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Abstract

:

Hempseed (Cannabis sativa) protein is an important source of bioactive peptides. H3 (IGFLIIWV), a transepithelial transported intestinal peptide obtained from the hydrolysis of hempseed protein with pepsin, carries out antioxidant and anti-inflammatory activities in HepG2 cells. In this study, the main aim was to assess its hypocholesterolemic effects at a cellular level and the mechanisms behind this health-promoting activity. The results showed that peptide H3 inhibited the 3-hydroxy-3-methylglutaryl co-enzyme A reductase (HMGCoAR) activity in vitro in a dose-dependent manner with an IC50 value of 59 μM. Furthermore, the activation of the sterol regulatory element binding proteins (SREBP)-2 transcription factor, followed by the increase of low-density lipoprotein (LDL) receptor (LDLR) protein levels, was observed in human hepatic HepG2 cells treated with peptide H3 at 25 µM. Meanwhile, peptide H3 regulated the intracellular HMGCoAR activity through the increase of its phosphorylation by the activation of AMP-activated protein kinase (AMPK)-pathways. Consequently, the augmentation of the LDLR localized on the cellular membranes led to the improved ability of HepG2 cells to uptake extracellular LDL with a positive effect on cholesterol levels. Unlike the complete hempseed hydrolysate (HP), peptide H3 can reduce the proprotein convertase subtilisin/kexin 9 (PCSK9) protein levels and its secretion in the extracellular environment via the decrease of hepatic nuclear factor 1-α (HNF1-α). Considering all these evidences, H3 may represent a new bioactive peptide to be used for the development of dietary supplements and/or peptidomimetics for cardiovascular disease (CVD) prevention.
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1. Introduction


Low-density lipoprotein (LDL) receptor (LDLR) is a cell membrane glycoprotein that functions in the binding and internalizing of circulating cholesterol-containing lipoprotein particles to maintain cholesterol homeostasis in lipoprotein and lipid metabolism [1]. Defects in LDLR function or expression trigger an elevated LDL cholesterol and result in cardiovascular disease (CVD), one of the largest causes of mortality worldwide [2]. The LDLR expression is not only modulated by intracellular cholesterol content, but also regulated by a transcription factor, named sterol-responsive element binding protein-2 (SREBP-2), which plays a pivotal role in LDLR mRNA expression [3]. As another SREBP-2 gene target, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoAR) is a key factor in intracellular cholesterol biosynthesis. HMGCoAR is the rate-controlling enzyme in the mevalonate pathway and is also regulated by the AMP-activated protein kinase (AMPK) pathway [4]. In more detail, there are three isoforms of sterol regulatory element-binding proteins (SREBPs), including SREBP-1a, –1c, and –2, each having different roles in lipid synthesis. Particularly, SREBP-2 is specific to cholesterol synthesis and is responsible for the LDLR and HMGCoAR transcription. Upon sterol deficiency, the complex of SREBP-2 and SREBP cleavage-activating protein (SCAP) membrane experiences a successive two-step cleavage process in the golgi to liberate the amino-terminal portion of SREBP-2. Subsequently, this portion of SREBP-2 enters the nucleus, followed by the activation of the transcription of LDLR and HMGCoAR by binding to sterol regulatory elements (SREs) [5,6]. The increase of LDLR determines an enhanced clearance of plasmatic LDL-cholesterol with an improvement of dyslipidemia [7].



In addition, proprotein convertase subtilisin/kexin type 9 (PCSK9) is the major regulator of the LDL, which subsequently affects its ability to efficiently remove LDL-cholesterol from circulation. Briefly, PCSK9 binds to LDLR and causes their destruction within lysosomes, whereas its inhibition results in the recycling of LDLR, leading to the internalization of more LDL-cholesterol and a reduction in the blood levels of LDL. Recently, some papers have shown that specific peptides deriving from food and/or plant proteins are efficiently able to lower LDL and are also safe [8], a fact that has attracted the attention of more and more researchers.



Industrial hemp, the non-drug variety of Cannabis sativa, has been used for food and fiber for centuries [9,10]. Recently, hempseed protein has become an important source of bioactive peptides, because of its high nutritive potential and purported health benefits. Briefly, whole hempseeds contain 20% to 25% protein [the main components being globulin (60% to 80%) and albumin] that exerts a positive effect in the regulation of organ function and human metabolism [9,11]. This fact has stimulated a great interest especially for research on multifunctional bioactive peptides.



In some of our preceding publications [11,12], hydrolysates derived from hempseed have been shown to provide a hypocholesterolemic effect by dropping the activity of HMGCoAR, which in turn leads to the activation of the LDLR, followed by the improvement of the hepatic cells’ ability to absorb extracellular LDL. Although an increase of the PCSK9 protein levels was detected, the hempseed hydrolysate (HP) showed a hypocholesterolemic effect similar to that of statins. Considering that proteins are hydrolyzed during digestion, the activity may be attributed to specific peptides encrypted in the protein sequences that are released by digestion and absorbed at an intestinal level [13]. Indeed, further experiments on the intestinal trans-epithelial transport revealed that some peptides in the HP were able to pass through the mature Caco-2 cell barrier. Particularly, H3 (IGFLIIWV) is one of these peptides that provides an antioxidant activity in HepG2 cells by modulating the Nrf-2 and iNOS pathways [14], leading to the decrease of cellular H2O2-induced ROS, NO, and lipid peroxidation levels [15]. Considering the link between inflammation and oxidative stress, the evaluation of the anti-inflammatory effect of H3 was also carried out in HepG2 cells. As expected, H3 modulates the production of pro-inflammatory cytokines (IFN-γ, TNF and IL-6), anti-inflammatory cytokines (IL-10), and NO through the regulation of the NF-κB and iNOS pathways [16], exerting an effective anti-inflammatory capacity [17].



In light of these observations, a deeper mechanistic investigation was undertaken with the following objectives: (1) to assess the inhibitory activity of peptide H3 on HMGCoAR in vitro and in silico; (2) to figure out how peptide H3 may modulate the activity of the key targets involved in cholesterol metabolism, i.e., LDLR, SREBP-2, HMGCoAR, p-AMPK, HNF1-α, and PCSK9; and (3) to evaluate the capacity of HepG2 cells treated with peptide H3 to absorb extracellular LDL cholesterol.




2. Materials and Methods


2.1. Chemicals


All reagents and chemicals used are commercially available. Specific details are available in the Supplementary Materials.




2.2. HepG2 Cell Culture Conditions and Treatment


The HepG2 cell line was bought from ATCC (HB-8065, ATCC from LGC Standards, Milan, Italy) and was cultured in DMEM high glucose with stable L-glutamine, supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin (complete growth medium) with incubation at 37 °C under 5% CO2 atmosphere.




2.3. HMGCoAR Activity Assay


The experiments were carried out following the manufacturer’s instructions and optimized protocol [18]. More details are reported in the Supplementary Materials.




2.4. MTT Assay


A total of 3 × 104 HepG2 cells/well were seeded in 96-well plates and treated with peptide H3 (0.00001, 0.0001, 0.001, 0.01, 0.1, and 1.0 mM) or vehicle (H2O) in complete growth media at 37 °C for 48 h under 5% CO2 atmosphere. MTT experiments were performed using the protocol reported in the Supplementary Materials.




2.5. In-Cell Western (ICW) Assay


For the experiments, a total of 3 × 104 HepG2 cells/well were seeded in 96-well plates. The following day, the cells were washed with PBS and then starved overnight (O/N) in DMEM without FBS nor antibiotics. After starvation, HepG2 cells were treated with peptide H3 (25.0 µM) and vehicle (H2O) for 24 h at 37 °C under 5% CO2 atmosphere. The ICW assay was performed using the protocol reported in the Supplementary Materials.




2.6. Fluorescent LDL Uptake


HepG2 cells (3 × 104/well) were seeded in 96-well plates and kept in complete growth medium for 2 days before treatment. On the third day, cells were washed with PBS and then starved overnight (O/N) in DMEM without FBS nor antibiotics, and experiments were performed using a protocol already optimized [18]. Further details are reported in the Supplementary Materials.




2.7. Western Blot Analysis


Immunoblotting experiments were performed using an optimized protocol [18]. Details are available in the Supplementary Materials.




2.8. Quantification through ELISA of PCSK9 Secreted by HepG2 Cells


The supernatants collected from treated HepG2 cells (25.0 μM H3) were centrifuged at 600× g for 10 min at 4 °C, and an ELISA assay was performed using a protocol already optimized [18]. Further details are reported in the Supplementary Materials.




2.9. Computational Methods


Docking simulations were performed by using the already-published computational procedure [19]. Briefly, the H3 peptide was built by using the VEGA program and its conformational profile was explored by quenched MonteCarlo analysis [20]. The minimized peptide was then docked within the previously prepared HMGCoAR structure. Docking simulations were carried out using PLANTS and the 10 generated poses ranked by the ChemPLP scoring function with the speed equal to 1 [21]. The so-obtained complexes were finally minimized and rescored, as implemented in ReScore+ [22].




2.10. Statistical Analysis


All the data sets were checked for normal distribution by the D’Agostino and Pearson test. Since they are all normally distributed with p-values < 0.05, we proceeded with statistical analyses by t-test and One-Way ANOVA followed by the Dunnett’s and Tukey’s post-hoc tests and using Graphpad Prism 9 (San Diego, CA, USA). Values were reported as means ± S.D.; p-values < 0.05 were considered to be significant.





3. Results


3.1. Peptide H3 Drops HMGCoAR Activity In Vitro


HMGCoAR is the known target of statins, the main drugs used for the therapy of hypercholesterolemia [5,23]. Since the HP is able to drop the catalytic activity of HMGCoAR, we decided to evaluate the inhibitory ability of peptide H3 in vitro using the purified catalytic domain of HMGCoAR, testing concentrations ranging from 10 to 1000 μM. As shown in Figure 1A, the catalytic activity of HMGCoAR was inhibited by peptide H3 in a dose-dependent manner with an IC50 value of 59 μM. Pravastatin, which was used as positive control, instead inhibits enzyme activity with an IC50 equal to 0.55 µM. This value agrees with the IC50 of 0.47 µM reported in the literature [24]. Pravastatin is, thus, at least 100-fold more potent than H3 (Figure 1A).



To obtain further insight in the interaction of peptide H3 and HMGCoAR, a docking study was undertaken. Figure 1B reports the computed putative complex between H3 and HMGCoAR, revealing that peptide H3 is conveniently accommodated at the interface between the two monomers, with which it stabilizes a diverse pattern of interactions. Figure 1B also indicates that Phe-3 is nicely inserted within a narrow subpocket, mostly lined by hydrophobic residues. Similarly, Trp-7 approaches the Lα1 helix of the other monomer, where it stabilizes a clear charge-transfer interaction with Arg-568. Although both charged termini are involved (as expected) in key ion-pairs, Figure 1C emphasizes the remarkable role played by the hydrophobic contacts in the H3 binding. In detail, almost all the central residues are engaged in hydrophobic interactions involving both alkyl side chains and methionine residues, which can also elicit π-sulphur interactions with aromatic residues (i.e., Phe-5). A comparison with the key interactions stabilizing the resolved complex of HMGCoAR with statins [25] reveals an interesting agreement with those observed for the H3 peptide, which concern both the basic residues bridging the ligand’s carboxylate (K662 and R590) and the hydrophobic side chains which also approach the apolar moieties of the statins (V683, L853, L857).




3.2. Peptide H3 Effects on the Cell Vitality of HepG2


MTT experiments were performed to exclude any potential effect of peptide H3 on HepG2 cellular vitality. Because HepG2 cells are a slow growing cell line with an average doubling time of around 2 days, they were incubated for 48 h with different concentrations of peptide H3 before MTT assay. After a 48 h treatment, no effect on HepG2 viability was observed up to 100 µM versus the control cells (C). Instead, a reduced cell viability equal to 19.63 ± 0.59% was detected after the treatment with 1 mM H3 (Figure S1). These results are in line with previous evidences [15,17]. Based on these results, the following experiments, aimed at investigating the molecular and functional effects of peptide H3, were assessed at 25.0 µM, a dose which is 40-fold less concentrated than the lowest dose (1 mM) affecting cell viability.




3.3. Peptide H3 Modulates the LDLR Pathway


For assessing the ability of peptide H3 to modulate the LDLR pathway, immunoblotting experiments were performed on HepG2 cell lysates obtained after their treatment with peptide H3 at 25.0 μM. In parallel, HepG2 cells were also treated with pravastatin (1.0 µM) as the reference compound. The results suggest that the LDLR pathway was effectively activated after 24 h treatment (Figure 2). In more detail, peptide H3 induced an up-regulation of the total protein level of the mature SREBP-2 transcription factor (65 KDa) by 118.3% ± 7.00% versus the untreated cells (p < 0.05, Figure 2A). In addition, H3 increased the mature nuclear SREBP-2 protein levels (65 KDa) up to 147.0 ± 13.8% (p < 0.001, Figure 2B). In agreement with these data, an improvement of the nuclear/total mature SREBP-2 (65 KDa) ratio up to 147.1 ± 10.4% was detected in the HepG2 cells treated with the peptide compared to the untreated cells (p < 0.01, Figure 2C). In parallel, the precursor form of SREBP-2 (125 KDa) was also detected in the cytosolic fraction of HepG2 cells, and the ratio of mature (65 KDa)/precursor (125 KDa) SREBP-2 protein levels was calculated (Figure S2A,B). The results indicate that peptide H3 improved the precursor SREBP-2 (125 KDa) protein up to 157.5 ± 10.9% (p < 0.05) and the mature (65 KDa)/precursor (125 KDa) SREBP-2 protein level ratio up to 122.1 ± 1.2% (p < 0.01) versus the untreated cells (Figure S2A,B), confirming the improvement of mature SREBP-2 protein levels in the nuclear fraction, which, consequently, led to an increment of total LDLR proteins up to 150.2 ± 17.02% versus the control (p < 0.001, Figure 2D). Under the same conditions, pravastatin (1.0 µM) improved the protein levels of total mature SREBP-2 (65 KDa) and nuclear mature SREBP-2 (65 KDa) targets by 134.9 ± 17.3% (p < 0.001, Figure 2A) and 152.3 ± 8.2% (p < 0.0001, Figure 2B), respectively, versus the untreated cells. The ratio between the nuclear mature SREBP-2 (65 KDa) and total mature SREBP-2 (65 KDa) was increased up to 153.2 ± 19.5% (p < 0.01, Figure 2C). In addition, pravastatin increased the precursor SREBP-2 (125 KDa) protein levels in the cytoplasmic fraction up to 140.8 ± 9.0% (p < 0.05) leading to an augmentation of the mature (65 KDa)/precursor (125 KDa) SREBP-2 protein level ratio up to 122.4 ± 2.6% (p < 0.01) (Figure S2A,B). In agreement with the improved mature SREBP-2 levels in the nuclear fraction of HepG2 cells, pravastatin (1.0 µM) increased the LDLR up to 140.8 ± 15.35% (p < 0.001, Figure 2D) versus the control cells.




3.4. Peptide H3 Modulates Intracellular HMGCoAR Protein Levels


Because of the augmentation of the SREBP-2 transcription factor followed by an improvement of the LDLR protein levels, an increase of the HMGCoAR protein levels was also observed after 24 h treatment with peptide H3. The HMGCoAR protein levels were improved by 129.9 ± 9.16% (p < 0.001, Figure 3A) versus the control, while pravastatin (1.0 µM) increased the enzyme protein by 129.3 ± 9.33% (p < 0.01, Figure 3A). The literature evidences suggest that statins induce the activation of the AMPK-pathway through the augmentation of its phosphorylation on threonine 172 in different cellular systems [26,27,28], which in turn produces an inhibition of HMGCoAR activity through its phosphorylation on Ser872 residue [29], which is the phosphorylation site of AMPK. In light of this observation, and with the aim of comparing the hypocholesterolemic behavior of H3 with statin, further immunoblotting experiments were designed to investigate the effect of the treatment with peptide H3 and pravastatin on AMPK activation and HMGCoAR inactivation (AMPK substrate). Notably, the augmentation of phosphorylation levels of HMGCoAR (serine 872, AMPK phosphorylation site) were detected up to 171.2 ± 25.71% versus the control (p < 0.001, Figure 3B) upon cellular treatment with H3. This result is in line with the increase of AMPK phosphorylation (threonine 172) up to 138.5 ± 14.04% versus the control (p < 0.001, Figure 3C). In line with the literature evidences, as a reference compound, pravastatin (1.0 µM) was able to increase the AMPK phosphorylation (threonine 172) up to 122.7 ± 5.23% (p < 0.05, Figure 3C), followed by the increment of phosphorylation levels of HMGCoAR (serine 872) up to 143.5 ± 4.64% (p < 0.01, Figure 3B).



The p-HMGCoAR/total HMGCoAR ratio of the H3-treated, pravastatin-treated, and untreated cells were also calculated. The ratio of treated cells was higher than that of untreated ones. In fact, the peptide H3 and pravastatin increased it up to 127.6 ± 10.21% (p < 0.01, Figure 3D) and 121.3 ± 2.17% (p < 0.05, Figure 3D), respectively.




3.5. Peptide H3 Increases the Expression of LDLR Localized on Cellular Membranes and Modulates LDL-Uptake in the HepG2 Cell Environment


The capacity of peptide H3 to modulate the LDLR protein levels on the hepatocyte cellular surface was investigated using an ICW assay, i.e., a quantitative colorimetric cell-based assay [30]. An improvement of the LDLR protein levels specifically localized on the cellular membrane of hepatocytes was observed up to 176.9 ± 11.31% (p < 0.0001, Figure 4A). As reference compound, pravastatin (1.0 µM) also increased the LDLR protein levels by 127.3 ± 14.31% (p < 0.0001, Figure 4A). From a functional point of view, the augmentation of the membrane LDLR protein levels led to the improved ability of HepG2 cells to absorb LDL from the extracellular environment by 191.1 ± 30.30% after the treatment with peptide H3 at the same concentration of 25.0 µM (p < 0.0001, Figure 4B). In the same conditions, pravastatin (1.0 µM) improved the capacity of HepG2 cells to absorb extracellular LDL by 226.9 ± 11.05% (p < 0.0001, Figure 4B). The statin increases the LDL uptake more efficiently than the peptide, whereas H3 is more efficient in increasing the LDLR levels. This apparent contradictory fact may be explained by considering that the LDL-uptake assay and ICW display different sensitivities. Indeed, the former (LDL-uptake) works in fluorescence, which is a more sensitive assay than the latter (ICW), which is a colorimetric test. However, these results indicate that the hypocholesterolemic behavior of peptide H3 is similar to that of pravastatin.




3.6. The Effect of Peptide H3 on the Modulation of PCSK9 Protein and Release Levels


Previous studies have evidenced a similar hypocholesterolemic effect of hempseed hydrolysates (HP) to statins, leading to the increase of the PCSK9 protein levels [12]. To assess if peptide H3 can perform a satisfactory modulation on the hepatic intracellular PCSK9 protein and release levels or maintain the same ability of HP for PCSK9, dedicated experiments were conducted. Hence, HepG2 cells were treated with peptide H3 at 25.0 µM to investigate the modulation on PCSK9 and its transcription factor HNF1-α. Surprisingly, the results clearly indicate that peptide H3 caused a 10.85 ± 6.12% reduction of intracellular PCSK9 protein levels versus the control (p < 0.01, Figure 5A), playing an opposite effect on PCSK9 compared with HP. As expected, this finding agrees with the ability of peptide H3 to reduce the HNF1-α transcription factor levels by 19.40 ± 5.18% compared to the untreated cells (p < 0.0001, Figure 5B). In contrast, after treatment with pravastatin (1.0 µM), the direct activation of HNF1-α was up to 116.9 ± 3.21% (p < 0.0001, Figure 5B), resulting in the increase of PCSK9 protein levels up to 118.8 ± 6.11% (p < 0.0001 Figure 5A).



In light of these results, the effect of peptide H3 on the regulation of the mature PCSK9 release was evaluated by ELISA assay. In agreement with the molecular results, peptide H3 could decrease the secretion of the mature PCSK9 by 16.58 ± 4.64% versus control (p < 0.001, Figure 5C), while pravastatin (1.0 µM) improved the release of PCSK9 up to 119.6 ± 1.18% (p < 0.001, Figure 5C).





4. Discussion


CVD is a multifactorial pathology in which oxidative and inflammatory status as well as hypercholesterolemia are among the main risk factors [31]. Peptide H3 is a multifunctional octapeptide, obtained from the hydrolysis of hempseed proteins using pepsin [15], that is transported intact by differentiated Caco-2 and is able to exert both antioxidant and anti-inflammatory activity in HepG2 cells [15,17]. These results prompted us to better investigate its multifunctional behavior. To achieve this goal, a deeper study was carried out for characterizing the potential effect of peptide H3 on cholesterol metabolism. Peptide H3 reduces the in vitro HMGCoAR activity with a dose-response trend and an IC50 value of 59 μM (Figure 1). Its activity is similar to peptide LTFPGSAED (from lupin protein hydrolysis with pepsin) and peptide VGVL (from amaranth protein hydrolysis with pepsin), displaying IC50 values equal to 68.4 and 50 µM, respectively [32]. On the contrary, peptide H3 is about 2.5-fold more potent than LILPKHSDAD (from lupin protein hydrolysis with pepsin) [18]. In addition, in contrast to other soybean peptides such as IAVPTGVA, IAVPGEVA, and LPYP (from soybean glycinin hydrolysis with pepsin), and YVVNPDNDEN and YVVNPDNNEN (from soybean β-conglycinin)—which are less effective inhibitors of HMGCoAR (IC50 values equal to 247, 222, 300 μM [33] and 150, and 200 μM [34], respectively)—peptide H3 exerts a more potent inhibitory activity of this enzyme (up to five-fold higher).



From a computational point of view, the docking results emphasize that a convenient HMGCoAR binding can be pursued by properly combining polar and hydrophobic interactions. This result is in agreement with the resolved HMGCoAR structures in complex with statins, and emphasizes that peptides which are too polar have to pay the unfavorable price of desolvation energy, regardless of their interacting capacity. In light of these evidences, the effect of peptide H3 on cholesterol metabolism was analyzed using human hepatic HepG2 cells, the major cell involved in plasma LDL cholesterol clearance due to its ability to express the highest number of active LDLR on its surface [35]. Indeed, HepG2 cells are globally considered a reliable model for investigating the cholesterol-lowering effects of bioactive agents from different sources [36,37,38,39,40].



Preliminary MTT experiments were carried out to exclude any potential dose impacting on cell viability. In line with previous evidences [15,17], the results confirmed that H3 is safe for HepG2 cells up to 100 µM (Figure S1). Based on these results, HepG2 cells were treated with 25 µM of peptide H3. Similarly to pravastatin (1 µM, the positive control), by inhibiting HMGCoAR activity, peptide H3 modulates the intracellular cholesterol pathway, leading to an increase of the LDLR and HMGCoAR protein levels through the modulation of SREBP-2 (Figure 2, Figure 3 and Figure S2). Notably, HMGCoAR is a highly-regulated enzyme [3]: it can be regulated long-term by the control of its synthesis and its degradation or short-term through phosphorylation or dephosphorylation [41]. In particular, its regulation is achieved through phosphorylation of Ser872 by AMPK, which decreases the enzyme activity [42].



The literature reports that some natural compounds such as policosanols are able to increase the phosphorylation of AMPK with the direct inhibition of HMGCoAR [43]. Furthermore, it is also known that statins are able to activate AMPK [44] with the consequence of a synergistic inhibition of HMGCoAR activity, its direct target [29]. In agreement with these evidences, our results provide a clear indication that, similarly to statins [26,27,28], peptide H3 increases the phosphorylation level of AMPK at the Thr172 residue of the catalytic subunit, which in turn produces an inhibition of HMGCoAR activity through its phosphorylation on the Ser872 residue [29], which is the phosphorylation site of AMPK (Figure 3). In line with these findings, an improvement of the p-HMGCoAR/HMGCoAR protein ratio with the consequence of a diminished enzyme activity was observed, in agreement with the literature [45] (Figure 3). Other plant peptides share the same mechanism of HMGCoAR inhibition, in particular IAVPGEVA, IAVPTGVA, and LPYP, deriving from soybean protein [38], and LTFPGSAED and LILPHKSDAD from lupin proteins [18]. In addition, it was demonstrated that this hempseed peptide increases the LDLR localized on HepG2 cell surfaces, leading from a functional point of view to the improved ability of these cells to clear extracellular LDL with a final cholesterol-lowering consequence (Figure 4). The cholesterol-lowering behavior of peptide H3 is similar to that of pravastatin; however, a different effect was observed on the PCSK9 protein levels. Interestingly, both PCSK9 and LDLR are co-regulated by SREBP-2 transcription factor [46,47]. However, since the HNF1-α binding site is unique to the PCSK9 promoter, and is not present in the LDLR promoter, the modulation of the PCSK9 transcription through HNF1-α does not affect the LDLR pathway. Thus, the co-regulation of PCSK9 from LDLR and other SREBP target genes is disconnected by the HNF1-α binding site [47,48]. In this context, it is known that statins increase the protein levels of PCSK9, which quench any effective LDL clearance by promoting LDLR degradation [49], thereby counteracting the therapeutic effects of these drugs [46].



Indeed, our results confirm that pravastatin improves the mature PCSK9 protein levels through HNF1-α enhancement; on the contrary, peptide H3 reduces both HNF1-α and PCSK9 levels. In line with these results, it was observed that only peptide H3 reduces the PCSK9 release in extracellular environments, whereas pravastatin was ineffective. This result contributes to explaining the better ability of peptide H3 to raise the level of the LDLR population localized on the surface of HepG2 cells than pravastatin. Indeed, the effect of peptide H3 on the PCSK9 protein and release levels is similar to lupin hydrolysate [38,39] but different from the behavior of the hempseed hydrolysates [12]. Indeed, only lupin hydrolysate is able to modulate the HMGCoAR activity and PCSK9 protein and release levels, whereas hempseed seems to exert the cholesterol lowering activity targeting HMGCoAR activity similarly to statin, without producing an effect on PCSK9 secretion and protein levels [12].




5. Conclusions


In this study, peptide H3 obtained from the hydrolysis of hempseed protein was shown to exert cholesterol-lowering effects, displaying a multifunctional activity which is better compared with hempseed hydrolysates (HP), especially in the modulation of PCSK9 protein and release levels. Since there is a lack of studies showing how peptide H3 affects PCSK9, relevant experiments will be carried out in the future to elucidate the specific mechanism. Indeed, it may be feasibly concluded that peptide H3 might be exploited in the future for the development of new dietary supplements and/or used as a scaffold for the synthesis of new peptidomimetics for the prevention of CVD and/or metabolic syndrome. In this context, it will be imperative to carry out in vivo experiments on suitable animal models to confirm H3 pleiotropic activity and to establish the right amount of peptides that should be consumed in the human diet or in supplements to achieve its health-promoting activity.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu14091804/s1, Figure S1: effect of H3 on HepG2 viability; Figure S2: (A) Precursor SREBP-2 protein levels (125 KDa) in cytoplasmatic fraction; (B) precursor/mature SREBP-2 ratio.





Author Contributions


Conceptualization, C.L.; methodology, J.L., C.B. and M.B.; investigation, J.L., C.B., M.B. and C.L.; data curation, C.L., A.M. and G.V.; writing—original draft preparation, J.L., C.B., M.B., G.V. and C.L.; writing—review and editing, C.L., G.V. and A.A.; supervision, C.L.; project administration, C.L.; funding acquisition, C.L. and A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors gratefully acknowledge the financial support from the China Scholarship Council for a fellowship to J.L. The authors gratefully acknowledge the Carlo Sirtori Foundation (Milan, Italy) for having provided part of the equipment used in this experimentation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Go, G.W.; Mani, A. Low-density lipoprotein receptor (LDLR) family orchestrates cholesterol homeostasis. Yale J. Biol. Med. 2012, 85, 19–28. [Google Scholar] [PubMed]

	



Mattiuzzi, C.; Sanchis-Gomar, F.; Lippi, G. Worldwide burden of LDL cholesterol: Implications in cardiovascular disease. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 241–244. [Google Scholar] [CrossRef] [PubMed]

	



Goldstein, J.L.; Brown, M.S. Regulation of the mevalonate pathway. Nature 1990, 343, 425–430. [Google Scholar] [CrossRef] [PubMed]

	



Hardie, D.G. AMPK—Sensing Energy while Talking to Other Signaling Pathways. Cell Metab. 2014, 20, 939–952. [Google Scholar] [CrossRef] [PubMed]

	



Brown, M.S.; Goldstein, J.L.J.C. The SREBP pathway: Regulation of cholesterol metabolism by proteolysis of a membrane-bound transcription factor. Cell 1997, 89, 331–340. [Google Scholar] [CrossRef]

	



Shimano, H. Sterol regulatory element-binding proteins (SREBPs): Transcriptional regulators of lipid synthetic genes. Prog. Lipid Res. 2001, 40, 439–452. [Google Scholar] [CrossRef]

	



Xiao, C.; Dash, S.; Morgantini, C.; Hegele, R.A.; Lewis, G.F. Pharmacological Targeting of the Atherogenic Dyslipidemia Complex: The Next Frontier in CVD Prevention Beyond Lowering LDL Cholesterol. Diabetes 2016, 65, 1767–1778. [Google Scholar] [CrossRef]

	



Cho, S.-J.; Juillerat, M.A.; Lee, C.-H. Cholesterol Lowering Mechanism of Soybean Protein Hydrolysate. J. Agric. Food Chem. 2007, 55, 10599–10604. [Google Scholar] [CrossRef]

	



Wang, Q.; Xiong, Y.L. Processing, Nutrition, and Functionality of Hempseed Protein: A Review. Compr. Rev. Food Sci. Food Saf. 2019, 18, 936–952. [Google Scholar] [CrossRef]

	



Leonard, W.; Zhang, P.; Ying, D.; Fang, Z. Hempseed in food industry: Nutritional value, health benefits, and industrial applications. Compr. Rev. Food Sci. Food Saf. 2020, 19, 282–308. [Google Scholar] [CrossRef]

	



Aiello, G.; Lammi, C.; Boschin, G.; Zanoni, C.; Arnoldi, A. Exploration of Potentially Bioactive Peptides Generated from the Enzymatic Hydrolysis of Hempseed Proteins. J. Agric. Food Chem. 2017, 65, 10174–10184. [Google Scholar] [CrossRef] [PubMed]

	



Zanoni, C.; Aiello, G.; Arnoldi, A.; Lammi, C. Hempseed Peptides Exert Hypocholesterolemic Effects with a Statin-Like Mechanism. J. Agric. Food Chem. 2017, 65, 8829–8838. [Google Scholar] [CrossRef] [PubMed]

	



Hartmann, R.; Meisel, H. Food-derived peptides with biological activity: From research to food applications. Curr. Opin. Biotechnol. 2007, 18, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Meng, J.; Wang, Z.; Yuan, T.; Qian, H.; Chen, W.; Tong, J.; Xie, Y.; Zhang, Y.; Zhao, J.; et al. Proanthocyanidins Attenuation of H2O2Induced Oxidative Damage in Tendon-Derived Stem Cells via Upregulating Nrf-2 Signaling Pathway. BioMed Res. Int. 2017, 2017, 7529104. [Google Scholar] [CrossRef]

	



Bollati, C.; Cruz-Chamorro, I.; Aiello, G.; Li, J.; Bartolomei, M.; Santos-Sánchez, G.; Ranaldi, G.; Ferruzza, S.; Sambuy, Y.; Arnoldi, A.; et al. Investigation of the intestinal trans-epithelial transport and antioxidant activity of two hempseed peptides WVSPLAGRT (H2) and IGFLIIWV (H3). Food Res. Int. 2022, 152, 110720. [Google Scholar] [CrossRef]

	



Sarkar, D.; Saha, P.; Gamre, S.; Bhattacharjee, S.; Hariharan, C.; Ganguly, S.; Sen, R.; Mandal, G.; Chattopadhyay, S.; Majumdar, S.; et al. Anti-inflammatory effect of allylpyrocatechol in LPS-induced macrophages is mediated by suppression of iNOS and COX-2 via the NF-κB pathway. Int. Immunopharmacol. 2008, 8, 1264–1271. [Google Scholar] [CrossRef]

	



Cruz-Chamorro, I.; Santos-Sánchez, G.; Bollati, C.; Bartolomei, M.; Li, J.; Arnoldi, A.; Lammi, C. Hempseed (Cannabis sativa) Peptides WVSPLAGRT and IGFLIIWV Exert Anti-inflammatory Activity in the LPS-Stimulated Human Hepatic Cell Line. J. Agric. Food Chem. 2022, 70, 577–583. [Google Scholar] [CrossRef]

	



Zanoni, C.; Aiello, G.; Arnoldi, A.; Lammi, C. Investigations on the hypocholesterolaemic activity of LILPKHSDAD and LTFPGSAED, two peptides from lupin β-conglutin: Focus on LDLR and PCSK9 pathways. J. Funct. Foods 2017, 32, 1–8. [Google Scholar] [CrossRef]

	



Lammi, C.; Sgrignani, J.; Roda, G.; Arnoldi, A.; Grazioso, G. Inhibition of PCSK9D374Y/LDLR Protein–Protein Interaction by Computationally Designed T9 Lupin Peptide. ACS Med. Chem. Lett. 2019, 10, 425–430. [Google Scholar] [CrossRef]

	



Pedretti, A.; Mazzolari, A.; Gervasoni, S.; Fumagalli, L.; Vistoli, G. The VEGA suite of programs: An versatile platform for cheminformatics and drug design projects. Bioinformatics 2021, 37, 1174–1175. [Google Scholar] [CrossRef]

	



Korb, O.; Stützle, T.; Exner, T.E. Empirical Scoring Functions for Advanced Protein−Ligand Docking with PLANTS. J. Chem. Inf. Modeling 2009, 49, 84–96. [Google Scholar] [CrossRef] [PubMed]

	



Vistoli, G.; Mazzolari, A.; Testa, B.; Pedretti, A. Binding Space Concept: A New Approach to Enhance the Reliability of Docking Scores and Its Application to Predicting Butyrylcholinesterase Hydrolytic Activity. J. Chem. Inf. Modeling 2017, 57, 1691–1702. [Google Scholar] [CrossRef] [PubMed]

	



Istvan, E.S.; Deisenhofer, J. Structural Mechanism for Statin Inhibition of HMG-CoA Reductase. Science 2001, 292, 1160–1164. [Google Scholar] [CrossRef] [PubMed]

	



Mosley, S.T.; Kalinowski, S.S.; Schafer, B.L.; Tanaka, R.D. Tissue-selective acute effects of inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase on cholesterol biosynthesis in lens. J. Lipid Res. 1989, 30, 1411–1420. [Google Scholar] [CrossRef]

	



Zuckerkandl, E.; Pauling, L. Evolutionary Divergence and Convergence in Proteins. In Evolving Genes and Proteins; Bryson, V., Vogel, H.J., Eds.; Academic Press: Cambridge, MA, USA, 1965; pp. 97–166. [Google Scholar]

	



Izumi, Y.; Shiota, M.; Kusakabe, H.; Hikita, Y.; Nakao, T.; Nakamura, Y.; Muro, T.; Miura, K.; Yoshiyama, M.; Iwao, H. Pravastatin accelerates ischemia-induced angiogenesis through AMP-activated protein kinase. Hypertens. Res. 2009, 32, 675–679. [Google Scholar] [CrossRef]

	



Dehnavi, S.; Kiani, A.; Sadeghi, M.; Biregani, A.F.; Banach, M.; Atkin, S.L.; Jamialahmadi, T.; Sahebkar, A. Targeting AMPK by Statins: A Potential Therapeutic Approach. Drugs 2021, 81, 923–933. [Google Scholar] [CrossRef]

	



Athyros, V.G.; Boutari, C.; Stavropoulos, K.; Anagnostis, P.; Imprialos, K.P.; Doumas, M.; Karagiannis, A.J.C.V.P. Statins: An under-appreciated asset for the prevention and the treatment of NAFLD or NASH and the related cardiovascular risk. Curr. Vasc. Pharmacol. 2018, 16, 246–253. [Google Scholar] [CrossRef]

	



Viollet, B.; Foretz, M.; Guigas, B.; Horman, S.; Dentin, R.; Bertrand, L.; Hue, L.; Andreelli, F. Activation of AMP-activated protein kinase in the liver: A new strategy for the management of metabolic hepatic disorders. J. Physiol. 2006, 574, 41–53. [Google Scholar] [CrossRef]

	



Lammi, C.; Zanoni, C.; Arnoldi, A. A simple and high-throughput in-cell Western assay using HepG2 cell line for investigating the potential hypocholesterolemic effects of food components and nutraceutics. Food Chem. 2015, 169, 59–64. [Google Scholar] [CrossRef]

	



Bays, H.E.; Taub, P.R.; Epstein, E.; Michos, E.D.; Ferraro, R.A.; Bailey, A.L.; Kelli, H.M.; Ferdinand, K.C.; Echols, M.R.; Weintraub, H.; et al. Ten things to know about ten cardiovascular disease risk factors. Am. J. Prev. Cardiol. 2021, 5, 100149. [Google Scholar] [CrossRef]

	



Soares, R.A.M.; Mendonça, S.; De Castro, L.Í.A.; Menezes, A.C.C.C.C.; Arêas, J.A.G. Major Peptides from Amaranth (Amaranthus cruentus) Protein Inhibit HMG-CoA Reductase Activity. Int. J. Mol. Sci. 2015, 16, 4150–4160. [Google Scholar] [CrossRef]

	



Lammi, C.; Zanoni, C.; Arnoldi, A. IAVPGEVA, IAVPTGVA, and LPYP, three peptides from soy glycinin, modulate cholesterol metabolism in HepG2 cells through the activation of the LDLR-SREBP2 pathway. J. Funct. Foods 2015, 14, 469–478. [Google Scholar] [CrossRef]

	



Lammi, C.; Zanoni, C.; Arnoldi, A.; Vistoli, G. Two Peptides from Soy β-Conglycinin Induce a Hypocholesterolemic Effect in HepG2 Cells by a Statin-Like Mechanism: Comparative in Vitro and in Silico Modeling Studies. J. Agric. Food Chem. 2015, 63, 7945–7951. [Google Scholar] [CrossRef]

	



Zhang, D.-W.; Lagace, T.A.; Garuti, R.; Zhao, Z.; McDonald, M.; Horton, J.D.; Cohen, J.C.; Hobbs, H.H. Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat A of low density lipoprotein receptor decreases receptor recycling and increases degradation. J. Biol. Chem. 2007, 282, 18602–18612. [Google Scholar] [CrossRef] [PubMed]

	



Shin, E.J.; Park, J.H.; Sung, M.J.; Chung, M.-Y.; Hwang, J.-T. Citrus junos Tanaka peel ameliorates hepatic lipid accumulation in HepG2 cells and in mice fed a high-cholesterol diet. BMC Complementary Altern. Med. 2016, 16, 499. [Google Scholar] [CrossRef] [PubMed]

	



Ho, S.S.; Pal, S. Margarine phytosterols decrease the secretion of atherogenic lipoproteins from HepG2 liver and Caco2 intestinal cells. Atherosclerosis 2005, 182, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Lammi, C.; Zanoni, C.; Ferruzza, S.; Ranaldi, G.; Sambuy, Y.; Arnoldi, A. Hypocholesterolaemic Activity of Lupin Peptides: Investigation on the Crosstalk between Human Enterocytes and Hepatocytes Using a Co-Culture System Including Caco-2 and HepG2 Cells. Nutrients 2016, 8, 437. [Google Scholar] [CrossRef]

	



Lammi, C.; Zanoni, C.; Calabresi, L.; Arnoldi, A. Lupin protein exerts cholesterol-lowering effects targeting PCSK9: From clinical evidences to elucidation of the in vitro molecular mechanism using HepG2 cells. J. Funct. Foods 2016, 23, 230–240. [Google Scholar] [CrossRef]

	



Donato, M.T.; Tolosa, L.; Gómez-Lechón, M.J. Culture and Functional Characterization of Human Hepatoma HepG2 Cells. In Protocols in In Vitro Hepatocyte Research; Vinken, M., Rogiers, V., Eds.; Springer: New York, NY, USA, 2015; pp. 77–93. [Google Scholar]

	



Pallottini, V.; Martini, C.; Pascolini, A.; Cavallini, G.; Gori, Z.; Bergamini, E.; Incerpi, S.; Trentalance, A. 3-Hydroxy-3-methylglutaryl coenzyme A reductase deregulation and age-related hypercholesterolemia: A new role for ROS. Mech. Ageing Dev. 2005, 126, 845–851. [Google Scholar] [CrossRef]

	



Ching, Y.P.; Davies, S.P.; Hardie, D.G. Analysis of the Specificity of the AMP-Activated Protein Kinase by Site-Directed Mutagenesis of Bacterially Expressed 3-hydroxy 3-methylglutaryl-CoA Reductase, Using a Single Primer Variant of the Unique-site-elimination Method. Eur. J. Biochem. 1996, 237, 800–808. [Google Scholar] [CrossRef]

	



Oliaro-Bosso, S.; Calcio Gaudino, E.; Mantegna, S.; Giraudo, E.; Meda, C.; Viola, F.; Cravotto, G. Regulation of HMGCoA Reductase Activity by Policosanol and Octacosadienol, a New Synthetic Analogue of Octacosanol. Lipids 2009, 44, 907. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Lee, T.-S.; Zhu, M.; Gu, C.; Wang, Y.; Zhu, Y.; Shyy, J.Y.-J. Statins Activate AMP-Activated Protein Kinase In Vitro and In Vivo. Circulation 2006, 114, 2655–2662. [Google Scholar] [CrossRef] [PubMed]

	



Levy, E.; Ouadda, A.B.D.; Spahis, S.; Sane, A.T.; Garofalo, C.; Grenier, É.; Emonnot, L.; Yara, S.; Couture, P.; Beaulieu, J.-F.; et al. PCSK9 plays a significant role in cholesterol homeostasis and lipid transport in intestinal epithelial cells. Atherosclerosis 2013, 227, 297–306. [Google Scholar] [CrossRef] [PubMed]

	



Dubuc, G.; Chamberland, A.; Wassef, H.; Davignon, J.; Seidah, N.G.; Bernier, L.; Prat, A. Statins Upregulate PCSK9, the Gene Encoding the Proprotein Convertase Neural Apoptosis-Regulated Convertase-1 Implicated in Familial Hypercholesterolemia. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1454–1459. [Google Scholar] [CrossRef]

	



Maxwell, K.N.; Fisher, E.A.; Breslow, J.L. Overexpression of PCSK9 accelerates the degradation of the LDLR in a post-endoplasmic reticulum compartment. Proc. Natl. Acad. Sci. USA 2005, 102, 2069–2074. [Google Scholar] [CrossRef]

	



Dong, B.; Li, H.; Singh, A.B.; Cao, A.; Liu, J. Inhibition of PCSK9 transcription by berberine involves down-regulation of hepatic HNF1α protein expression through the ubiquitin-proteasome degradation pathway. J. Biol. Chem. 2015, 290, 4047–4058. [Google Scholar] [CrossRef]

	



Chaudhary, R.; Garg, J.; Shah, N.; Sumner, A. PCSK9 inhibitors: A new era of lipid lowering therapy. World J. Cardiol. 2017, 9, 76–91. [Google Scholar] [CrossRef]








[image: Nutrients 14 01804 g001 550] 





Figure 1. In vitro inhibition and in silico analysis of the peptide H3 interaction with HMGCoAR. In (A), points indicate the effects of H3 and pravastatin on the HMGCoAR activity. The data points represent the averages ± S.D. of three independent experiments in triplicate. (B) shows the putative pose of H3 (in green) within the binding cavity of HMGCoAR, which is placed at the interface between the two monomers (drawn in blue and red). (C) details the key interactions stabilized by each residue of H3 (the residue labels are colored according to the monomer). 
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Figure 2. Effect of peptide H3 on LDLR pathway. HepG2 cells were treated with peptide H3 (25.0 μM) or pravastatin (1.0 µM). Mature SREBP-2 (65 KDa) on total lysate, mature SREBP-2 (65 KDa) on nuclear fraction of HepG2 cells, LDLR, β-actin, and histone H1 immunoblotting signals were detected using specific anti-SREBP-2, anti-LDLR, anti-β-actin, and anti-histone H1 primary antibodies, respectively. The total (A) and nuclear (B) SREBP-2 (65 KDa) signals, as well as the LDLR (D) signals, were quantified by ImageJ Software and normalized with β-actin or with histone H1 signals. Panel (C) indicates the nuclear/total SREBP-2 (65 KDa) ratio. Bars represent the averages of three independent experiments ± S.D., each performed in duplicate. ns: not significant, (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001 vs. control: C. 
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Figure 3. Peptide H3 and pravastatin increased HMGCoAR protein levels (A). Peptide H3 and pravastatin improved the inactive phosphorylated HMGCoAR (p-HMGCoAR) protein levels (B) due to the activation of AMPK through the augmentation of its phosphorylation on Thr172 residue (C). The ratio between p-HMGCoAR and total HMGCoAR was calculated after treatment with peptide H3 versus the C sample (D). Bars represent the averages of three independent experiments ± S.D., each performed in duplicate. ns: not significant, (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 vs. control: C. 






Figure 3. Peptide H3 and pravastatin increased HMGCoAR protein levels (A). Peptide H3 and pravastatin improved the inactive phosphorylated HMGCoAR (p-HMGCoAR) protein levels (B) due to the activation of AMPK through the augmentation of its phosphorylation on Thr172 residue (C). The ratio between p-HMGCoAR and total HMGCoAR was calculated after treatment with peptide H3 versus the C sample (D). Bars represent the averages of three independent experiments ± S.D., each performed in duplicate. ns: not significant, (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 vs. control: C.



[image: Nutrients 14 01804 g003]







[image: Nutrients 14 01804 g004 550] 





Figure 4. HepG2 cells were treated with peptide H3 (25.0 μM) or pravastatin (1.0 µM) for 24 h. (A) The percentage of LDLR protein up-regulation was measured by ICW. (B) The specific fluorescent LDL-uptake signals were analyzed by Synergy H1 (Biotek). The data points represent the averages ± S.D. of three experiments in triplicate. (*) p < 0.05, (****) p < 0.0001 vs. control: C. 
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Figure 5. After 24 h treatment with peptide H3 (25.0 μM) or pravastatin (1.0 µM), effects on the PCSK9 protein levels (A), effects on the HNF1-α protein levels (B), and effects on mature PCSK9 release (C). The Panel signals were quantified by ImageJ Software and normalized with β-actin signals. Data points represent the averages ± S.D. of three experiments in duplicate. (**) p < 0.001, (***) p < 0.001, and (****) p < 0.0001 vs. control: C. 
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