein expression according to our recent publications (42). In brief, tilapia liver tissues and hepatocytes were washed in the 1 X PBS. They were placed in the RIPA lysis buffer (G3424, GBCBIO Technologies, Guangdong, China) and oscillated in physical and ultrasonic systems, respectively. Then, they were kept on the ice for 30 min and then centrifuged at 12000 rpm at 4°C for 10 min. We used the BCA assay (G3522-2, GBCBIO Technologies, Guangdong, China. The detection limit: 50–2000 μg/ml) to quantify protein. Next, 15% SDS–polyacrylamide gel was used to separate proteins (40 μg), which were transferred to PVDF membranes. Then, the blots were blocked with the 8% (w/v) skimmed milk in TBST for 2 h and washed thrice in the TBST buffer for 5 min each time. They were then incubated overnight with the specific primary antibodies at 4°C. These specific primary antibodies included the rabbit anti-AMPKα1(1:1000, ET1608-40, HUABIO, Hangzhou, China), anti-phospho-AMPKα1(1:500, ET1612-72, HUABIO, Hangzhou, China), anti-Beclin1 (1:2000, A7353, ABclonal, Wuhan, China), anti-phospho-Beclin1 (1:1000, AP1254, ABclonal, Wuhan, China), anti-SQSTM1/p62 (1:500, #5114, Cell Signaling Technology, Boston, USA), anti-LC3B (1:1000, ab51520, Abcam, MA, USA), anti-GAPDH (1:10000, #2118, Cell Signaling Technology, Boston, USA ), anti-GFP tag (1:2000, AE012, ABclonal, Wuhan, China) and 6 × His-tag (1:2000, 66005-1-Ig, Proteintech, Wuhan, China). Next, membranes were incubated with the corresponding secondary antibodies: the HRP-conjugated antirabbit IgG antibody (7074, Cell Signaling Technology, Boston, USA), HRP-294 conjugated mouse antirabbit IgG (5127, Cell Signaling Technology, Boston, USA), or HRP-conjugated antirabbit IgG antibody (light chain-specific) (93702, Cell Signaling Technology, Boston, USA). Finally, the membranes were visualized with the enhanced chemiluminescences and quantified by the Image-Pro Plus 6.0.




Experiment II (in vitro Studies)
 
Tilapia Hepatocytes Culture and Treatments

To explore the mechanism of dietary phosphorus on lipid metabolism, we isolated the primary hepatocytes from the tilapia and cultured them as described previously (43). Approximately 300 male tilapia were from the same original batch as used in Experiment I (8.89 ± 0.01g, mean ± S.E.M). We designed two treatments: the control (without extra Pi addition), 3.0 mmol/L Pi in the form of Na2HPO4·12H2O/NaH2PO4·2H2O. The Pi concentrations were used based on previous studies (44) and our pilot trials, which did not affect cell viability. We designed specific small interfering RNA (siRNA) for knock-downing the ampkα1 and beclin1 genes to determine the effect of the AMPK/Beclin1 pathway on lipid metabolism in tilapia. Tilapia hepatocytes were incubated with the inhibitor chloroquine (CQ) of the autophagy-lysosomal pathway (CQ; C6628, MilliporeSigma, MA, USA) to investigate whether and how autophagy mediated dietary phosphorus-induced lipolysis. The primary hepatocytes were incubated in the control or Pi group in the L-15 medium for 48 h with or without 2-h pre-incubation with 5μM CQ.



The MTT Assay for Cell Viability

We used the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay to test the cell viability. The protocols were based on the publication (45).



Plasmid Construction, SiRNA Interreference and Cell Transfections

To identify the phosphorylation sites of Beclin1 and AMPKα1, we constructed the vectors of Beclin1 and AMPKα1 expression according to our publication (46). The open reading frames (ORFs) of Beclin1 and AMPKα1 sequences were subcloned into the pcDNA3.1 (+) vector with the GFP-tag and the His-tag, respectively. They were named GFP-Beclin1 and His-AMPKα1, respectively. We produced the mutations of AMPKα1 serine (S) 496 to alanine (A) in the His-AMPKα1 plasmid and mutations of Beclin1 serine (S) 90 to alanine (A) in the GFP-Beclin1 plasmid by the Mut Express II Fast Mutagenesis Kit (C112-02, Vazyme, Piscataway, NJ, USA). The transient transfection of the plasmids into the HEK 293T cells was performed using Lipo293TM transfection reagent (C0521, Beyotime, Shanghai, China). For Beclin1 and AMPKα1-knockdown experiment, the qPCR analysis was used to determine the knockdown efficiencies of these siRNA sequences. The siRNA sequences were given in Supplementary Table 3. Cell transfections was operated based on the protocols (46). Cells were treated for 48h to investigate the potential mechanism that AMPK and Beclin1 mediated phosphorus-induced lipolysis and lipophagy.



Bodipy 493/503 Staining and Immunostaining

The Bodipy 493/503 staining was performed by our published methods (42). At first, tilapia hepatocytes were stained after Pi treatments, and then, flow cytometry or laser scanning confocal microscopy (Leica) were used to analyze and image, respectively. The microtubule-associated protein 1 light chain 3B (LC3B), Lyso-Tracker Red and LDs were stained to investigate their colocalization. Tilapia hepatocytes were fixed with 4% formaldehyde, and then the cells were blocked for 1 h in 5% BSA. Next, the hepatocytes were incubated with the anti-LC3B at 4°C overnight and then incubated with the goat anti-rabbit IgG H&L secondary antibody. The images were captured with the Leica laser scanning confocal microscope (Germany), and the fluorescence intensity was quantified by the software Image J.



Immunoprecipitation and Western Blotting

The immunoprecipitation analysis was performed based on these protocols (47). The hepatocytes were lysed in the NP40 cell lysis buffer (p0013F, Beyotime, Shanghai, China) with phosphorylase inhibitor (P1082, Beyotime, Shanghai, China). Then, the anti-GFP tag or anti-His tag was added to the cell lysate overnight at 4 °C and the protein A/G beads (P2012, Beyotime, Shanghai, China) were added. Finally, the immunocomplexes were washed by NP40 buffer. The western blot was used to measure the protein expression.




Statistical Analysis

The data were presented as mean ± S.E.M. The Prism 8 software (GraphPad Software, CA, USA) was used to analyze the data. For two groups, Student's t tests (unpaired, two-tailed) were performed. The data among the three groups were evaluated by one-way analysis of variance and then by the post-hoc Duncan's multiple range test to determine the statistical significance. For four groups, the homogeneity of the variances was analyzed by the Levene's test, and one-way ANOVA determined statistical significance with the Bonferroni post-hoc test. P ≤ 0.05 was considered statistically significant.




RESULTS


In vivo Studies
 
Growth Performance and Feed Utilization

The survival was not influenced significantly by dietary phosphorus (Supplementary Table 4). Weight gain (WG), specific growth rate (SGR), condition factor (CF) and feed intake (FI) increased, but feed conversion rate (FCR) reduced with increasing dietary phosphorus levels (P ≤ 0.05). Hepatosomatic index (HSI) showed no significant differences among the three treatments.



HPD Reduced TG Content, Suppressed Lipogenesis and Activated Lipolysis

The total hepatic phosphorus content increased with dietary phosphorus levels (P ≤ 0.05) (Supplementary Figure 1). Compared to the LPD group, the HPD group tended to reduce hepatic TG content, as shown in ORO and H&E staining, and analysis of TG content (P ≤ 0.05) (Figures 1A–E). The HPD group also reduced the activities of lipogenic enzymes (FAS, G6PD, ICDH and ME) (P ≤ 0.05), but increased the activity of lipolytic enzyme CPT1 (P ≤ 0.05); the HPD group also reduced the mRNA expression of lipogenic genes (accα, g6pd, icdh, me and srebp-1) (P ≤ 0.05), but increased the mRNA expression of the lipolytic gene pparα (peroxisome proliferator-activated receptor α) (P ≤ 0.05) (Figures 1F,G). These results indicated that dietary phosphorus addition reduced TG content, suppressed lipogenesis and activated lipolysis in the liver of tilapia.


[image: Figure 1]
FIGURE 1. Dietary phosphorus supplementation induced lipid degradation in tilapia liver. (A) Representative ORO staining images. Scale bar, 50 μm. (B) Quantitative areas for lipid droplets after the ORO staining. (C) Representative hepatic H&E staining images. Scale bar, 50 μm. (D) Quantitative areas for hepatic vacuoles after the HandE staining. Ld, lipid droplet; he, hepatocyte; va, vacuole. (E) TG content. (F) Activities of lipogenic enzymes. (G) CPT I activity. (H) Relative mRNA levels of genes related to lipid metabolism. Data are mean ± SEM (n = 3). “a-c” denote significance at P ≤ 0.05. The P value was calculated by the one-way ANOVA and the post-hoc Duncan's multiple range test.




HPD Promoted Autophagy Activity and Increased Fatty Acid (FA) β-Oxidation

Since the study pointed out that autophagy regulates lipid metabolism (12), we determine effects of dietary phosphorus addition on the autophagic activity. Compared to the LPD group, HPD group increased autophagosome formation and reduced the number of LDs (Figure 2A). Compared to the LPD group, HPD group up-regulated the mRNA levels of beclin1, atg1a, atg1b, atg101, atg13, atg3, atg4b, atg4d, atg5, atg7, atg8a and atg8b (P ≤ 0.05) (Figure 2B), increased the protein levels of LC3B-II and the phosphorylation level of Beclin1 (P ≤ 0.05) (Figures 2C,D), and up-regulated the mRNA expression of many fatty acid β-oxidation genes (acads, acadm, acadvl, acadsb, acox1, acox3, hadh and hadhb) (P ≤ 0.05) (Figure 2E), and increased NEFA content (P ≤ 0.05) (Figure 2F). Thus, these results demonstrate that HPD enhanced autophagic activity and increased fatty acid β-oxidation.


[image: Figure 2]
FIGURE 2. Dietary phosphorus addition increased autophagosome formation in tilapia liver. (A) Representative image of liver ultrastructure (TEM). N, hepatocyte nucleus, Ld, lipid droplet. Arrows indicate the autophagosomes and autolysosomes. Arrowheads indicate the lipophagy. (B) Relative mRNA levels of genes related to autophagy. (C,D) Western blot analysis of Beclin1, p-Beclin1 and LC3B protein levels. (E) mRNA levels of the FA β-oxidation-related genes. (F) NEFA content. Data are mean ± SEM (n = 3). “a-c” denote significance at P ≤ 0.05. The P Value was calculated by the one-way ANOVA and further the post-hoc Duncan's multiple range test.




HPD Activated AMPK Pathway

To assess the effect of HPD on AMPK pathway, we analyzed the expression of the key genes and proteins related to the AMPK pathway (Figure 3A). Compared to the LPD group, the HPD group increased mRNA levels of the ampkα1, ampkα2, ampkβ1, ampkβ2, ampkγ1 and ampkγ2 (P ≤ 0.05) (Figure 3A), and increased the AMPKα1 phosphorylation level (P ≤ 0.05) (Figures 3B,C). These indicated that dietary phosphorus addition activated AMPK pathway in the liver of tilapia.


[image: Figure 3]
FIGURE 3. Dietary phosphorus supplementation activated the AMPK pathway and increased AMPKα1 phosphorylation level in tilapia liver. (A) Relative mRNA levels of genes related to AMPK pathway. (B,C) Western blot analysis of p-AMPKα1 protein levels. Data are mean ± SEM (n = 3). “a–c” denote significance at P ≤ 0.05. The P value was calculated by the one-way ANOVA and further the post-hoc Duncan's multiple range testing.





In vitro Studies
 
Pi Promoted Lipid Degradation

To elucidate the mechanisms of Pi influencing lipid metabolism of tilapia, tilapia hepatocytes were isolated. The MTT assay showed that Pi concentration of 0–3 mM did not adversely influence hepatocyte viability (P ≤ 0.05) (Supplementary Figure 2A). Thus, we chose 3 mM for our study. Compared with the control, Pi treatment significantly reduced TG content of hepatocytes, as shown by the analysis of TG contents, and by the flow cytometric analysis and the confocal microscopy after Bodipy 493/503 staining (P ≤ 0.05) (Supplementary Figures 2B–E). These data suggested that Pi incubation promoted lipid degradation of tilapia hepatocytes.



Pi Activated AMPK Pathway and Enhanced AMPK Phosphorylation Levels

To determine whether Pi activated the AMPK pathway and accordingly induced autophagy, the effect of Pi on the AMPK pathway in tilapia hepatocytes was investigated. Compared to the control, Pi treatment up-regulated mRNA abundances of ampkα1, ampkα2, ampkβ1, ampkβ2, ampkγ1 and ampkγ2 (P ≤ 0.05) (Figure 4A), and increased the p-AMPKα1 protein levels (P ≤ 0.05) (Figures 4B,C). These indicated that Pi activated AMPK pathway and enhanced AMPK phosphorylation levels in tilapia hepatocytes.


[image: Figure 4]
FIGURE 4. Phosphorus incubation activated AMPK pathway in tilapia hepatocytes. (A) Relative mRNA abundances of genes related to AMPK pathway. (B,C) Western blot analysis and quantification analysis of p-AMPKα1 protein levels. All data are expressed as mean ± S.E.M (n = 3). P value was calculated by the Student's t tests. *P ≤ 0.05, **P ≤ 0.01, compared with the control.




Pi Promoted Lipophagy to Degrade LDs

In order to confirm whether Pi incubation activated autophagy, we determined the protein levels of several autophogic markers (Beclin1, p-Beclin1, LC3B-II and p62). Compared to the control, Pi incubation increased the protein level of the p-Beclin1 and LC3B-II, and reduced the p62 expression (P ≤ 0.05) (Figures 5A,B). Lyso-Tracker and acridine orange (AO) staining demonstrated that Pi increased the autolysosomal formation (red dots), indicating that Pi incubation activated autophagic flux (P ≤ 0.05) (Figures 5C–H).


[image: Figure 5]
FIGURE 5. Phosphorus incubation activated autophagy in tilapia hepatocytes. (A,B) Western blot analysis and quantification analysis of Beclin1, p-Beclin1, p62 and LC3B protein levels. (C) The Lyso-Tracker Red (50 nM)-stained autolysosome was calculated by the flow cytometric analysis of the mean fluorescence intensity. (D) The presence of Lyso-Tracker Red-stained autolysosome was demonstrated by the flow cytometry analysis of the mean fluorescence intensity. (E) The presence of AO-stained autophagic vacuole was demonstrated by the flow cytometry analysis of the mean fluorescence ratio. (F) The AO (1 μM)-stained autophagic vacuoles were calculated by the flow cytometric analysis of red/green (FL2/FL1) fluorescence ratio. (G) Lyso-Tracker Red (50 nM)-stained. Scale bar, 5 μm. (H) Representative confocal microscopic images of hepatocytes stained with acridine orange. Scale bar, 25 μm. All data are expressed as mean ± S.E.M (n = 3). P value was calculated by the Student's t tests. *P ≤ 0.05, **P ≤ 0.01, compared with control.


To confirm whether phosphorus-induced autophagy was linked with the LD degradation, the double immunofluorescences were conducted. The LC3 puncta were linked with the autophagosome formation (48), and their colocalization demonstrated a direct association between LDs and autophagosomes (12). Herein, Pi incubation increased the amounts of LDs (green) bound to LC3 puncta (red) and autolysomes (red) (Figures 6A,B), indicating that phosphorus promoted the autophagosome formation, which helps sequester LDs for degradation. TEM observation confirmed that the LDs integrated with the autolysosomes after Pi incubation, indicating that Pi induced lipophagy (Figure 6C). Singh et al. (12) pointed out that the lipophagy promoted the lipolysis and FA β-oxidation. Accordingly, we tested mRNA expression of genes relevant to FA β-oxidation. Compared to the control, Pi incubation increased the mRNA levels of fatty acid β-oxidation genes (acadm, acadvl, acadl, acox3, hadh and hadhb) (P ≤ 0.05) (Figure 6D). Thus, our data suggested that Pi treatments activated the lipophagy and facilitated mitochondrial fatty acid β-oxidation, and according reduced TG deposition.


[image: Figure 6]
FIGURE 6. Phosphorus incubation promoted lipophagy in tilapia hepatocytes. (A) Confocal microscopic images of the hepatocytes stained with Bodipy 493/503 and LC3 protein. Arrows indicate the colocalization of LC3 protein with LDs. Scale bar, 5 μm. (B) Confocal micrograph of hepatocytes stained with Bodipy 493/503 and autolysosome. Arrows indicate autolysosome puncta colocalized with LDs. Scale bar, 5 μm. (C) Representative TEM images of hepatocytes after the control or Pi incubation. N, hepatocyte nucleus, Ld, lipid droplet. Arrows indicate the autophagosomes and autolysosomes. Arrowheads indicate the lipophagy. (D) Relative mRNA levels of the FA β-oxidation-related genes. (E, F) Western blot analysis and quantification analysis of p62 and LC3B protein levels with or without CQ pretreatment (5 mM CQ). (G) TG content with or without CQ pretreatment (5 mM CQ). (H) NEFA content with or without CQ pretreatment (5 mM CQ). Data are mean ± SEM (n = 3), for four groups, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, as determined by one-way ANOVA with the Bonferroni post-hoc test. For two groups, P value was calculated by the Student's t tests. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, compared with the control.


To address potential roles of autophagy in Pi-induced lipid degradation and metabolism, we first used CQ, a pharmacological inhibitor of autophagy. CQ pre-incubation alleviated the Pi-induced decrease of p62 protein expression and aggravated the Pi-induced increment of LC3B-II protein expression (P ≤ 0.05) (Figures 6E,F). Meanwhile, CQ pretreatment alleviated the Pi-induced decrease of TG content (P ≤ 0.05) (Figure 6G), and attenuated Pi-induced increment of NEFA content (P ≤ 0.05) (Figure 6H). Taken together, these results proved that lipophagy mediated the Pi-induced lipid degradation in tilapia hepatocytes, and thus showed a causal link between phosphorus-induced lipophagy and LD degradation.



Beclin1 Was Required for Pi-Induced Lipophagy and Lipolysis

We investigated the possibility of whether Beclin1 was required for Pi-induced lipophagy by knockdown experiment. The siRNA-774 was chosen from three sequences because of its capacity for inhibiting beclin1 expression (P ≤ 0.05) (Supplementary Figure 3). Compared to the control, flow cytometric analysis after LysoTracker and AO staining demonstrated that Beclin1-knockdown alleviated the Pi-induced increment of their fluorescence density (P ≤ 0.05) (Figures 7A–D). The confocal microscopic analysis indicated that Beclin1 knockdown alleviated the Pi-induced activation of autophagy (Figure 7E). Moreover, compared to the control, Beclin1 knockdown alleviated the Pi-induced increase of the LC3B-II and p-Beclin1 protein expression, and alleviated the Pi-induced decline of the p62 protein expression (P ≤ 0.05) (Figures 7F,G). Meantime, compared to the control, Beclin1 knockdown alleviated the Pi-induced reduction of TG content (P ≤ 0.05) (Figure 7H), which was confirmed by the flow cytometry and confocal microscopy after the Bodipy 493/503 staining (P ≤ 0.05) (Figures 7I–K). These findings indicated that Beclin1 was required for Pi-induced lipophagy and lipolysis.


[image: Figure 7]
FIGURE 7. Phosphorus incubation activated lipophagy by triggering Beclin1 phosphorylation to induce lipid degradation in tilapia hepatocytes. Tilapia hepatocytes were incubated with Pi and Beclin1-knockdown experiment for 48h in L-15 medium. (A) The presence of Lyso-Tracker Red-stained autolysosome was demonstrated by the flow cytometry, showing the mean fluorescence intensity. (B) The Lyso-Tracker Red (50 nM)-stained autolysosome was calculated by the flow cytometric analysis of the mean fluorescence intensity. (C) The presence of AO-stained autophagic vacuole was demonstrated by the flow cytometry analysis of the mean fluorescence ratio. (D) The AO (1 μM)-stained autophagic vacuole was calculated by the flow cytometric analysis of the mean fluorescence ratio. (E) Representative confocal microscopy image of tilapia hepatocytes stained with acridine orange. (F, G) Western blot analysis and quantification analysis of the Beclin1, p-Beclin1, p62 and LC3B protein levels. (H) TG content. (I) The presence of the LDs with Bodipy 493/503 staining was demonstrated by the flow cytometry of tilapia hepatocytes. (J) The quantification of Bodipy 493/503-stained LDs by the flow cytometric analysis of FL1 (green) mean fluorescence intensity of tilapia hepatocytes. (K) Representative confocal microscopy image of tilapia hepatocytes with Bodipy 493/503 staining. Scale bar, 25 μm. All data are mean ± SEM (n = 3), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, the P Value was calculated by the one-way ANOVA with the Bonferroni post-hoc test.




AMPK Was Required for Beclin1 Phosphorylation in Pi-Induced Lipophagy

To establish a direct link between AMPKα1 and Beclin1 in lipophagy, genetic inhibition of ampkα1 by siRNA was used. The siRNA-1374 was chosen from three sequences because of its capability for inhibiting the ampkα1 mRNA expression (P ≤ 0.05) (Supplementary Figure 4). Compared to the control, the ampkα1 knockdown inhibited AMPKα1 protein expression (P ≤ 0.05) (Supplementary Figures 5A,B). Moreover, flow cytometric analysis and confocal microscopy after Lyso-Tracker and AO staining demonstrated that AMPKα1 knockdown alleviated the Pi-induced increase of autophagic flux (P ≤ 0.05) (Figures 8A–E). AMPKα1 knockdown also alleviated Pi-induced increment of the protein expression of the LC3B-II and p-Beclin1, and alleviated the Pi-induced reduction of p62 protein expression. Compared to the control, AMPKα1 knockdown significantly reduced Beclin1 protein expression (P ≤ 0.05) (Figures 8F,G). AMPKα1 knockdown also alleviated the Pi-induced reduction of TG content (P ≤ 0.05) (Figure 8H). The results were further proved by the flow cytometric analysis and the confocal microscopic observation after Bodipy 493/503 staining (P ≤ 0.05) (Figures 8I–K). These indicated that AMPKα1 was required for Beclin1 phosphorylation in lipophagy.


[image: Figure 8]
FIGURE 8. AMPK is required for Beclin1 phosphorylation in phosphorus-induced lipophagy in tilapia hepatocytes. Tilapia hepatocytes were incubated with Pi and AMPKα1-knockdown experiment for 48 h in L-15 medium. (A) The presence of Lyso-Tracker Red-stained autolysosomes was demonstrated by the flow cytometry, showing the mean fluorescence intensity. (B) The Lyso-Tracker Red (50 nM)-stained autolysosome was calculated by the flow cytometric analysis of the mean fluorescence intensity. (C) The presence of AO-stained autophagic vacuole was demonstrated by the flow cytometry analysis of the mean fluorescence ratio. (D) The AO (1 μM)-stained autophagic vacuole was calculated by the flow cytometric analysis of the mean fluorescence ratio. (E) Representative confocal microscopy image of hepatocytes stained with acridine orange. (F, G) Western blot analysis and quantification analysis of the Beclin1, p-Beclin1, p62 and LC3B protein levels. (H) TG content. (I) The presence of LDs with Bodipy 493/503 staining was demonstrated by the flow cytometry of tilapia hepatocytes. (J) Bodipy 493/503-stained LDs was quantified by the flow cytometric analysis of FL1 (green) mean fluorescence intensity of tilapia hepatocytes. (K) Representative confocal microscopy image of tilapia hepatocytes with Bodipy 493/503 staining. All data are mean ± SEM (n = 3), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, the P Value was calculated by the one-way ANOVA with the Bonferroni post-hoc test.


Since HPD increased phosphorylation levels of Beclin1 and AMPKα1, further we investigated the interaction between the two proteins. We aligned the protein sequences of AMPKα1 and Beclin1 among the species, and found that Beclin1 serine 90 and AMPKα1 serine 496 were conserved evolutionarily from fish to mammals (Figures 9A,B). The overexpression plasmid of the tilapia beclin1 and ampkα1 genes were constructed and transfected into HEK 293T cells to investigate their interaction. We found that AMPKα1 coprecipitated with Beclin1 (Figure 9C). To further validate these findings, site mutations were introduced into the ampkα1 and beclin1 genes. The S496A mutants of AMPKα1 reduced the Beclin1 phosphorylation level, indicating that tilapia Beclin1 protein could be phosphorylated at the S90 site. Similarly, the S90A mutants of Beclin1 reduced the phosphorylation level of AMPKα1 (Figures 9D,E). Compared to the control, Pi incubation increased the coprecipitation between the Beclin1 and AMPKα1 (Figure 9F). Therefore, these results indicated that Beclin1 could be phosphorylated at the site of S90 by AMPKα1, which supported the hypothesis that AMPKα1-mediated Beclin1 phosphorylation activated lipophagy and promoted lipid degradation.


[image: Figure 9]
FIGURE 9. Phosphorylation of Beclin1 by AMPK is necessary for Pi-induced autophagy to degrade LD. (A) Alignment of the partial Beclin1 protein sequences among several species. Red S indicates putative serine sites where Beclin1 could be phosphorylated. (B) Alignment of partial AMPKα1 protein sequences among several species. Red S indicates putative serine sites where AMPKα1 could be phosphorylated. (C) The interaction between AMPKα1 and Beclin1. His-tag AMPKα1 and GFP-tag Beclin1 were transfected into the HEK293T cells. (D) Mutations of S496A reduced the Beclin1 phosphorylation level. Phosphorylation of the ectopically expressed WT and S496A was analyzed. (E) Mutations of S90A decreased the AMPKα1 phosphorylation level. Phosphorylation of the ectopically expressed WT and S90A was analyzed. (F) The interaction between AMPKα1 and Beclin1 after Beclin1 and AMPKα1-overexpression and Pi treatment.


In summary, we identified an innovative mechanism of coordinated hepatic lipid metabolism mediated by phosphorus-induced lipophagy (Figure 10). HPD activated AMPKα1 via phosphorylating serine residue 496. The activated AMPK phosphorylated beclin1 on Ser90, and led to lipophagy and mitochondrial fatty acid β-oxidation, which promoted lipolysis and reduced lipid deposition.


[image: Figure 10]
FIGURE 10. The mechanisms of dietary phosphorus inducing lipid degradation and lipophagy through AMPK/Beclin1 pathways. Dietary phosphorus activated AMPKα1 phosphorylation, triggered lipophagy by phosphorylating Beclin1, and induced lipid degradation of the liver tissues of tilapia.






DISCUSSION

In our study, total phosphorus content in the liver increased with dietary phosphorus levels, fish fed the high phosphorus dietary increased growth performance and reduced FCR, in agreement with other studies (49). Moreover, compared to the LPD group, the HPD group tended to reduce hepatic TG contents, suppressed lipogenesis and up-regulated lipolysis, similar to other studies (4, 5, 50). Thus, dietary Pi is a novel metabolic regulator, and dietary supplementation of phosphate could be useful for the potential treatment of NAFLD.

Since autophagy regulates lipid metabolism (12, 14), we determined effects of dietary phosphorus on the autophagy. Our study indicated that, compared to the LPD group, HPD group increased autophagosome formation and reduced the number of LDs, up-regulated the mRNA abundances of the beclin1, atg1a, atg1b, atg3, atg101, atg13, atg4b, atg4d, atg5, atg7, atg8a and atg8b, increased the LC3B-II protein expression and the Beclin1 phosphorylation level. Similarly, Wei et al. (42) found that high Zn diet increased the mRNA levels of atg1a, atg1b, atg3, atg7 and atg9b, and up-regulated LC3B-II protein expression. Zhao et al. (14) found that high carbohydrate diets significantly up-regulated mRNA levels of the autophagy-related genes (atg1a, atg4a, atg5, atg6, atg7, atg8b, atg8a, atg9a and atg9b), and increased the protein expression of autophagy markers (LC3B-II and Beclin1). During the autophagosome formation, the cytosolic LC3-I is conjugated to the phosphatidylethanolamine (PE) to form the LC3-II, which is then bound to the autophagosome (48). Beclin1 is essential for vesicle nucleation and autophagosome formation (8). These indicated that high phosphorus dietary addition induced authophagy, in agreement with the study by Dai et al. (44). Singh et al. (12) pointed out that autophagy degraded the hepatocellular LDs through lipophagy. In the present study, lipid droplets were colocalized within the autolysosomal compartments, and LC3B-II co-localized with lipid droplets. These indicated that phosphorus-induced autophagy was lipid droplet-specific lipophagy. Moreover, Singh et al. (12) found that the increase of lipophagy was accompanied with lipolytic activation and NEFA release. Similarly, our study suggested that high phosphorus dietary addition significantly escalated the mRNA expression of several FA β-oxidation genes (acads, acadm, acadsb, acadvl, acox1, acox3, hadh and hadhb), and increased NEFA content. Our further investigation suggested that Pi treatments activated the lipophagy and facilitated mitochondrial fatty acid β-oxidation, and according reduced TG deposition. In our in vitro study, compared to the control, Pi up-regulated the p-Beclin1 and LC3B-II protein levels, down-regulated p62 expression. Beclin1 phosphorylation is required for the autophagy induction and LC3 accumulation (25). p62 is an important protein that links the ubiquitinated proteins to the autophagic machinery and degrades these proteins in the lysosome (42, 51). The down-regulated p62 expression by Pi indicated the activation of autophagic flux, as suggested by Zhao et al. (14). This mobilization and hydrolysis of TG to NEFA led to increased NEFA delivery to the mitochondria via the lipophagy-dependent pathway, which increased FA β-oxidation. Thus, our results demonstrate that HPD and Pi incubation enhanced autophagic activity, promoted lipophagy and increased FA β-oxidation. In the present study, Beclin1 knockdown alleviated the Pi-induced activation of autophagy, and alleviated the Pi-induced increase of the p-Beclin1 and the LC3B-II protein expression, and alleviated the Pi-induced decline of the p62 protein expression. These further confirm that Beclin1 is key protein for autophagy activation. Moreover, we found that, compared to the control, Beclin1 knockdown alleviated the Pi-induced reduction of TG content. Similarly, Singh et al. (12) found that inhibition of autophagy triggered the increased TG and LD accumulation in hepatocytes. These findings indicated that Beclin1 phosphorylation was required for Pi-induced lipophagy and lipolysis.

AMPK is one of the crucial modulators for lipid homeostasis (52). Herein, compared to the LPD group, the HPD group up-regulated mRNA levels of the ampkα1, ampkα2, ampkβ1, ampkβ2, ampkγ1 and ampkγ2, and increased the AMPKα1 phosphorylation level. In our in vitro study, Pi incubation up-regulated the mRNA abundances of ampkα1, ampkα2, ampkβ1, ampkβ2, ampkγ1 and ampkγ2, and increased the p-AMPKα1 protein levels. Generally, Pi-induced increase of their expression indicated the activation of AMPK signals. Similarly, Wei et al. (53) indicated that high dietary magnesium addition upregulated mRNA abundances of ampkb1, ampkb2, ampka1, ampka2, ampkg1a and ampkg1b. To our knowledge, our study is the first report which focused on dietary Pi-induced changes of mRNA concentrations of these genes, indicating that dietary phosphorus addition influenced AMPK pathway. Our further investigation found that AMPKα1 had direct interaction with Beclin1, and Pi incubation increased the coprecipitation of Beclin1 and AMPKα1. Moreover, we found that AMPK was required for Beclin1 phosphorylation in Pi-induced lipophagy. AMPK coordinates the various aspects of the autophagy machinery for induction of autophagosome formation (52). Zhang et al. (26) found that AMPK phosphorylates Beclin1 to induce autophagy. Mechanistically, our study indicated that the tilapia Beclin1 could be phosphorylated at the site of S90 by AMPKα1, indicating that AMPKα1-mediated Beclin1 phosphorylation activated lipophagy and promoted lipid degradation. Beclin1 S91/S94 phosphorylation is particularly important for AMPK-dependent autophagy (25). Our study indicated that the AMPKα1 knockdown alleviated the Pi-induced reduction of TG content. Smith et al. (54) reported that the increased AMPK activity contributed to the inhibition of the fatty liver disease linked with excess lipid production. Our study demonstrated that the activation of AMPK pathway accounted for beneficial influences of phosphorus on lipid metabolism.



CONCLUSION

In conclusion, HPD-induced autophagy and lipid turnover involved the activation of AMPK pathway via the AMPKα1 phosphorylation at S496. AMPK promotes phagophore nucleation by phosphorylation Beclin1 at S90. Our data demonstrated that dietary phosphorus supplementation (1.05 g/100g NaH2PO4·2H2O) can negatively regulate lipid synthesis in the liver, thereby preventing the occurrence of NAFLD, which could provide the potential target for the treatment of NAFLD in practical.



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 animal study was reviewed and approved by Huazhong Agriculture University.



AUTHOR CONTRIBUTIONS

ZL and XL designed the experiments, analyzed the data, and had primary responsibility for the final content. XL carried out the animal and cell experiments and sample analysis with the help of TZ, XW, DZ, and WL. XL drafted the manuscript and ZL revised the manuscript. All authors read and approved the final manuscript.



FUNDING

This study was funded by National Key R&D Program of China (2018YFD0900400).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.841187/full#supplementary-material



ABBREVIATIONS

6PGD, 6-phosphogluconate dehydrogenase; A, alanine; ACC1, acetyl-CoA carboxylase 1; AMPK, AMP-activated protein kinase; AO, acridine orange; ATG, autophagy-related gene; CF, condition factor; CPT1, carnitine palmitoyltransferase 1; CQ, chloroquinec; FA, fatty acid; FAS, fatty acid synthase; FCR, feed conversion rate; FI, feed intake; G6PD, glucose 6-phospate dehydrogenase; GIFT, Genetic Improvement of Farmed Tilapia; H&E, hematoxylin and eosin; HIS, hepatosomatic index; HPD, high-phosphorus diet; ICDH, isocitrate dehydrogenase; LC3B, microtubule associated protein 1 light chain 3B; LD, lipid droplet; LPD, low-phosphorus diet; ME, malic enzyme; MPD, middle-phosphorus diet; NAFLD, non-alcoholic fatty liver disease; NC, negative control; NEFA, non-esterified fatty acid; ORO, oil red O; PPAR, peroxisome proliferator-activated receptor; qPCR, quantitative real-time quantitative PCR; S, serine; SCD-1, stearoyl-CoA desaturase 1; SGR, specifc growth rate; siRNA, short hairpin RNA; SQSTM1/p62, sequestosome 1; SREBP-1, sterol regulatory element-binding proteins-1; TEM, transmission electron microscopy; T, threonine; TG, triglyceride; WG, weight gain.



REFERENCES

 1. Takeda E, Sakamoto K, Yokota K, Shinohara M, Taketani Y, Morita K. Phosphorus supply per capita from food in Japan between 1960 and 1995. J Nutr Sci Vitaminol. (2002) 48:102–8. doi: 10.3177/jnsv.48.102

 2. Michigami T, Kawai M, Yamazaki M, Ozono K. Phosphate as a signaling molecule and its sensing mechanism. Physiol Rev. (2018) 98:2317–48. doi: 10.1152/physrev.00022.2017

 3. Kritmetapak K, Kumar R. Phosphate as a signaling molecule. Calcif Tissue Int. (2021) 108:16–31. doi: 10.1007/s00223-019-00636-8

 4. Abuduli M, Ohminami H, Otani T, Kubo H, Ueda H, Kawai Y. Effects of dietary phosphate on glucose and lipid metabolism. Am J Physiol Endocrinol Metab. (2016) 310:526–38. doi: 10.1152/ajpendo.00234.2015

 5. Chun S, Bamba T, Suyama T, Ishijima T, Fukusaki E, Abe K. A high phosphorus diet affects lipid metabolism in rat liver: a DNA microarray analysis. PLoS One. (2016) 11:e0155386. doi: 10.1371/journal.pone.0155386

 6. Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic fatty liver disease: biochemical, metabolic, and clinical implications. Hepatology. (2010) 51:679–89. doi: 10.1002/hep.23280

 7. Hardy T, Oakley F, Anstee QM, Day CP. Nonalcoholic fatty liver disease: pathogenesis and disease spectrum. Annu Rev Pathol. (2016) 11:451–96. doi: 10.1146/annurev-pathol-012615-044224

 8. Levine B, Klionsky DJ. Development by self-digestion: molecular mechanisms and biological functions of autophagy. Dev Cell. (2004) 6:463–77. doi: 10.1016/S1534-5807(04)00099-1

 9. Suzuki H, Osawa T, Fujioka Y, Noda NN. Structural biology of the core autophagy machinery. Curr Opin Struct Biol. (2017) 43:10–17. doi: 10.1016/j.sbi.2016.09.010

 10. Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y. Dynamics and diversity in autophagy mechanisms: lessons from yeast. Nat Rev Mol Cell Biol. (2009) 10:458–67. doi: 10.1038/nrm2708

 11. Codogno P. Shining light on autophagy. Nat Rev Mol Cell Biol. (2014) 15:153. doi: 10.1038/nrm3751

 12. Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M. Autophagy regulates lipid metabolism. Nature. (2009) 458:1131–5. doi: 10.1038/nature07976

 13. Dong HQ, Czaja MJ. Regulation of lipid droplets by autophagy. Trends Endocrinol Metab. (2011) 22:234–240. doi: 10.1016/j.tem.2011.02.003

 14. Zhao T, Wu K, Hogstrand C, Xu YH, Chen GH, Wei CC. Lipophagy mediated carbohydrate-induced changes of lipid metabolism via oxidative stress, endoplasmic reticulum (ER) stress and ChREBP/PPARγ pathways. Cell Mol Life Sci. (2020) 77:1987–2003. doi: 10.1007/s00018-019-03263-6

 15. Singh R, Cuervo AM. Lipophagy: connecting autophagy and lipid metabolism. Int J Cell Biol. (2012) 2012:282041. doi: 10.1155/2012/282041

 16. Lavallard VJ, Gual P. Autophagy and non-alcoholic fatty liver disease. Biomed Red Int. (2014) 2014:120179. doi: 10.1155/2014/120179

 17. Hardie DG, Ross FA, Hawley SA. AMPK a nutrient and energy sensor that maintains energy homeostasis. Nat Rev Mol Cell Biol. (2012) 13:251–62. doi: 10.1038/nrm3311

 18. Hamilton SR, O'Donnell JB, Hammet A, Stapleton D, Habinowski SA, Means AR. Amp-activated protein kinase kinase: detection with recombinant ampkα1 subunit. Biochem Biophys Res Commun. (2002) 293:892–8. doi: 10.1016/S0006-291X(02)00312-1

 19. Alers S, Loffler AS, Wesselborg S, Stork B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: cross talk, shortcuts, and feedbacks. Mol Cell Biol. (2012) 32:2–11. doi: 10.1128/MCB.06159-11

 20. Woods A, Vertommen D, Neumann D, Turk R, Bayliss J, Schlattner U. Identification of phosphorylation sites in AMP-activated protein kinase (AMPK) for upstream AMPK kinases and study of their roles by site-directed mutagenesis. J Biol Chem. (2003) 278:28434–42. doi: 10.1074/jbc.M303946200

 21. Davies SP, Sim ATR, Hardie DG. Location and function of three sites phosphorylated on rat acetyl-CoA carboxylase by the AMP-activated protein kinase. Eur J Biochem. (1990) 187:183–90. doi: 10.1111/j.1432-1033.1990.tb15293.x

 22. Viollet B. The Energy Sensor AMPK: Adaptations to Exercise, Nutritional and Hormonal Signals. Cham (CH): Springer. (2017) p. 13–24. doi: 10.1007/978-3-319-72790-5_2

 23. Herrero-Martin G, Hoyer-Hansen M, Garcia-Garcia C, Fumarola C, Farkas T, Lopez-Rivas A. TAK1 activates AMPK-dependent cytoprotective autophagy in TRAIL-treated epithelial cells. EMBO J. (2009) 28:677–85. doi: 10.1038/emboj.2009.8

 24. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat Cell Biol. (2011) 13:132–41. doi: 10.1038/ncb2152

 25. Kim J, Kim YC, Fang C, Russell RC, Kim JH, Fan W. Differential regulation of distinct Vps34 complexes by AMPK in nutrient stress and autophagy. Cell. (2013) 152:290–303. doi: 10.1016/j.cell.2012.12.016

 26. Zhang DY, Wang W, Sun XJ, Xu DQ, Wang CY, Zhang Q. AMPK regulates autophagy by phosphorylating BECN1 at threonine 388. Autophagy. (2016) 12:1447–59. doi: 10.1080/15548627.2016.1185576

 27. FAO. Fisheries and Aquaculture Department FAO. The State of World Fisheries and Aquaculture. (2020). 

 28. Yu K, Huang K, Tang Z, Huang X, Sun L, Pang L, et al. Metabolism and antioxidation regulation of total flavanones from Sedum sarmentosum Bunge against high-fat diet-induced fatty liver disease in Nile tilapia (Oreochromis niloticus). Fish Physiol Biochem. (2021) 47:1149–64. doi: 10.1007/s10695-021-00964-3

 29. Yao YF, Jiang M, Wen H, Wu F, Liu W, Tian J. Dietary phosphorus requirement of gift strain of nile tilapia Oreochromis niloticus reared in freshwater. Aquacult Nutr. (2014) 20:273–80. doi: 10.1111/anu.12075 

 30. Ye CX, Liang GY, Yang HJ, Wang AL, Liu YJ, Tian LX. Dietary phosphorus requirements of juvenile hybrid tilapia (Oreochromis niloticus♀ × O. aureus♂) fed fishmeal-free practical diets. Isr J Aquacult-bamid. (2015) 67:20703. doi: 10.46989/001c.20703 

 31. Taussky HH, Shorr E. A microcolorimetric method for the determination of inorganic phosphorus. J Biol Chem. (1953) 202:675–85. doi: 10.1016/S0021-9258(18)66180-0

 32. Chang HC, Seidman I, Teebor G, Lane MD. Liver acetyl CoA carboxylase and fatty acid synthetase: relative activities in the normal state and in hereditary obesity. Biochem Biophys Res Commun. (1967) 28:682–6. doi: 10.1016/0006-291X(67)90369-5

 33. Chakrabarty K, Leveille GA. Acetyl CoA carboxylase and fatty acid synthetase activities in liver and adipose tissue of meal-fed rats. Proc Soc Exp Biol Med. (1969) 131:1051–4. doi: 10.3181/00379727-131-34038

 34. Barroso JB, Peragón J, Garcia-Salguero L, Higuera M, Lupiánez JA. Variations in the kinetic behaviour of the nadph-production systems in different tissues of the trout when fed on an amino-acid-based diet at different frequencies. Int J Biochem Cell B. (1999) 31:277–90. doi: 10.1016/S1357-2725(98)00114-9 

 35. Ochoa S. Malic enzyme. In: Colowick, S.P., Kaplan, N.O. (Eds.), Methods Enzymol., 1. Academic Press, New York, NY. (1955). p. 739–53. doi: 10.1016/0076-6879(55)01129-4 

 36. Bernt E, Bergmeyer HU. Isocitrate dehydrogenase. In: Bergmeyer HU (ed) Methods of enzymatic analysis AcademicNew York, NY. (1974) vol. 2. p. 624–7. doi: 10.1016/B978-0-12-091302-2.50023-2 

 37. Bieber LL, Fiol C. Purification and assay of carnitine acyltransferases. Methods Enzymol. (1986) 123:276–84. doi: 10.1016/S0076-6879(86)23031-1

 38. Spisni E, Tugnoli M, Ponticelli A, Mordenti T, Tomasi V. Hepatic steatosis in artificially fed marine teleosts. J Fish Dis. (1998) 21:177–84. doi: 10.1046/j.1365-2761.1998.00089.x

 39. Woods AE, Ellis RC. Laboratory Histopathology: A Complete Reference. Churchill Livingstone (1994). 

 40. Song YF, Luo Z, Chen QL, Liu X, Liu CX, Zheng JL. Protective effects of calcium pre-exposure against waterborne cadmium toxicity in Synechogobius hasta. Arch Environ Contam Toxicol. (2013) 65:105–21. doi: 10.1007/s00244-013-9883-7

 41. Zheng JL, Luo Z, Zhu QL, Chen QL, Gong Y. Molecular characterization, tissue distribution and kinetic analysis of carnitine palmitoyltransferase I in juvenile yellow catfish Pelteobagrus fulvidraco. Genomics. (2013) 101:195–203. doi: 10.1016/j.ygeno.2012.12.002

 42. Wei CC, Luo Z, Hogstrand C, Xu YH, Wu LX, Chen GH. Zinc reduces hepatic lipid deposition and activates lipophagy via Zn2+/MTF-1/PPARα and Ca2+/CaMKKβ/AMPK pathways. FASEB J. (2018) 32:6666–80. doi: 10.1096/fj.201800463

 43. Liebel S, Oliveira Ribeiro CA, Silva RC, Ramsdorf WA, Cestari MM, Magalhães VF. Cellular responses of Prochilodus lineatus hepatocytes after cylindrospermopsin exposure. Toxicol In Vitro. (2011) 25:1493–500. doi: 10.1016/j.tiv.2011.05.010

 44. Dai XY, Zhao MM, Cai Y, Guan QC, Zhao Y, Guan Y, et al. Phosphate-induced autophagy counteracts vascular calcification by reducing matrix vesicle release. Kidney Int. (2013) 83:1042–51. doi: 10.1038/ki.2012.482

 45. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of AMP-activated protein kinase in mechanism of metformin action. J Clin Invest. (2001) 108:1167–74. doi: 10.1172/JCI13505

 46. Xu YH, Tan XY, Xu YC, Zhao T, Zhang LH, Luo Z. Novel insights for SREBP-1 as a key transcription factor in regulating lipogenesis in a freshwater teleost, grass carp Ctenopharyngodon idella. Br J Nutr. (2019) 122:1201–11. doi: 10.1017/S0007114519001934

 47. Su H, Yang F, Wang Q, Shen Q, Huang J, Peng C. VPS34 acetylation controls its lipid kinase activity and the initiation of canonical and non-canonical autophagy. Mol Cell. (2017) 67:907–21. doi: 10.1016/j.molcel.2017.07.024

 48. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. (2000) 19:5720–8. doi: 10.1093/emboj/19.21.5720

 49. Luo Z, Tan XY, Liu X, Wang WM. Dietary total phosphorus requirement of juvenile yellow catfish Pelteobagrus fulvidraco. Aquacult Int. (2010) 18:897–908. doi: 10.1007/s10499-009-9310-2 

 50. Imi Y, Yabiki N, Abuduli M, Masuda M, Yamanaka-Okumura H, Taketani Y. High phosphate diet suppresses lipogenesis in white adipose tissue. J Clin Biochem Nutr. (2018) 63:181–91. doi: 10.3164/jcbn.17-141

 51. Carlsson SR, Simonsen A. Membrane dynamics in autophagosome biogenesis. J Cell Sci. (2015) 128:193–205. doi: 10.1242/jcs.141036

 52. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol Cell Biol. (2018) 19:121–35. doi: 10.1038/nrm.2017.95

 53. Wei XL, Hogstrand C, Chen GH, Lv WH, Song YF, Xu YC, et al. Zn reduces hepatic lipid accumulation in yellow catfish (Pelteobagrus fulvidraco) and modulates lipogenesis and lipolyssi via PPARA, JAK-STAT, and AMPK pathways in hepatocytes. J Nutr. (2017) 147:1070–8. doi: 10.3945/jn.116.245852

 54. Smith BK, Marcinko K, Desjardins EM, Lally JS, Ford RJ, Steinberg GR. Treatment of nonalcoholic fatty liver disease: role of AMPK. Am J Physiol Endocrinol Metab. (2016) 311:730–40. doi: 10.1152/ajpendo.00225.2016

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

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 © 2022 Liu, Zhao, Wei, Zhang, Lv and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-09-841187-g005.gif
& o Ccomol Bn 42
e
GAPDI[® o = v wo36kDa £ 5 -

00/
22 Comeat 11

1 e iR 00 (O

-
i = o miikn

° o Comrol [ £ Ccomrat v 4
s maee e ‘.m} sou,
: ¥ 7

! NES
g






OPS/images/fnut-09-841187-g006.gif
yso-Tracker _ Merg:

N
ol

5. Ocontrol L1

g J62Da
Z [36kDa
H T
s IS L L4KDa
H kD
eSS S 2

FFSTEFT

e

DCoawol B BConwol BPE






OPS/images/fnut-09-841187-g003.gif
P ampkal ampka2 ampkBl ampkp2 ampkyl ampky2
15 001 0.
0015 0001 0001 0069 0001 0001 LPD BAPD EHPD
peoou b
2 a

LDPMDPHDP

Relative mRNA expression
Relative protein levels
(Fold of change)

p-AMPKall 63kDa

GAPDH[ & 0 - & o - o] 36kDu






OPS/images/fnut-09-841187-g004.gif
£4  SControl  @Pi

A >k

AR

8 x

s -

< -

Z? B g T

by

E

i

F —

2o

B P
& RO

&
\J NJ NS
S ssS

p-AMPKal
GAPDH

C Pi

63kDa
36kDa

Relative protein levels
(Fold of change)

s

°

14
Py

Control

Pi





OPS/images/fnut-09-841187-g009.gif
e

Orvochromis miloticus (85.95)
Homsapiens (595
M mscatn (466,
Duriorerio 5555
Gt gt (55551

Gitpeta < .+

i

MMSTESANSFT.
MMSAESTNSFT
NSTESANSFT

v
‘Gt

Oreochvonis iltcus (191-501)
Homo sapiers (491501)

s s (91.501)
‘Daniorero (185-5%)

Gl gallus (192-503)






OPS/images/fnut-09-841187-g007.gif





OPS/images/fnut-09-841187-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dietary Phosphorus Reduced Hepatic Lipid Deposition by Activating Ampk Pathway and Beclin1 Phosphorylation Levels to Activate Lipophagy in Tilapia Oreochromis niloticus



		Introduction



		Materials and Methods



		Experiment I (in vivo Studies)



		Experimental Animal



		Diet Preparation



		Tilapia Rearing and Tissue Collection



		TG, Non-esterified Fatty Acid (NEFA), Phosphorus Contents, and Enzymatic Activities



		Oil Red O (ORO) and Hematoxylin-Eosin (H&E) Staining, Transmission Electron Microscopy (TEM) Observation



		Quantitative Real-Time PCR (QPCR) for MRNA Expression Analysis of Genes



		Western Blot









		Experiment II (in vitro Studies)



		Tilapia Hepatocytes Culture and Treatments



		The MTT Assay for Cell Viability



		Plasmid Construction, SiRNA Interreference and Cell Transfections



		Bodipy 493/503 Staining and Immunostaining



		Immunoprecipitation and Western Blotting









		Statistical Analysis







		Results



		In vivo Studies



		Growth Performance and Feed Utilization



		HPD Reduced TG Content, Suppressed Lipogenesis and Activated Lipolysis



		HPD Promoted Autophagy Activity and Increased Fatty Acid (FA) β-Oxidation



		HPD Activated AMPK Pathway









		In vitro Studies



		Pi Promoted Lipid Degradation



		Pi Activated AMPK Pathway and Enhanced AMPK Phosphorylation Levels



		Pi Promoted Lipophagy to Degrade LDs



		Beclin1 Was Required for Pi-Induced Lipophagy and Lipolysis



		AMPK Was Required for Beclin1 Phosphorylation in Pi-Induced Lipophagy













		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Dietary Phosphorus Reduced
Hepatic Lipid Deposition by
Activating Ampk Pathway and
Beclinl Phosphorylation Levels to
Activate Lipophagy in Tilapia
Oreochromis niloticus





OPS/images/fnut-09-841187-g001.gif
TG content
(mmolig prot

(Wi prot)

CPTE emzyme activity

P
T
EE
ERiE

P OEAS @GD GD DN ME
200, 0003 002 o0l 0001 <000

QLeD EMPD  BHPD

g

Wimg prooy
H

Emzyme act
- 2

FAS 6PGD GGPD ICDH ME
P e
0001 011 DO 0002 0040 00 01 000

oup  @wep surp

WRNA expresson

Teanseription
Tactors





OPS/images/fnut-09-841187-g002.gif
Retie RN iprsion

st cnstd s a7 s st g o2

ssuon

BT T 1+ N

S5 Soa o1 S0 S ‘ez G012 e o1
i NEY auen

%bdﬂj il i

EE N B e

NEFA content
molg prt






OPS/images/fnut-09-841187-g010.gif
Hepstosyte

s — QD) —
|
—

G Broxidation
Lipophagy









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





