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Motivations and outlines of the PhD thesis 

In recent years, there is a significant focus on the potential health benefits of food 

peptides. These short and medium-size peptides are produced by the hydrolysis of 

food proteins and may be absorbed by the body to modulate specific metabolic 

pathways by binding or inhibiting targeted receptors. This modulation can lead to 

positive effects on metabolic diseases, making it particularly noteworthy because it 

aligns with the trend of many individuals seeking healthier lifestyles through dietary 

management rather than relying on pharmaceuticals. Additionally, bioactive peptides 

are typically associated with very low or non-existent toxic or adverse effects. Thus, 

the identification and exploration of the mechanisms behind bioactive peptides 

present the opportunity to develop innovative functional foods and nutraceuticals. 

To date, eggs, meat, fish, soybean, wheat, milk, and its derivatives have been the 

primary sources of bioactive peptides, as they are widely available and easily 

accessible. Notably, recent research has also focused on alternative sources such as 

lupin and hempseed, which are rich in protein and have shown promising health 

benefits. Lupin, a legume commonly found in Mediterranean countries, has been 

found to contain bioactive peptides that can lower blood pressure and improve 

cardiovascular health. Similarly, hempseed, derived from the industrial hemp, has 

been shown to have anti-inflammatory and antioxidant properties, making it a 

potential source of bioactive peptides that could have a range of health benefits. 

Based on these considerations, the aim of my PhD thesis was to screen and identify 

new promising peptides from lupin and hempseed protein. The identified peptides 

were evaluated for their ability to target hypercholesterolemia, which is a medical 

condition characterized by high levels of cholesterol and is a major risk factor for the 

development of cardiovascular disease (CVD). To achieve this objective, 

multidisciplinary approaches were employed, involving peptidomic techniques to 

profile the peptide sequences, molecular modeling methods to predict potentially 



11 

bioactive peptides, and biochemical and cellular tools to evaluate the bioactivity of 

peptides and to explore their possible mechanism of action. 

The thesis includes three parts:  

Part I introduces the state of the art of hypocholesterolemic peptides. Chapter 1 

reports the health-promoting effect of bioactive peptides and their molecular 

mechanisms of cholesterol-lowering. Numerous works of literature highlight the 

importance of food-derived bioactive peptides in managing hypercholesterolemia and 

even preventing cardiovascular diseases. Chapter 2 states the production, absorption 

mechanisms and bioavailability hypocholesterolemic peptides. 

Part II presents my scientific contributions in the PhD period, which contains two 

cases, including the assessment of the multi-target lupin (Lupinus albus) peptides 

(Case I) and the investigation of hempseed (Cannabis sativa) peptides (Case II). 

Case I: lupin peptides 

Chapter 3 focus on the trans-epithelial transport, metabolism, and biological activity 

assessment of the multi-target lupin peptide LILPKHSDAD (P5) and its metabolite 

LPKHSDAD (P5-met). This work demonstrated: i) P5-met is produced from P5 by 

intestinal peptidases during the transport experiments; ii) P5 and P5-met are linearly 

absorbed by differentiated human intestinal Caco-2 cells; iii) both peptides have 

unique characteristics and share the same mechanisms of action, exerting an 

intrinsically multi-target behavior being able to regulate cholesterol metabolism by 

modulating different pathways. This work highlights the dynamic nature of bioactive 

peptides that may be modulated by the biological systems they get in contact with. 

Chapter 4 is dedicated to design analogs of P5 by using a computational approach 

and then evaluate their biological activities. This study presented: i) in silico study, 

new analogs with improved affinity to PCSK9 were obtained by optimizing the 

primary structure of P5; ii) by in vitro and cellular experiments, potential analogs, 

including P5-Best (LYLPKHSDRD), P5-H6A (LILPKASDAD) and P5-S7A 

(LILPKHADAD), maintained the dual PCSK9/HMG-CoAR inhibitory activity and 

remarkably P5-Best exerted the strongest hypocholesterolemic effect. This study, 
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especially the atomistic details of the P5-Best/PCSK9 and P5-Best/HMG-CoAR 

interactions, represents a reliable starting point for the design of new promising 

molecular entities endowed with hypocholesterolemic activity. 

Case II: hempseed peptides 

Chapter 5 presents an investigation of the intestinal trans-epithelial transport and 

antioxidant activity of specific peptides from hempseed (Cannabis sativa) peptic 

hydrolysate that has been proven to display a cholesterol-lowering activity with a 

statin-like mechanism of action in HepG2 cells. Overall, this study achieved these 

results: i) five transported peptides was identified by using differentiated Caco-2 cells; 

ii) a screening of the antioxidant activity of transported hempseed peptides in vitro; iii) 

an evaluation of the antioxidant activity of selected peptides, including WVSPLAGRT 

(H2) and IGFLIIWV (H3), by cellular techniques. 

Due to the close link between inflammation and oxidative stress and with the 

objective of fostering the multifunctional behavior of bioactive peptides, Chapter 6 

was focused on the the molecular characterization of the anti-inflammatory and 

immunomodulatory properties of H2 and H3. In this work, both peptides were shown 

to modulate the production of pro (IFN-γ, TNF and IL-6)- and anti (IL-10)-

inflammatory cytokines and nitric oxide (NO) through regulation of the NF-κB and 

iNOS pathways, respectively, in HepG2 cells stimulated by lipopolysaccharides. 

Finally, the hypocholesterolemic effects of peptide H3 was investigated in HepG2 

cells. Chapter 7 elucidated the molecular mechanism of cholesterol-lowering peptide 

H3. In detail, peptide H3 is able to inhibit the 3-hydroxy-3-methylglutaryl co-enzyme 

A reductase (HMGCoAR) activity in vitro and regulate the intracellular HMGCoAR 

activity through the increase of its phosphorylation by the activation of adenosine 

monophosphate (AMP)-activated protein kinase (AMPK) pathways. Moreover, it can 

increase low-density lipoprotein (LDL) receptor (LDLR) protein levels by the 

activation of the sterol regulatory element binding proteins (SREBP)-2 transcription 

factor. Unlike the hempseed hydrolysate, 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 1α (HNF-1α). 
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Part III presents the concluding remarks and the impact of this thesis on the field of 

hypocholesterolemic peptides. In addition, the appendix contains my contributions to 

another project: integrated evaluation of the multifunctional DPP-IV and ACE 

inhibitory effect of hydrolysates digested from soybean protein, pea protein and 

casein. 
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CHAPTER 1 

1. Introduction 

1.1 Food-derived bioactive peptides 

Food proteins, apart from the well-known energetic and nutritional functions, exert 

numerous biological activities. To do this, dietary proteins must be digested into 

amino acids and peptides, which are then absorbed in adequate concentrations into 

blood circulation (Yoshikawa, 2015). Amino acids are primarily essential for physical 

development, growth, maintenance, repair and proper functioning of body organs and 

cells (Ha & Zemel, 2003), whereas bioactive peptides, specific protein fragments 

(vary from 2 to 20 amino acid residues), encrypted in the primary sequences of 

proteins, exert positive impacts on biological functions and health conditions (Xu, 

Hong, Wu, & Yan, 2019). Bioactive peptides can be released from proteins by 

enzymatic hydrolysis (exogenous or endogenous proteolytic enzymes), microbial 

fermentation, or during food processing. Once the protein was hydrolyzed, it was 

possible to purify and characterize the peptides by empirical methods. Eventually, in 

vitro, in vivo, and human studies were performed to evaluate the peptides for the 

targeted bioactivities (Arnoldi, Lammi, & Aiello, 2019). 

In order to reach their target organs, bioactive peptides must be absorbed. Especially, 

small peptides (di- and tri-peptides) are more efficiently absorbed than larger ones, 

which are susceptible to hydrolysis by enterocyte peptidases (Lundquist & Artursson, 

2016). These small bioactive peptides possess low molecular weight, high 

bioavailability, and flexible molecular structure that allow them to interact easily with 

different receptors in vitro and within the human body (Rivero-Pino, 2023; Udenigwe, 

Abioye, Okagu, & Obeme-Nmom, 2021). Bioactive peptides contribute to promoting 

several activities, including antimicrobial, antioxidant, antihypertensive, 

immunomodulatory, hypocholesterolemic, anti-diabetes, anti-inflammatory and 



16 

antithrombotic (Korhonen & Pihlanto, 2006; Mohanty, Jena, Choudhury, Pattnaik, 

Mohapatra, & Saini, 2016; Nwachukwu & Aluko, 2019). During digestion, the 

bioactive peptides can be transported across the intestinal epithelial cells and absorbed 

into the blood circulation, thus exerting biological effects (Segura-Campos, Chel-

Guerrero, Betancur-Ancona, & Hernandez-Escalante, 2011). In recent years, the 

isolation, identification and characterization of bioactive peptides have gained much 

attention and become an emerging field of research. Bioactive peptides are also of 

commercial interest as components of functional foods or nutraceuticals with specific 

health claims (Fan, Liu, Zhang, Zhang, Liu, & Wang, 2022; Mora & Toldrá, 2023). 

The increasingly poor dietary habits in modern society have resulted in epidemics of 

lifestyle-related chronic diseases. With the exponential increase in the prevalence of 

lifestyle diseases, millions of people die globally every year due to lifestyle and its 

related complications, which has become a major concern of the twenty-first century 

(Guo, Sun, Wu, & Wu, 2022). Cardiovascular disease, a chronic condition of lifestyle 

disease, is one of the leading causes of mortality worldwide, resulting in more than 

17.8 million deaths every year in the world (Gaidai, Cao, & Loginov, 2023; Mensah, 

Roth, & Fuster, 2019). Hypercholesterolemia is a metabolic condition characterized 

by elevated blood cholesterol levels, which is one of the most critical factors of 

cardiovascular disease. High levels of plasma cholesterol, particularly low-density 

lipoprotein (LDL) cholesterol, may cause arteriosclerosis by developing plaques in 

the arteries, with implication for cardiovascular disease outcome (Superko, 2000). 

Despite a few drugs that have proved to be quite effective in hypercholesterolemia, 

the safety issues associated with these compounds, such as the toxic or adverse effects 

(Bove, Cicero, & Borghi, 2019; Laufs, Banach, Mancini, Gaudet, Bloedon, Sterling, 

et al., 2019), are their limitations that stimulate research on the natural alternatives for 

the prevention and treatment of these disorders. It is worth noting that not all natural 

compounds have favorable effects on human health, as a plethora of natural toxins 

and toxic proteins/peptides exist. For instance, lectins (Van Damme, 2014; Van 

Damme, Lannoo, & Peumans, 2008) and protease inhibitors (Murdock & Shade, 2002; 

Svensson, Fukuda, Nielsen, & Bønsager, 2004) found in plant-based foods, gluten-
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derived peptides in wheat (Perez-Gregorio, Días, Mateus, & de Freitas, 2018), and 

histamine in specific fish species (Dalgaard & Emborg, 2009; Kovacova-Hanuskova, 

Buday, Gavliakova, & Plevkova, 2015) have the potential to trigger adverse reactions 

and cause poisoning in individuals. However, amidst this complexity, there is also a 

growing interest in exploring the potential benefits of certain natural compounds. 

Food-derived peptides, for example, are a group of natural compounds currently being 

investigated for the prevention and treatment of hypercholesterolemia and related 

disorders (Noce, Di Lauro, Di Daniele, Pietroboni Zaitseva, Marrone, Borboni, et al., 

2021). Inhibition of various enzymes, especially metabolic enzymes, may be an 

important function of bioactive peptides in the prevention and treatment of these 

diseases (Cicero, Fogacci, & Colletti, 2017). 

Food-derived peptides emerged as a promising strategy for controlling endogenous 

cholesterol. Notably, the limitations of food-derived peptides in managing 

endogenous cholesterol exist. Firstly, as mentioned, potentially toxic and allergenic 

peptides, often showing biological activities, may be released during the hydrolysis of 

food proteins (Khan, Niaz, & Abdollahi, 2018; Santi, Maggioli, Mastroroberto, Tufoni, 

Napoli, & Caraceni, 2012; Tordesillas, Berin, & Sampson, 2017). Additionally, 

processes such as amino acid racemization, peptide modification/derivatization 

(including the formation of iso-peptide bonds), and the Maillard reaction may occur 

during protein extraction, sample pretreatment, and peptide preparation, potentially 

leading to the formation of numerous hazardous compounds (Borad, Kumar, & Singh, 

2017; Mohan & Udenigwe, 2015; Paulus, Henle, Haeßner, & Klostermeyer, 1997). 

Moreover, the safety and efficacy of bioactive peptides can also be affected by factors 

such as the dosage (including frequency) and duration of administration (Liu, Li, 

Zheng, Bu, He, & Wu, 2020). Furthermore, the relatively limited clinical studies are 

not sufficient to demonstrate the hypocholesterolemic effects of food-derived 

bioactive peptides (Nagaoka, Takeuchi, & Banno, 2021; Patil, Usman, Zhang, 

Mehmood, Zhou, Teng, et al., 2022; Yang, Chen, Huang, Yang, Cai, Chen, et al., 2021) 

compared to other natural strategies, such as berberine sourced from plants of the 

Berberidaceae family (Feng, Sureda, Jafari, Memariani, Tewari, Annunziata, et al., 
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2019; Song, Hao, & Fan, 2020), curcumin extracted from Curcuma longa (Ashraf, 

Butt, Iahtisham Ul, Nadeem, Aadil, Rusu, et al., 2022; Zeng, Yu, Hao, Yang, & Chen, 

2021), and fermented red rice-based supplements (Chen, Chen, Xu, Ma, Hu, & Chen, 

2023). 

However, the significant advantages of food-derived peptides compared to these 

natural approaches are also noticeable. Food-derived peptides offer targeted and 

specific biological activities related to cholesterol regulation. For example, lupin 

protein peptides (Lammi, Zanoni, Calabresi, & Arnoldi, 2016; Lammi, Zanoni, 

Scigliuolo, D’Amato, & Arnoldi, 2014), soybean protein peptides (Lammi, Zanoni, & 

Arnoldi, 2015; Lammi, Zanoni, Arnoldi, & Vistoli, 2015), and milk derived peptides 

(Iwaniak & Mogut, 2020; Nagaoka, Futamura, Miwa, Awano, Yamauchi, Kanamaru, 

et al., 2001) have been shown to inhibit cholesterol synthesis enzymes, such as 3-

hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoAR), or increase 

cholesterol excretion, directly impacting cholesterol metabolism. In contrast, 

berberine-containing extracts, curcumin, and fermented red rice-based supplements 

may have broader effects on multiple pathways, which can be advantageous in some 

cases but may also introduce potential off-target effects or interfere with other 

physiological processes (Cicero, Fogacci, & Banach, 2019; Och, Podgórski, & Nowak, 

2020; Yadollahi, Dastani, Zargaran, Ghasemi, & Rahimi, 2019). Moreover, food-

derived peptides demonstrate excellent bioavailability and efficient absorption and 

utilization within the body (Patil, et al., 2022; Peng, Song, Chen, Li, & Guan, 2022). 

Conversely, berberine-containing extracts and curcumin exhibit relatively low 

bioavailability due to the factors such as poor solubility or hepatic metabolism (Behl, 

Singh, Sharma, Zahoor, Albarrati, Albratty, et al., 2022; Dei Cas & Ghidoni, 2019), 

which can hinder their effectiveness. In addition, peptide-based inhibitors, such as 

peptide-based proprotein convertase subtilisin/kexin type-9 (PCSK9) inhibitors 

(Tombling, Zhang, Huang, Craik, & Wang, 2021), can be designed for specific 

interactions with crucial enzymes, receptors, or transport proteins involved in 

cholesterol metabolism, thereby facilitating the modulation of cholesterol. The 

combination of peptide-based drugs with statins enables the targeting of both 
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cholesterol synthesis and clearance pathways, resulting in a more comprehensive and 

effective regulation of cholesterol levels (Nishikido & Ray, 2019).  

In conclusion, despite limitations, food-derived peptides have shown promise in 

managing cholesterol levels by inhibiting cholesterol synthesis enzymes, increasing 

cholesterol excretion, and interacting with key proteins involved in cholesterol 

metabolism. Further research is needed to gain a comprehensive understanding of 

their mechanisms of action in cholesterol management. The knowledge of the 

relationship between the structure and physiological regulatory function of bioactive 

peptides is crucial in advancing the industrial application of metabolic regulatory 

peptides for human health and well-being. 

1.2 Molecular mechanisms of hypoholesterolemic peptides 

Numerous studies have established that peptides exert hypocholesterolemic effects by 

modulating endogenous cholesterol levels through cholesterol metabolism pathways 

(Singh, Aluko, Hati, & Solanki, 2022). Regarding endogenous cholesterol, it can be 

modulated if the peptides can be absorbed into the blood circulating system and are 

bioavailable in the targeted organ or tissues. Thus, it is necessary to establish the 

absorption, distribution, metabolism, excretion, and toxicity of the peptides and their 

derivatives, which are directly related to the effect of peptides on endogenous 

cholesterol metabolism in tissues (Segura-Campos, Chel-Guerrero, Betancur-Ancona, 

& Hernandez-Escalante, 2011). Several studies have reported particular 

hypocholesterolemic mechanisms of food-derived peptides, mainly focusing on the 

inhibition of HMGCoAR activity, whereas PCSK9 has also received more attention 

due to its association with low-density lipoprotein (LDL) receptor (LDLR) 

degradation (Lammi, Aiello, Boschin, & Arnoldi, 2019). Meanwhile, the effect of 

food-derived peptides on the expression of proteins involved in cholesterol 

metabolism was evaluated, including transcription factors sterol regulatory element 

binding protein 2 (SREBP-2) and hepatocyte nuclear factor 1α (HNF-1α). Table 1 

summarizes food-derived peptides that exhibit hypocholesterolemic effects by 
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different mechanisms. The cholesterol-lowering mechanisms of food-derived peptides 

were discussed below.  
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Table 1. Food-derived hypocholesterolemic peptides. 

Peptide sequence 
Protein 

source 

Hydrolytic 

enzyme 

In vitro or 

in vivo 
Mechanism of action Hypocholesterolemic effect References 

Peptide mixtures Chia protein Alcalase, 

Flavourzyme 

and sequential 

Alcalase-

Flavourzyme 

In vitro Inhibition of HMGCoAR 

activity 

↓In vitro HMGCoAR activity 

(More effective at 3 mg/mL) 

(Coelho, Soares-

Freitas, Arêas, 

Gandra, & Salas-

Mellado, 2018) 

HPP and SGQR  Silkworm pupae 

protein 

neutral 

proteinase 

In vitro Inhibition of HMGCoAR 

activity 

↓The mRNA and protein level of 

HMGCoAR  

(1.2- to 1.7-fold decrease at 

0.5 mg/mL) 

(Sun, Wang, 

Wang, Zhang, 

Zhu, Li, et al., 

2021) 

DA, DD, EE, ES, and LL Dry-cured ham Generated 

during the 

manufacturing 

In vitro Inhibition of HMGCoAR 

activity (statin-like 

interactions of the 

dipeptides with 

HMGCoAR) 

↓In vitro HMGCoAR activity 

(More than 40% at 1 mM) 

(Heres, Mora, & 

Toldrá, 2021a) 

RCD and SNV Spirulina 

platensis 

Gastrointestin

al digestion 

In vitro Inhibition of HMGCoAR 

activity 

 

↓In vitro HMGCoAR activity 

(IC50: 6.9 μM and 20.1 μM, 

respectively) 

(Chen & Yang, 

2021) 
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Lunasin Soybean  In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

↓HMGCoAR expression  

↑LDLR expression 

(Galvez, 2012) 

Peptide mixtures Olive seed Alcalase In vitro and 

in vivo 

(mice) 

Inhibition of HMGCoAR 

activity 

↓HMGCoAR expression 

↑LDLR expression  

(At dose of 200 or 400 

mg/kg/day) 

(Prados, Orellana, 

Marina, & García, 

2020) 

Peptide mixtures Cowpea (raw 

and cooked 

beans) 

Gastrointestin

al digestion 

In vitro Inhibition of HMGCoAR 

activity and micellar 

cholesterol solubility  

↓In vitro HMGCoAR activity 

↓The micellar solubility of 

cholesterol 

(The peptides from the protein 

isolate of raw cowpeas inhibit 

HMGCoAR activity, while the 

peptides from cooked cowpeas 

are more effective in inhibiting 

the micellar solubility of 

cholesterol) 

(Marques, Soares 

Freitas, Corrêa 

Carlos, 

Siguemoto, 

Fontanari, & 

Arêas, 2015) 

GCTLN Cowpea bean Gastrointestin

al digestion 

In vitro Inhibition of HMGCoAR 

activity and micellar 

cholesterol solubility 

↓In vitro HMGCoAR activity 

↓The micellar solubility of 

cholesterol 

(Marques, 

Fontanari, 

Pimenta, Soares-

Freitas, & Arêas, 

2015) 

IAF, QGF, and QDF Cowpea bean 

β-vignin protein 

Gastrointestin

al digestion 

In vitro Inhibition of HMGCoAR 

activity 

(Lower cholesterol 

↓In vitro HMGCoAR activity 

(At 500 µM concentration, IAF, 

QGF, and QDF reduced the 

(Silva, 

Philadelpho, 

Santos, Souza, 
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synthesis through a statin-

like regulation 

mechanism) 

HMGCoAR activity by 69%, 

77% and 78%) 

Souza, Santiago, 

et al., 2021; Silva, 

Souza, 

Philadelpho, 

Cunha, Batista, 

Silva, et al., 2018) 

GGV, IVG, and VGVL Amaranth 

(amaranthus 

cruentus) 

Multi-enzyme 

system 

In vitro Inhibition of HMGCoAR 

activity 

↓In vitro HMGCoAR activity 

(IC50 of VGVL: 50 µM) 

(Soares, 

Mendonça, De 

Castro, Menezes, 

& Arêas, 2015) 

GEQQQQPGM Rice protein α-

globulin 

Pepsin and 

trypsin 

sequential in 

vitro digestion  

In vivo 

(hamsters) 

Lower plasma LDL 

cholesterol 

↓LDL cholesterol 

(a dose of 100 mg/kg 

bodyweight) 

(Tong, Ju, Qiu, 

Wang, Liu, Zhou, 

et al., 2017) 

Peptide mixtures Chickpea Alcalase In vivo 

(high-fat 

diet-induced 

obese rats) 

Inhibition of HMGCoAR 

activity and micellar 

cholesterol solubility 

↓HMGCoAR  

↑LDLR 

 

(Shi, Hou, Guo, & 

He, 2019) 

VFVRN Chickpea Identified 

from chickpea 

peptides by 

using 

pharmacophor

e model 

In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity  

↓In vitro HMGCoAR activity 

(0.4 mM inhibited the activity of 

HMGCoAR by 64.38%) 

↓HMGCoAR expression in 

HepG2 cells 

(Shi, Hou, Guo, & 

He, 2019) 
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Peptide mixtures 

Peptide mixtures 

Lupin (Lupinus 

albus) 

Lupin (Lupinus 

albus) 

Pepsin 

Trypsin 

In vitro 

(HepG2 

cells)  

Inhibition of HMGCoAR 

activity and PCSK9-

LDLR binding, in vitro 

Increasing SREBP-2 and 

LDLR protein levels and 

decreasing PCSK9 

production via effect on 

HNF-1α protein 

 

↓In vitro HMGCoAR activity  

(Decrease 17% by peptic 

peptides and 57% by tryptic 

peptides at 2.5 mg/mL) 

↓PCSK9-LDLR binding 

↓PCSK9 

↓HNF-1α 

↑SREBP-2 

↑LDLR 

↑LDL uptake 

↑activation of PI3K/Akt/GSK3β 

kinases 

(Lammi, Aiello, 

Vistoli, Zanoni, 

Arnoldi, Sambuy, 

et al., 2016; 

Lammi, Zanoni, 

Aiello, Arnoldi, & 

Grazioso, 2016; 

Lammi, Zanoni, 

Calabresi, & 

Arnoldi, 2016; 

Lammi, Zanoni, 

Scigliuolo, 

D’Amato, & 

Arnoldi, 2014) 

YDFYPSSTKDQQS Lupin (Lupinus 

albus) 

β-conglutin 

Pepsin In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

(Modulates cholesterol 

metabolism in HepG2 

cells via SREBP-1 

activation) 

↓In vitro HMGCoAR activity 

↑LDLR 

↑LDL uptake 

↑SREBP-1 

(Lammi, Zanoni, 

Arnoldi, & 

Aiello, 2018) 
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GQEQSHQDEGVIVR Lupin (Lupinus 

albus) 

β-conglutin 

Trypsin In vitro 

(HepG2 

cells) 

Modulates the mutant 

PCSK9D374Y Pathway, a 

dual mechanism of action 

involving either the 

modulation of the 

PCSK9D374Y or LDLR 

pathways 

↓PCSK9D374Y-LDLR binding 

(IC50: 285.6 ± 2.46 μM) 

↓PCSK9D374Y-FLAG protein 

↓HNF-1α 

↓In vitro HMGCoAR activity 

(IC50: 99.5 ± 0.56 μM) 

↓HMGCoAR 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

(Grazioso, Bollati, 

Sgrignani, 

Arnoldi, & 

Lammi, 2018; 

Lammi, Bollati, 

Lecca, 

Abbracchio, & 

Arnoldi, 2019) 

GQRQWKQAEGVMVR Analogs of 

GQEQSHQDE

GVIVR 

(Computational 

design) 

Computational 

design 

In vitro Inhibit the mutant 

PCSK9D374Y Activity 

↓PCSK9D374Y-LDLR binding 

(IC50: 147.8 ± 3.23 μM) 

(Lammi, 

Sgrignani, Roda, 

Arnoldi, & 

Grazioso, 2019) 

LILPKHSDAD Lupin (Lupinus 

albus) 

β-conglutin 

Pepsin In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity and PCSK9-

LDLR binding, in vitro 

Increasing SREBP-2 and 

LDLR protein levels and 

decreasing PCSK9 

production via effect on 

HNF-1α protein 

 

↓In vitro HMGCoAR activity 

(IC50: 147 μM) 

↓PCSK9 

↓HNF-1α 

↓PCSK9-LDLR binding 

↑p-HMGCoAR (Ser 872) 

↑p-AMPK (Thr 172) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

(Zanoni, Aiello, 

Arnoldi, & 

Lammi, 2017b) 
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LPKHSDAD Metabolite of 

LILPKHSDAD, 

during epithelial 

transport 

experiments 

Pepsin and 

intestinal 

peptidases 

In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity and PCSK9-

LDLR binding, in vitro 

Increasing SREBP-2 and 

LDLR protein levels and 

decreasing PCSK9 

production via effect on 

HNF-1α protein 

 

↓In vitro HMGCoAR activity 

(IC50: 175.3 µM) 

↓PCSK9 

↓HNF-1α 

↓PCSK9-LDLR binding 

(IC50: 1.7 µM) 

↑p-HMGCoAR (Ser 872) 

↑p-AMPK (Thr 172) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

(Lammi, Aiello, 

Bollati, Li, 

Bartolomei, 

Ranaldi, et al., 

2021) 

LYLPKHSDRD, 

LILPKASDAD, and 

LILPKHADAD 

Analogs of 

LILPKHSDAD 

 

Computational 

design 

In vitro Inhibition of HMGCoAR 

activity and PCSK9-

LDLR binding, in vitro 

Increasing SREBP-2 and 

LDLR protein levels and 

decreasing PCSK9 

production via effect on 

HNF-1α protein 

Showed the same/similar effects 

of LILPKHSDAD. 

↓In vitro HMGCoAR activity 

(IC50: 88.9 μM, 74.4 μM, and 

73.8 μM) 

↓PCSK9-LDLR binding 

(IC50: 0.7 μM, 9.0 μM, and 1.45 

μM) 

(Lammi, Fassi, Li, 

Bartolomei, 

Benigno, Roda, et 

al., 2022) 
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LTFPGSAED Lupin (Lupinus 

albus) 

β-conglutin 

Pepsin In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

Increasing SREBP-2 and 

LDLR protein levels 

↓In vitro HMGCoAR activity 

(IC50: 68 μM) 

↑p-HMGCoAR (Ser 872) 

↑p-AMPK (Thr 172) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

(Zanoni, Aiello, 

Arnoldi, & 

Lammi, 2017b) 

LTFPG Metabolite of 

LTFPGSAED, 

during epithelial 

transport 

experiments 

Pepsin and 

intestinal 

peptidases 

In vitro 

 

Inhibition of HMGCoAR 

activity 

↓In vitro HMGCoAR activity 

(Inhibit the enzyme by 4.7 ± 0.3 

and 10.3 ± 0.8% at 100 and 250 

μM) 

(Lammi, Aiello, 

Dellafiora, 

Bollati, Boschin, 

Ranaldi, et al., 

2020) 

Peptide mixtures Lupin (Lupinus 

angustifolius) 

Alcalase In vivo 

(Western 

diet-fed 

ApoE−/− 

mice) 

Exerts 

hypocholesterolemic 

effects in Western diet-fed 

ApoE−/− mice through the 

modulation of LDLR and 

PCSK9 pathways 

↓In vitro HMGCoAR activity 

(Decrased by 51.5 ± 0.6% at 2.5 

mg/mL) 

↓PCSK9 

↓HNF-1α 

↓HMGCoAR 

↑p-HMGCoAR (Ser 872) 

↑p-AMPK (Thr 172) 

↓LDLR 

↑LDL uptake 

↓SREBP-2 

(Santos-Sánchez, 

Cruz-Chamorro, 

Bollati, 

Bartolomei, 

Pedroche, Millán, 

et al., 2022) 
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IAVPGEVA, 

IAVPTGVA,  

and LPYP 

Soy glycinin Pepsin or 

trypsin 

In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

Increasing SREBP2 and 

LDLR protein levels via 

the activation of AMPK 

and ERK 1/2 

↓In vitro HMGCoAR activity 

(IC50: 222 ± 90, 274 ± 95, and 

300 ± 150 µM) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

↑p-AMPK (Thr 172) 

↑p-HMGCoAR (Ser 872) 

↑p-ERK 1/2 (Thr 202/Tyr 204) 

(Lammi, Zanoni, 

& Arnoldi, 2015) 

YVVNPDNDEN and 

YVVNPDNNEN 

Soy  

β-conglycinin 

Pepsin or 

trypsin 

In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

Increasing SREBP2 and 

LDLR protein levels 

 

↓In vitro HMGCoAR activity 

(IC50: 150 and 200 μM) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

(Lammi, Zanoni, 

Arnoldi, & 

Vistoli, 2015) 

Peptide mixtures (Including 

90 identified peptides 

belonging to 33 proteins) 

Hempseed 

(Canabis sativa) 

Pepsin In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

(Exert 

hypocholesterolemic 

effects with a statin-Like 

mechanism) 

↓In vitro HMGCoAR activity 

↑p-HMGCoAR (Ser 872) 

↑p-AMPK (Thr 172) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

↑PCSK9 

(Zanoni, Aiello, 

Arnoldi, & 

Lammi, 2017a) 
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Short-chain peptide mixture, 

medium-chain peptide 

mixture, and 

total hydrolysate 

Hempseed Alcalase In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

Increasing SREBP-2 and 

LDLR protein levels and 

decreasing PCSK9 

production via effect on 

HNF-1α protein 

↓In vitro HMGCoAR activity 

↓PCSK9 

↓HNF-1α 

↑LDLR 

↑SREBP-2 

(Cerrato, Lammi, 

Laura Capriotti, 

Bollati, Cavaliere, 

Maria Montone, 

et al., 2023) 

IGFLIIWV Hempseed 

(Cannabis 

sativa) 

Pepsin In vitro 

(HepG2 

cells) 

Inhibition of HMGCoAR 

activity 

Increasing SREBP-2 and 

LDLR protein levels and 

decreasing PCSK9 

production via effect on 

HNF-1α protein 

 

↓In vitro HMGCoAR activity 

↓PCSK9 

↓HNF-1α 

↑p-HMGCoAR (Ser 872) 

↑p-AMPK (Thr 172) 

↑LDLR 

↑LDL uptake 

↑SREBP-2 

(Li, Bollati, 

Bartolomei, 

Mazzolari, 

Arnoldi, Vistoli, 

et al., 2022) 

Lunasin (a 43-amino acid 

polypeptide) 

soybean  In vitro 

(HepG2 

cells) and in 

vivo 

(ApoE−/− 

mice) 

Inhibits PCSK9 

expression by down-

regulating HNF-1α and 

enhances LDLR 

expression via PI3K/Akt-

mediated activation of 

SREBP-2 pathway. 

↓PCSK9 at mRNA and protein 

levels 

↓HNF-1α 

↑LDLR 

↑LDL uptake 

(Fernández-Tomé 

& Hernández-

Ledesma, 2019; 

Gu, Wang, Xu, 

Tian, Lei, Zhao, 

et al., 2017) 

Hypocholesterolemic effects observed in food-derived peptides in the different in vitro and in vivo models. ↑, increase; ↓, decrease. 
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1.2.1 HMGCoAR-inhibiting effect of food-derived peptides 

Apart from obtaining cholesterol through diet, the majority of cholesterol is 

synthesized endogenously in the body. The most common pharmacological strategy 

for hypercholesterolemia treatment is based on the inhibition of HMGCoAR, which is 

the rate-controlling enzyme in the mevalonate pathway and is a key factor in 

endogenous cholesterol biosynthesis, thereby elevating the LDLR expression to 

increase the LDL particle uptake from the circulation (Friesen & Rodwell, 2004). The 

most representative oral agents targeted to HMGCoAR for the prevention and 

treatment of cardiovascular diseases associated to hypercholesterolemia are the statins, 

such as lovastatin, simvastatin, pravastatin, fluvastatin, atorvastatin, pitavastatin, and 

rosuvastatin, which are reversible competitive inhibitors of HMGCoAR (Brautbar & 

Ballantyne, 2011; Chauvin, Drouot, Barrail-Tran, & Taburet, 2013). Although statins 

are effective medications for primary or secondary prevention of CVD and are 

consumed by approximately 25% of the world population (> 65 years old), patients 

treated with statins may complain due to their undesirable side effects, such as muscle 

complaints, including muscle weakness, myalgia, stiffness, cramps, and arthralgia 

(Bellosta & Corsini, 2012; Reiner, 2014). Moreover, other limitations of statins, for 

instance, the considerable variability of individual LDL-C reduction in the response to 

statin therapy (varying from 5 to 70%) and the inability to reduce LDL-C to desirable 

and safe levels for ∼ 50% of patients, are also observed (Taylor & Thompson, 2016). 

The limitations of statins have stimulated research towards discovering new 

compounds and drugs for cholesterol management, and food-derived peptides stand 

out due to their very low or nonexistent toxic or adverse effects. 

Over the years, some food-derived peptides were found to inhibit HMGCoAR activity 

in vitro, and/or lower endogenous cholesterol levels in vivo through combining their 

statin-like effects with other mechanisms. For instance, lupin (Lupinus albus) protein 

hydrolysates digested by pepsin or trypsin were proved to reduce HMGCoAR activity 

in vitro (17% of peptic peptides and 57% of tryptic peptides at 2.5 mg/mL) and 

improved the capacity of hepatic HepG2 cells to uptake LDL-C from extracellular 
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environment by evaluating the LDLR (Lammi, Zanoni, Scigliuolo, D’Amato, & 

Arnoldi, 2014). Furthermore, the lupin protein-derived peptides LILPKHSDAD and 

LTFPGSAED have been shown more active than protein hydrolysates to inhibit 

HMGCoA activity in vitro with an IC50 values of 147 μM and 68 μM, respectively, 

and an in-silico investigation has predicted the potential binding mode to the catalytic 

site of this enzyme (Zanoni, Aiello, Arnoldi, & Lammi, 2017b). Peptides 

LPKHSDAD and LTFPG are the metabolite of LILPKHSDAD and LTFPGSAED, 

respectively, during the epithelial transport experiments, which also shown the 

inhibitor activity of HMGCoAR in vitro (Lammi, et al., 2021; Lammi, et al., 2020). In 

addition, this feature was demonstrated in vitro with theses computational design 

analogs of LILPKHSDAD, including LYLPKHSDRD (IC50 ~ 88.9 μM), 

LILPKASDAD (IC50 ~ 74.4 μM), and LILPKHADAD (IC50 ~ 73.8 μM) (Lammi, et 

al., 2022). Similarly, HMGCoAR-inhibitory peptides were also found in hempseed 

protein. A study on a culture of hepatic HepG2 cells has demonstrated that the 

cholesterol-lowering effect of hempseed protein hydrolysate digested by pepsin, is 

due to the inhibition of HMGCoAR activity with a statin-like mechanism (Zanoni, 

Aiello, Arnoldi, & Lammi, 2017a). Moreover, the HMGCoAR inhibitory activities 

were observed for hempseed protein derived short-chain peptide mixture (IC50 ~ 0.18 

mg/mL), medium-chain peptide mixture (IC50 ~ 0.25 mg/mL), and total hydrolysate 

(IC50 ~ 0.38 mg/mL), which are generated by Alcalase. Especially, a short-chain 

peptide mixture is more active on the cholesterol metabolism pathway through the 

modulation of low-density lipoprotein receptor (Cerrato, et al., 2023). Another study 

identified IGFLIIWV from hempseed protein that is a multifunctional octapeptide, 

except for antioxidant and anti-inflammatory activities, inhibiting HMGCoAR 

activity in vitro with dose-dependent manner (IC50 ~ 59 μM) (Cerrato, et al., 2023). 

One of the major sources of peptides in research on the cholesterol-lowering effect 

targeted to HMGCoAR is soybean protein. Three kinds of peptides (IAVPGEVA, 

IAVPTGVA, and LPYP) produced from soy glycinin are capable of inhibiting 

HMGCoAR activity with IC50 of 222, 274 and 300 μM in vitro, respectively (Lammi, 

Zanoni, & Arnoldi, 2015). And two soy β-conglycinin-derived peptides 
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YVVNPDNDEN and YVVNPDNNEN exhibited higher HMGCoAR inhibitory 

activity with IC50 of 150 and 175 μM, respectively (Lammi, Zanoni, Arnoldi, & 

Vistoli, 2015). Moreover, Lunasin, a 43-amino acid polypeptide initially isolated from 

soybean, has been shown to significantly reduce HMGCoAR expression in HepG2 

cells grown in cholesterol-free media (Galvez, 2012). 

In addition, peptides released from raw or cooked cowpea bean, chickpea, and olive 

seed, respectively, are capable of decreasing HMGCoAR activity besides the ability 

to reduce micellar cholesterol solubility, inhibiting cholesterol metabolism from two 

routes (Marques, Soares Freitas, Corrêa Carlos, Siguemoto, Fontanari, & Arêas, 2015; 

Prados, Marina, & García, 2018; Prados, Orellana, Marina, & García, 2020; Shi, Hou, 

Guo, & He, 2019). Moreover, smaller peptides, such as GCTLN (Marques, Fontanari, 

Pimenta, Soares-Freitas, & Arêas, 2015), IAF, QGF, and QDF (Silva, et al., 2021; 

Silva, et al., 2018) derived from cowpea bean protein, GGV, IVG and VGVL isolated 

from amaranth (Amaranthus cruentus) protein (Soares, Mendonça, De Castro, 

Menezes, & Arêas, 2015), VFVRN derived from chickpea protein (Shi, Hou, Guo, & 

He, 2019), and DA, DD, EE, ES, and LL derived from dry-cured ham (Heres, Mora, 

& Toldrá, 2021a), were also observed to inhibit HMGCoAR activity in vitro and 

some showed statin-like interactions with HMGCoAR. Small peptides, especially di- 

and tri- peptides, are generally considered to be transported across the intestine 

epithelium by pepT1 transporter or together with other transport routes in an intact 

form, and be bioavailable where activity is needed (Daniel, 2004), exerting a 

hypocholesterolemic effect. Based on these reported cases, despite food-derived 

peptides are promising for use in managing hypercholesterolemia by targeting 

cholesterol biosynthetic pathway, there is a limited knowledge on their structure–

activity relationship, bioavailability, and related research in vivo, which makes it 

necessary to conduct further investigations. 

1.2.2 PCSK9-mediated effects of food-derived peptides 

As a promising therapeutic target for endogenous cholesterol regulation, PCSK9 has 

gained increased attention, and its biological mechanism for cholesterol modulation is 
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also now well-established. PCSK9 is a major regulator of hepatocyte LDLR 

concentrations by inhibiting the receptor recycling pathway, causing excessive 

accumulation of the plasma levels of LDL-cholesterols (LDL-C), which subsequently 

accelerate atherosclerosis (Momtazi, Banach, Pirro, Katsiki, & Sahebkar, 2017). 

Specifically, LDLR is responsible for the cellular uptake and subsequent degradation 

of LDL, playing a crucial role in cholesterol homeostasis. Extracellular LDL can bind 

to the N-terminal domain of LDLR to form LDL: LDLR complex that is internalized 

by receptor-mediated endocytosis and then migrated to the endosome, where low pH 

condition drives LDLR to release LDL and recycle back to the cell surface. 

Subsequently, separated LDL is shifted to the lysosome where it is degraded to 

provide cholesterol or amino acid to the cell (Goldstein & Brown, 2009). PCSK9 can 

facilitate the catabolism of LDLR within lysosomes and block its normal recycling to 

the hepatocyte surface, via binding to LDLR on the hepatocyte surfaces (Lambert, 

Charlton, Rye, & Piper, 2009). Therefore, the inhibition of PCSK9 would diminish 

LDLR degradation, thereby lowering LDL-C concentrations in the blood, offering an 

additional therapeutic option for patients with primary and secondary cardiovascular 

events (Norata, Tibolla, & Catapano, 2014; Rosenson Robert, Hegele Robert, Fazio, 

& Cannon Christopher, 2018). 

Although approved monoclonal antibodies, including alirocumab and evolocumab 

(McDonagh, Peterson, Holzhammer, & Fazio, 2016), are very effective in lowering 

LDL-C by inhibiting PCSK9, the high costs of treatment have prevented them from 

being widely used so far (Sible, Nawarskas, & Anderson, 2016). The limitation of 

these antibodies has eventually facilitated the development of alternative drug 

modalities. For instance, small molecules, monoclonal-antibody mimetics, small 

interfering RNA inhibitors (siRNA), gene-silencing CRISPR-Cas9 technology and 

nucleic acid polymers are all at different stages of clinical development (Ahamad, 

Mathew, Khan, & Mohanan, 2022; Sible, Nawarskas, & Anderson, 2016). In addition 

to these therapeutic interventions, peptides have simulated considerable interest as 

more accessible PCSK9 antagonists for cholesterol-lowering therapy due to their 

advantageous properties, such as relatively predictable safety profiles, lower 



34 

manufacturing costs than antibodies, and the ability to engineer peptides to enhance 

oral bioavailability (Tombling, Zhang, Huang, Craik, & Wang, 2021). Over the years, 

considerable research has been devoted to discovering peptides for PCSK9 regulation, 

and plant-derived peptides have been also taken into account, as highlighted in Table 

1. 

As the lupin protein hydrolysate mentioned above, except for HMGCoAR inhibitory 

property, the ability of impairing the protein-protein interaction (PPI) between PCSK9 

and LDLR in vitro and reducing the PCSK9 protein level in HepG2 cells was detected 

(Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016). Meanwhile, another protein 

hydrolysate generated from the species narrow-leaf lupin (Lupinus angustifolius) by 

Alcalase shown hypocholesterolemic effects in western diet-fed ApoE−/− mice 

through the modulation of PCSK9 and LDLR pathways (Santos-Sánchez, et al., 2022). 

Surprisingly, the identified peptide from this hydrolysate evidenced the result. Two 

peptides LILPKHSDAD and GQEQSHQDEGVIVR, isolated from Lupinus albus 

protein hydrolysate, competitively bound to PCSK9 with moderate micromolar 

activity and were capable of restoring LDL uptake (Lammi, Zanoni, Aiello, Arnoldi, 

& Grazioso, 2016). LILPKHSDAD shown the higher inhibitory activity of PPI 

between PCSK9 and LDLR with an IC50 of 1.6 μM and decrease the PCSK9 protein 

level and its secretion in HepG2 cell. Moreover, the inhibitory activities of PPI 

between LDLR and PCSK9 for metabolite LPKHSDAD (IC50 ~ 1.7 μM) of 

LILPKHSDAD, even its analogs LYLPKHSDRD (IC50 ~ 0.7 μM), LILPKASDAD 

(IC50 ~ 9.0 μM), and LILPKHADAD (IC50 ~ 1.45 μM), were observed (Lammi, et al., 

2021; Lammi, et al., 2022). In addition, GQEQSHQDEGVIVR not only intervened 

with the PPI between PCSK9 and LDLR with an IC50 of 320 μM, but also inhibited 

the PCSK9D374Y:LDLR interaction with an IC50 of 285.6 μM (Lammi, Sgrignani, 

Roda, Arnoldi, & Grazioso, 2019). Whereas, the most active compound against wild-

type PCSK9, LILPKHSDAD, was inactive against PCSK9D374Y that is the familial 

hypercholesterolemia (FH) associated gain-of-function PCSK9 mutant (Grazioso, 

Bollati, Sgrignani, Arnoldi, & Lammi, 2018; Lammi, Bollati, Lecca, Abbracchio, & 

Arnoldi, 2019). Optimization of GQEQSHQDEGVIVR by computational design 
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(GQRQWKQAEGVMVR) gained an around twice improvement in 

PCSK9D374Y:LDLR antagonistic (IC50 ~ 147.8 μM)) activity and restored cellular 

LDLR function more efficiently (Lammi, Sgrignani, Roda, Arnoldi, & Grazioso, 

2019). This inhibitory behavior of lupin protein hydrolysate and its derived peptides 

determined an improved ability of treated HepG2 cells to uptake extracellular LDL 

with a final hypocholesterolemic effect. 

Although hempseed protein hydrolysate isolated with pepsin exerts 

hypocholesterolemic effects with a statin-like mechanism which led to an increase of 

PCSK9 levels, the identified peptide IGFLIIWV from this hydrolysate is capable of 

reducing PCSK9 protein levels and subsequent secretion of mature PCSK9 in HepG2 

cells (Li, et al., 2022). Moreover, short-chain peptide mixture, medium-chain peptide 

mixture, and total hydrolysate digested by Alcalase from hempseed protein were 

tested in HepG2 cells, resulting in the decrease expression levels of PCSK9 protein 

(Cerrato, et al., 2023). Soybean-derived peptide lunasin has been previously reported 

the inhibitory ability of HMGCoAR, and the capability of down-regulation of PCSK9 

expression as a new mechanism that increased cell-surface LDLR level and enhanced 

LDL uptake was also confirmed in vitro and in vivo (Fernández-Tomé & Hernández-

Ledesma, 2019; Gu, et al., 2017). Lunasin was found to dose-and-time dependently 

inhibit PCSK9 expression at mRNA and protein levels in HepG2 cells, thereby 

contributing to increasing LDLR level and functionally enhancing LDL uptake. 

ApoE−/− mice receiving lunasin administration by intraperitoneal injection at doses of 

0.125∼0.5 μmol/kg/day for 4 weeks had significantly lower PCSK9 and higher LDLR 

levels in hepatic tissue, as well as remarkably reduced LDL in blood versus control 

group mice (Gu, et al., 2017). Interestingly, HMGCoAR-inhibiting peptides also 

inhibited or modulated the expression of PCSK9, showing a unique synergistic and 

dual HMGCoAR/PCSK9 inhibitory ability. The activity of these peptides also suggest 

they are promising starting points for further optimization to develop new 

hypocholesterolemic compounds. Although these studies suggest potential 

hypocholesterolemia effects of food-derived peptides by inhibiting expression of 

PCSK9, only a few peptides have been investigated in this area. Thus, more efforts 
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are necessary to exploit these dual inhibitory peptides as effective cholesterol-

regulating agents. 

1.2.3 Regulation of transcription factors by peptides 

In cholesterol biosynthetic pathway, SREBP-2 is a crucial player, which functions as 

a master transcriptional regulator of cholesterol biosynthesis (Sato, 2010). SREBP-2 

is synthesized as an endoplasmic reticulum (ER) anchored precursor consisting of an 

N-terminal transcription factor domain, two transmembrane segments, and a C-

terminal regulatory domain that interacts with the domain of SREBP-cleavage 

activating protein (SCAP). To become active, the complex of SREBP-2 and SCAP 

membrane experienced a successive two-step cleavage process in Golgi to liberate the 

N- terminal fragment from the membrane. Subsequently, the processed SREBP-2 

enters the nucleus as a homodimer, binds to the sterol regulatory element (SRE) 

sequence in the promoters of target genes, including HMGCoAR, LDLR and PCSK9, 

and upregulates their transcription (Horton, Goldstein, & Brown, 2002; Sato, 2010). 

Thus, SREBP-2 activation is important for cholesterol homeostasis, since its target 

genes are crucial in cholesterol synthesis and uptake. Food derived peptides have been 

found to influence SREBP-2-mediated processes with hypocholesterolemic activity. 

For instance, peptides isolated from lupin (Lupinus albus) can increase the expression 

of LDLR at protein level by the activation of SREBP-2 pathway, resulting in an 

improved capability of HepG2 cells to uptake LDL from extracellular environment 

(Lammi, Zanoni, Scigliuolo, D’Amato, & Arnoldi, 2014). The up-regulation of 

SREBP-2 was associated with activation of the PI3K/Akt/GSK3b pathway in cultured 

hepatocytes. This feature has been also proved in the identified peptides 

GQEQSHQDEGVIVR (Lammi, Bollati, Lecca, Abbracchio, & Arnoldi, 2019) and 

LILPKHSDAD (Zanoni, Aiello, Arnoldi, & Lammi, 2017b), which effectively 

increased SREBP-2 and LDLR protein leves followed by improvement of HepG2 

cells LDL-uptake. Soy glycinin-derived peptides, IAVPGEVA, IAVPTGVA and 

LPYP, also modulated cholesterol metabolism in HepG2 cells through the activation 

of the LDLR/SREBP-2 pathway (Lammi, Zanoni, & Arnoldi, 2015). Moreover, two 
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peptides YVVNPDNDEN and YVVNPDNNEN generated from soy β-conglycinin 

also showed the ability to increase SREBP-2 protein level, leading to elevated LDLR 

and LDL uptake in HepG2 cells (Lammi, Zanoni, Arnoldi, & Vistoli, 2015). 

Meanwhile, LDLR expression was up-regulated by lunasin via PI3K/Akt-mediated 

activation of SREBP-2 in HepG2 cells (Gu, et al., 2017). Similarly, total protein 

hydrolysates, medium-chain peptide mixture and short-chain peptide mixture derived 

from hempseed increased the protein level of SREBP-2 with concomitant 

augmentation in the protein levels of LDLR and HMGCoAR (Cerrato, et al., 2023). 

This cholesterol-lowering mechanism has also been observed for a specific peptide 

IGFLIIWV identified from hempseed protein (Li, et al., 2022). 

Unlike SREBP-2 transcription factor, HNF-1α transcriptionally upregulated PCSK9 

by binding to the HNF1 site on the PCSK9 promoter without direct effect on LDLR 

and HMGCoAR expression (Liu, Zhu, Jiang, Li, & Lv, 2022), which are regulated by 

only SREBP-2 transcription factor, in HepG2 cells. HNF-1α knockdown resulted in 

reduction of circulating PCSK9 protein levels and accumulation of intracellular 

cholesterol in HepG2 hepatocytes and in primary hepatocytes of normolipidemic mice 

(Shende, Wu, Singh, Dong, Kan, & Liu, 2015). Moreover, the absence of HNF-1α 

function caused a higher accumulation of lipid droplets and increased intracellular 

cholesterol accumulation in HepG2 cells transfected with HNF-1α siRNA (Hu, Huang, 

Han, & Ji, 2020). Furthermore, HNF-1α can directly upregulate the transcription of 

microRNA (miR)-122 to enhance miR-122-inhibited SCAP expression and to 

interfere with the maturation of SREBP-2, leading to a decrease in lipid biosynthesis 

and lipid uptake by HepG2 cells (Liu, Zhu, Jiang, Li, & Lv, 2022). These findings 

demonstrated that HNF-1α plays an important role in the regulation of intracellular 

cholesterol metabolism. Hempseed derived peptide IGFLIIWV has been found to 

decrease circulating protein levels of PCSK9 by down-regulated the expression of 

HNF-1α (Li, et al., 2022), independent of SREBP2 transcription factor, showing a 

different and distinct hypocholesterolemic mechanism in HepG2 cells. This 

mechanism of action to affect PCSK9 protein levels by decreasing HNF-1α was 

evidenced in treated HepG2 cell by hempseed peptide mixture (Cerrato, et al., 2023), 
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including short-chain peptide mixture, medium-chain peptide mixture, and total 

hydrolysate, respectively. Lupin peptide LILPKHSDAD, its metabolite LPKHSDAD 

and its analogs (LYLPKHSDRD, LILPKASDAD, and LILPKHADAD) reduced 

PCSK9 protein levels by decreasing HNF-1α, thereby improving the functional ability 

of HepG2 to uptake extracellular LDL (Lammi, et al., 2021; Lammi, et al., 2022). 

HepG2 cells treated with lunasin inhibited the expression of PCSK9 at mRNA and 

protein levels in a dose-and-time dependent manner via down-regulating HNF-1α, 

thereby contributing to increasing LDLR level and functionally enhancing LDL 

uptake (Gu, et al., 2017). 

It is anticipated that a strategic combination of food-sourced peptides that focuses on 

various metabolic and signaling pathways will result in significant 

hypocholesterolemic effects in living organisms, and may eradicate the side effects 

associated with long-term usage of a single approach, particularly HMGCoA 

reductase inhibition. 

1.3 Hypocholesterolemic peptides exhibiting multifunctional 

behavior 

Peptides with antioxidant and anti-inflammatory features were identified in hempseed. 

Octapeptide IGFLIIWV obtained from the hydrolysis of hempseed proteins using 

pepsin could be transported intact by differentiated Caco-2 cells and exert cholesterol-

lowering effects in HepG2 cell line. Briefly, peptide IGFLIIWV inhibited the 

HMGCoAR activity in vitro in a dose-dependent manner with an IC50 value of 59 µM. 

Furthermore, the activation of the SREBP-2 transcription factor, followed by the 

increase of low-density lipoprotein LDLR protein levels, was observed in HepG2 

cells treated with peptide IGFLIIWV at 25 µM. Similar to statins, peptide IGFLIIWV 

increased the phosphorylation level of adenosine monophosphate-activated protein 

kinase (AMPK) at the Thr172 residue of the catalytic subunit, which in turn produces 

an inhibition of intracellular HMGCoAR activity through its phosphorylation on the 

Ser872 residue (the inactive form of HMGCoAR), which is the phosphorylation site 
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of AMPK. 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. In addition, peptide IGFLIIWV can reduce 

the PCSK9 protein levels and its secretion in the extracellular environment via the 

decrease of transcription factor HNF-1α (Li, et al., 2022). 

The antioxidant property of peptide IGFLIIWV has been confirmed in vitro and at 

cellular level (Bollati, Cruz-Chamorro, Aiello, Li, Bartolomei, Santos-Sánchez, et al., 

2022). In vitro assessment, at the concentration 25 µM, IGFLIIWV (1) scavenged the 

2,2-azino-bis-(3-ethylbenzo-thiazoline-6-sulfonic) acid (ABTS) radical by 146.1%, (2) 

had 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical scavenging activity equal 

to 29.8%, (3) scavenged the peroxyl radicals generated by 2,2′-azobis (2-

methylpropionamidine) dihydrochloride up to 181.8% in oxygen radical absorbance 

capacity (ORAC) test, and (4) increased the ferric reducing antioxidant power (FRAP) 

by 299.3%, displaying a significant antioxidant behavior. Regarding cellular assays, 

peptide IGFLIIWV was able to reduce the H2O2-induced reactive oxygen species 

(ROS) and lipid peroxidation by 23.2% and 44% at 25 µM versus HepG2 cells treated 

with H2O2 alone, respectively. The reduction of H2O2-induced nitric oxide (NO) 

production levels was observed after treatment of HepG2 cells with peptide 

IGFLIIWV, which was associated with the regulation of inducible nitric oxide 

synthase (iNOS). Moreover, peptide IGFLIIWV suppressed H2O2-induced oxidant 

stress by modulating the nuclear factor erythroid 2-related factor 2 (Nrf-2) pathway 

that plays a crucial role in the protection against oxidative stress and is responsible for 

the maintenance of homeostasis and redox balance in cells and tissue. 

Inflammation can be triggered by a wide variety of stimuli, including pathogens, 

damaged cells, toxins, and allergens. The release of these inflammatory mediators, 

such as cytokines, tumor necrosis factor α (TNF-α), prostaglandins (PGs), nitric oxide 

(NO), and leukotrienes (LTs), is a key aspect of the inflammatory response. These 

mediators play a central role in coordinating the immune response and orchestrating 

the various cellular and physiological processes that are involved in the healing and 

repair of damaged tissue (Chakrabarti, Jahandideh, & Wu, 2014). It is also worth 
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mentioning that the balance between pro-inflammatory and anti-inflammatory 

mediators is critical for the proper resolution of inflammation. As far as anti-

inflammatory activity is concerned, the regulation of inflammation by the peptide 

IGFLIIWV is due to its capacity to modulate the production and release of cytokines 

though the regulation of the nuclear factor-κB (NF-κB) and iNOS pathways (Cruz-

Chamorro, Santos-Sánchez, Bollati, Bartolomei, Li, Arnoldi, et al., 2022). Since the 

NF-κB pathway plays a major role in the pro-inflammatory response, peptide 

IGFLIIWV (25 µM) has the ability to reduce both NF-κB and its more active 

phosphorylated form (p(Ser276)NF-κB) protein levels in lipopolysaccharide (LPS)-

stimulated HepG2 cells, thus mitigating the inflammatory effect. In fact, peptide 

IGFLIIWV has been shown to effectively suppress the production of pro-

inflammatory cytokines (IFN-γ: −13.1 ± 2.0%, TNF: −20.3 ± 1.7%, and IL-6: −15.1 ± 

6.5%), while promoting the expression of anti-inflammatory cytokine IL-10 (+26.0 ± 

2.3%), and the reduction of the iNOS protein level and NO production was observed 

as well. 

A recent review summarizes the major biological activity of lunasin (Lammi, Aiello, 

Boschin, & Arnoldi, 2019), evidence suggest that this polypeptide is also antioxidant, 

hypocholesterolemic, and anti-inflammatory.  
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CHAPTER 2 

2. Production, absorption mechanisms and bioavailability 

of hypocholesterolemic peptides 

2.1 Production of hypocholesterolemic peptides 

The generation of hypocholesterolemic peptides from food can be accomplished by a 

number of strategies, whereas all the strategies are based on enzymatic hydrolysis, 

microbial fermentation or chemical hydrolysis (Korhonen & Pihlanto, 2006; Ulug, 

Jahandideh, & Wu, 2021). Enzymatic hydrolysis is the most common method to 

obtain hypocholesterolemic peptides from their original protein source and may 

involve one or multiple enzymes. Enzymatic hydrolysis has more advantages than the 

other methods due to the use of mild temperature and pH conditions, the selectivity of 

commercial enzymes compared with chemical hydrolysis, the absence of secondary 

products that often appears during microbial fermentations and the absence of 

chemical compounds that makes this type of hydrolysis more friendly to the 

environment (Aluko, 2012; Xue, Yin, Howell, & Zhang, 2021). The process of 

enzymatic hydrolysis is simple and easy to inactivate and, once optimized, it can yield 

high amounts of bioactive peptides with good quality. 

Many natural peptides are produced from food proteins during normal human 

digestion process, hydrolyzed by gastrointestinal enzymes, such as pepsin, pancreatin, 

trypsin, α-chymotrypsin, and peptidases. Enzymes from plants, food, bacteria and 

fungi, and commercial enzymes are also commonly used to produce peptides from 

various proteins (da Silva, 2017). For instance, food-grade enzyme (i.e., Alcalase) can 

release hypocholesterolemic peptides from different plant proteins such as lupin, soy, 

hempseed, and olive seed (Cerrato, et al., 2023; Prados, Marina, & García, 2018; 

Santos-Sánchez, et al., 2022). The type of hypocholesterolemic peptide produced after 

protein hydrolysis depends on the type of protease selected, as different enzymes have 

different cleavage sites and could produce different peptides even from the same 
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substrate. For instance, when white lupin protein is hydrolyzed by pepsin or trypsin, 

peptides with different amino acid sequences and HMGCoAR-inhibitory activity are 

produced. In fact, the hydrolysate produced by pepsin showed lower HMGCoAR-

inhibitory activity in vitro (−17%) at the maximum tested dose (2.5 mg/mL), whereas 

the hydrolysate produced by trypsin significantly inhibited the HMGCoAR activity in 

vitro by 57% at the same concentration (Lammi, Zanoni, Scigliuolo, D’Amato, & 

Arnoldi, 2014). Moreover, the hydrolysate produced by Alcalase from narrow-leaf 

lupin caused a reduction of HMGCoAR activity in vitro by 51.5% at the concentration 

of 2.5 mg/mL (Santos-Sánchez, et al., 2022). Interestingly, hempseed was digested 

with Alcalase and pepsin, respectively, and both hydrolysates showed HMGCoAR-

inhibitory activity, whereas the hydrolysate produced from Alcalase was able to 

decrease the PCSK9 protein level in HepG2 cells (Cerrato, et al., 2023), while the 

hydrolysate generated from pepsin showed an opposite activity which facilitated the 

expression of PCSK9 (Zanoni, Aiello, Arnoldi, & Lammi, 2017a). Furthermore, the 

combination of different enzymes would influence the peptides produced further and 

some known hypocholesterolemic peptides deriving from plant proteins have been 

generated by a multi-enzyme system that simulates gastrointestinal digestion, as 

reported for the investigation of rice protein hydrolysates (Tong, et al., 2017). Thus, 

the selection of the enzyme exerting suitable endo- and exopeptidase activities is 

crucial steps in the production of hypocholesterolemic peptides. 

In addition, numerous processing methods, including microwave, pulsed electric field, 

high hydrostatic pressure, and ultrasound, may be combined with enzymatic 

hydrolysis to increase protein digestibility and peptide release (Marciniak, Suwal, 

Naderi, Pouliot, & Doyen, 2018; Ulug, Jahandideh, & Wu, 2021). It is believed that 

the processing techniques may cause the protein to unfold and increase the 

accessibility of the enzyme to break the peptide bonds. A study reported that the rate 

of β-lactoglobulin hydrolysis was increased 5–10 times under the treatment of high 

hydrostatic pressure (300 or 450 MPa) together with specific enzymes (trypsin, 

chymotrypsin and a protease from Bacillus licheniformis) (Knudsen, Otte, Olsen, & 

Skibsted, 2002). The reason is that pressure can affect the conformation of β-
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lactoglobulin, causing it to unfold and expose some hydrophobic areas, thereby 

increasing the enzyme-substrate collision rate. This in turn strengthens enzymatic 

activity, increasing the rate of protein hydrolysis and promoting the release of active 

peptides. In another study, high-pressure-assisted hydrolysis with commercial 

enzymes was employed to increase the levels of active peptides in Spirulina platensis 

hydrolysates, and two HMGCoAR-inhibiting peptides (RCD and SNV) were 

identified (Chen & Yang, 2021). Likewise, cholesterol micelle formation inhibitory 

peptides were released from fermented seabass byproduct through high hydrostatic 

pressure-assisted protease hydrolysis (Chen, Lin, Huang, Lin, & Lin, 2021). 

Eovalbumin (Quirós, Chichón, Recio, & López-Fandiño, 2007), chickpea protein 

(Zhang, Jiang, Miao, Mu, & Li, 2012) and pinto bean protein (Garcia-Mora, Peñas, 

Frias, Zieliński, Wiczkowski, Zielińska, et al., 2016), have been explored in this 

context. Besides high hydrostatic pressure, ultrasonic-assisted technology has also 

been used in the production of hypocholesterolemic peptides because of its ability to 

unfold protein structure and strengthen the affinity between enzymes and proteins 

(Umego, He, Ren, Xu, & Ma, 2021). For example, mung bean hydrolysate exhibited 

higher inhibition of cholesterol solubilization after the pre-treatment of 

thermosonication (Ashraf, Liu, Awais, Xiao, Wang, Zhou, et al., 2020). Ultrasound-

assisted sodium bisulfite pre-treatment improved the cholesterol-lowering activity of 

soybean protein hydrolysates after simulated gastrointestinal digestion by loosening 

soybean protein structure and exposing more hydrophobic groups (Huang, Li, Li, 

Ruan, Roknul Azam, Ou Yang, et al., 2021). Moreover, peptides with different 

hypocholesterolemic activities may also result from these various procedures. For 

example, the peptides from the protein isolate of raw cowpeas inhibit HMGCoAR 

activity, while the peptides from cooked cowpeas are more effective in inhibiting the 

micellar solubility of cholesterol (Marques, Soares Freitas, Corrêa Carlos, Siguemoto, 

Fontanari, & Arêas, 2015). This may be due to the treatment temperature of cowpeas, 

which causes greater protein denaturation and release of various bioactive peptides. 

Overall, processing technologies are being applied in the production of 
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hypocholesterolemic peptides and have been found to reduce the time and costs of 

processing and improve the yield of bioactive peptides. 

On the other hand, modern in silico strategies based on simulation using 

bioinformatics tools are also supplying large amounts of data in comparison to the 

empirical approaches traditionally used. For higher hydrolysis rates and larger 

production, continuous reactors are being developed by using membranes or 

immobilized enzymes (Alavi & Ciftci, 2023; Regnier & Kim, 2014; Sitanggang, 

Sumitra, & Budijanto, 2021). Although much research has been performed at 

laboratory scale, further research is needed to overcome the challenges related to 

large-scale production of hypocholesterolemic peptides. 

2.2 Digestion, transportation, and absorption of 

hypocholesterolemic peptides 

The hypocholesterolemic effect of peptides in vitro does not determine their 

cholesterol-lowering effects in vivo, because there are several physical and biological 

barriers that must be overcome before they can reach blood circulation system 

(Amigo & Hernández-Ledesma, 2020). The hypocholesterolemic peptides in vivo can 

be stimulated only if these peptides are transported across the intestinal barrier into 

blood circulation system in an intact or active form with adequate concentrations and 

must reach their target organs and tissues. Thus, the hypocholesterolemic effect of 

peptides is subject to their resistance to hydrolysis by gastrointestinal tract proteases 

and brush border peptidases, and their permeability into blood circulation system in 

an intact or active form (Rutherfurd-Markwick, 2012; Shen & Matsui, 2017).  

2.2.1 Gastrointestinal digestion 

The digestive enzymes in the gastrointestinal tract may act upon the 

hypocholesterolemic peptides, and the resistance of a peptide to digestive enzymes 

depends on whether there are cleavage sites for digestive enzymes in its sequence and 

whether these cleavage sites are exposed (Ahmed, Sun, & Udenigwe, 2022). Most of 

peptides generated from proteins enter the intestine, which plays a key role in 
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absorption of peptides. The intestinal brush-border membrane, which is highly folded, 

provides a large surface area for metabolic activities, such as enzyme secretion and 

transporter presentation (Picariello, Miralles, Mamone, Sánchez-Rivera, Recio, Addeo, 

et al., 2015). Some hypocholesterolemic peptides can be produced in the 

gastrointestinal tract during protein digestion by multiple microbial or digestive 

enzymes in the brush-border membrane. Generally, in vitro digestion systems can be 

used to produce hypocholesterolemic peptides and study their resistance to 

gastrointestinal degradation. Enzymes, including pepsin, trypsin, pancreatic protease, 

elastase, α-chymotrypsin, and carboxypeptidases A and B are commonly used to 

mimic the process of human gastrointestinal digestion (Guerra, Etienne-Mesmin, 

Livrelli, Denis, Blanquet-Diot, & Alric, 2012). For instance, two hypocholesterolemic 

peptides VKP and VKK have been identified from freshwater clam hydrolysate with 

in vitro gastrointestinal digestion, display the bile-acid-binding capacity and 

inhibitory activity of cholesterol micelle formation (Lin, Tsai, & Chen, 2017). 

Cowpea bean, S. platensis protein, and rice protein have been investigated in this 

context (Chen & Yang, 2021; Marques, Fontanari, Pimenta, Soares-Freitas, & Arêas, 

2015; Tong, et al., 2017). 

The stability of peptides in gastrointestinal digestion depends on the length and 

molecular size of the peptides and their structural characteristics (Picariello, Siano, Di 

Stasio, Mamone, Addeo, & Ferranti, 2023). Numerous studies have shown that 

peptides with a molecular weight above 3 kDa are more likely to be hydrolyzed by 

gastrointestinal enzymes than those below 3 kDa (Dupont & Mackie, 2015). Another 

study suggested that small peptides (2 ~ 6 amino acids) are less susceptible to 

hydrolysis by digestive enzymes, probably due to a reduced number of enzyme-

susceptible peptide bonds and less structural flexibility (Xu, Hong, Wu, & Yan, 2019). 

Structural properties, including hydrophobicity, net charge, acid-base properties, C- 

and N-terminal amino acid residues, amino acid sequence, and amino acid 

composition, all have an impact on the digestive stability of peptides (Pei, Gao, Pan, 

Hua, He, Liu, et al., 2022). Generally, peptides containing high content of proline 

residues, especially at the C-terminal, are more resistant to degradation by digestive 
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enzymes (Dupont & Mackie, 2015; Segura-Campos, Chel-Guerrero, Betancur-

Ancona, & Hernandez-Escalante, 2011). This behavior is in agreement with 

experimental evidence that many tripeptides with proline residues were detected in 

human blood plasma after oral ingestion of corn and wheat hydrolysates, 

demonstrating marked stability to in vivo digestive conditions (Akika, Megumi, 

Yasushi, & Kenji, 2018). Peptides containing acidic amino acids were reported to 

display higher resistance to gastrointestinal enzymes in comparison with peptides 

containing neutral and basic amino acids, such as Arg, His and Lys (Agudelo, 

Gauthier, Pouliot, Marin, & Savoie, 2004; Wang, Wang, & Li, 2016). Moreover, net 

negatively charged peptide fractions with higher acidic amino acid contents were 

reported to easily escape from in vitro gastrointestinal digestion than positively 

charged fractions containing a higher amount of basic and aromatic residues (Ao & Li, 

2013). Regarding hydrophobicity, high numbers of hydrophobic amino acids, such as 

Val and Leu, would cause the lower stability of peptides, which are susceptible to 

enzymatic digestions. As a recent review has reported that Leu was completely absent 

at the C-terminal of stable peptides but accounted for a large proportion of C-terminal 

cleavages in unstable peptides (Ahmed, Sun, & Udenigwe, 2022). This finding is 

consistent with the specificity of carboxypeptidase A1, which preferentially cleaves at 

C-terminal hydrophobic residues such as Leu. In addition, the cyclization induced by 

disulfide bond link age would potentially prevent susceptible peptide bonds from 

enzymatic cleavage during gastrointestinal digestion (Góngora-Benítez, Tulla-Puche, 

& Albericio, 2014; Wang, Yadav, Smart, Tajiri, & Basit, 2015). 

2.2.2 Intestinal transport and potential bioavailability of hypocholesterolemic 

peptides 

It is important to note that there is not any specific mechanism of transport for 

hypocholesterolemic peptides, which are transported using the same mechanisms as 

other bioactive peptides (Xu, Hong, Wu, & Yan, 2019). Caco-2 cells derived from a 

human intestinal adenocarcinoma can be employed to investigate peptide transport 

and resistance of peptide to hydrolysis by brush border peptidases on the intestinal 
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cell membrane. The peptides can be transported across the intestinal epithelial cells 

through one or more routes, including peptide transport 1 (PepT1)-mediated routes, 

the paracellular route via tight junctions, transcytosis via vesicles and passive 

transcellular diffusion (Miner-Williams, Stevens, & Moughan, 2014; Xu, Hong, Wu, 

& Yan, 2019). Trans-epithelial transport and routes of transport of peptides vary 

based on physicochemical properties, including net charge, hydrophobicity, chain 

length and sequence of the peptide (Segura-Campos, Chel-Guerrero, Betancur-

Ancona, & Hernandez-Escalante, 2011). 

Commonly, di- and tripeptides can be actively transported intact across the brush 

border membrane of the epithelial cells into enterocytes via PepT1, which is 

responsible for the transportation of small peptides (< 500 Da). PepT1 is mainly 

distributed in the intestinal brush border membrane and is a high-capacity and low-

affinity transporter that takes advantage of the proton’s gradient between the intestinal 

lumen (pH 5.5–6.0) and epithelial cells (pH 7.0) (Wang, Xie, & Li, 2019). For 

example, antihypertensive peptides IPP and LKP isolated from bonito fish muscle and 

bovine milk β-casein, respectively, have been evidenced to be transported in part via 

the PepT1 using in vitro, ex vivo, and in vivo intestinal models (Gleeson, Brayden, & 

Ryan, 2017). Two peptides IW and IWH generated from spent hen also could pass 

through the intestinal epithelium via PepT1 in human intestinal Caco-2 cell 

monolayers (Fan, Xu, Hong, & Wu, 2018). Other food-derived peptides, like YPY, IV, 

AP (Wang & Li, 2017), IQW (Xu, Fan, Yu, Hong, & Wu, 2017), GP and IRW 

(Bejjani & Wu, 2013), can be transported by PepT1 transporter. However, thousands 

of transported di- and tripeptides are reported as anti-hypertensive, antioxidant, 

antidiabetic, and anti-inflammatory peptides (Xu, Hong, Wu, & Yan, 2019), and few 

kinds of literature have reported the mechanism of transport of di- or tripeptides with 

cholesterol-lowering activity. For instance, dry-cured ham derived dipeptides DA, DD, 

EE, ES, and LL (Heres, Mora, & Toldrá, 2021b), amaranth (amaranthus cruentus) 

derived tripeptides GGV and IVG (Tovar-Pérez, Lugo-Radillo, & Aguilera-Aguirre, 

2019), and cowpea bean β-vignin protein derived tripeptides IAF, QGF, and QDF 

(Silva, et al., 2021), are identified as HMGCoAR inhibitors in vitro without 
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information about the mechanism of their transport. As mentioned in a recent review, 

400 dipeptides and 8,000 tripeptides can be recognized and transported by the PepT1 

(Xue, Yin, Howell, & Zhang, 2021), without selecting for specific amino acid 

sequence. Therefore, the mechanism of transport of these HMGCoAR inhibitory di- 

and tripeptides may involve PepT1-mediated route, which needs to be verified. 

The passive paracellular route is influenced by peptide properties and tends to 

transport low molecular weight peptides (500 ~ 1600 Da) that are water-soluble 

(hydrophilic), whereas peptides with high hydrophobicity are more easily transported 

by simple passive transcellular diffusion or by transcytosis (Xu, Hong, Wu, & Yan, 

2019; Xue, Yin, Howell, & Zhang, 2021). In a recent study (Lammi, et al., 2021), 

lupin peptide LILPKHSDAD with a dual HMGCoAR/PCSK9 inhibitory activity was 

examined the intestinal transport ability in the differentiated Caco-2 cell model. Since 

LILPKHSDAD is a decapeptide with a net charge (−1) and a hydrophobicity (+17.79 

kcal/mol), it might be preferentially transported by passive transcellular diffusion or 

by transcytosis. It is difficult to assess the transport through the passive diffusion 

route due to the lack of regulators of this route, whereas wortmannin can be used as a 

transcytosis inhibitor to investigate the transcytosis route (Vij, Reddi, Kapila, & 

Kapila, 2016). In the presence of wortmannin, the transport of LILPKHSDAD was 

significantly impaired, which suggested that LILPKHSDAD is mainly transported by 

the transcytotic route. Another study investigated the intestinal trans-epithelial 

transport of hempseed peptides IGFLIIWV with hypocholesterolemic activity, and 

results suggested that this peptide may be preferentially transported by paracellular 

route and/or by transcytosis due to its hydrophobic property (Bollati, et al., 2022). 

Generally, intestinal transport and the route of transport of hypocholesterolemic 

peptides, especially via transcytosis, have been shown to depend on molecular weight, 

net charge, and hydrophobicity of peptides, with small-sized, positively charged and 

hydrophobic peptides being generally more permeable than others (Shimizu & Ok 

Son, 2007). Nevertheless, the structural requirements of peptides for transepithelial 

transport in general are currently not well understood. This highlights the need for 
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comprehensive structure-transport relationship investigations by employing known 

bioavailable peptides and physiologically relevant intestinal models. 

Furthermore, the in vivo bioactivities of some peptides may be also directly associated 

with their fragments generated by the action of peptidases during intestinal transport 

(Daroit & Brandelli, 2021; Karaś, 2019). For example, the peptide LPKHSDAD was 

produced by hydrolysis of LILPKHSDAD by Caco-2 cell peptidases and transported 

across the cell monolayer via a passive diffusion mechanism or the paracellular route, 

and not by intracellular transcytosis due to unaffected by wortmannin. LPKHSDAD 

was also proved to exert a hypocholesterolemic behavior and shared the same 

mechanism of action with its native peptide (Lammi, et al., 2021). However, in some 

cases, metabolism under the action of peptidases may generate a fragment whose 

activity is enhanced and/or shifted to different targets. The HMGCoAR inhibitory 

peptide LTFPGSAED from white lupin protein hydrolysates was reported to be 

hydrolyzed to LTFPG by Caco-2 cell peptidases, and both the native peptide and its 

fragment were transported across the cell monolayer (Lammi, et al., 2020). Especially, 

LTFPGSAED was transported across the cell monolayer by transcellular route, 

whereas the mechanism of transport of LTFPG may involve the paracellular route. 

Although LTFPG maintains a modest ability to reduce the in vitro HMGCoAR 

activity, it is an effective hypotensive peptide whose activity has been demonstrated 

either in vitro or in vivo whereas its native peptide LTFPGSAED is a poor inhibitor of 

the ACE activity. This phenomenon may be invocated to explain the multifunctional 

activities of peptides in vivo and the difference observed between in vitro assays and 

in vivo results. Based on in vitro bioactivity, the transported peptides are strong 

candidates for further evaluation of hypocholesterolemic properties and/or other 

health-promoting activities at the tissue levels in vivo. 

In addition, despite their permeability across the intestinal epithelium, many bioactive 

peptides are not bioavailable in substantial amounts in vivo. An 8.5% decrease in 

plasma PCSK9 level followed by a cholesterol-lowering effect was observed in 

mildly hypercholesterolemic humans who consumed 30 g of lupin protein/day for 4 

weeks (Lammi, Zanoni, Calabresi, & Arnoldi, 2016). Although this may suggest that 
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the hypocholesterolemic peptides were absorbed, detection and quantification of the 

parent peptides in the serum and tissues are crucial to validating their biostability and 

bioavailability. Based on the limited literatures in this area, short chain hydrophobic 

peptides are hypothesized to be more resistant to hydrolysis by intestinal brush border 

proteases and to permeate the intestinal epithelium in their intact form (Daniel, 2004). 

Some hypocholesterolemic peptides that are not absorbed through the intestine can 

also offer health benefits by binding bile acid and inhibiting cholesterol micellar 

solubility to modulate dietary cholesterol metabolism in the gut (Nagaoka, Nakamura, 

Shibata, & Kanamaru, 2010). Unabsorbed bioactive peptides may also influence the 

gut microbiota population and metabolism in a special way to exert a positive 

cholesterol-lowering state (Ashaolu, 2020). Given that gut microbiota has been 

reported to mediate other health-promoting effects of bioactive peptides, future 

studies should consider defining the role of gut microbiota in the hypocholesterolemic 

properties of unabsorbed peptides (Guo, Yi, Hu, Shi, Xin, Gu, et al., 2021; Wu, 

Bekhit, Wu, Chen, Liao, Wang, et al., 2021; Yu, Amorim, Marques, Calhau, & 

Pintado, 2016).  
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3. Abstract 

P5 (LILPKHSDAD) is a hypocholesterolemic peptide from lupin protein with a 

multi-target activity, since it inhibits both 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMGCoAR) and proprotein convertase subtilisin/kexin type-9 (PCSK9). 

This work shows that, during epithelial transport experiments, the metabolic 

transformation mediated by intestinal peptidases produces two main detected peptides, 

ILPKHSDAD (P5-frag) and LPKHSDAD (P5-met), and that both P5 and P5-met are 

linearly absorbed by differentiated human intestinal Caco-2 cells. Extensive 

comparative structural, biochemical, and cellular characterizations of P5-met and the 

parent peptide P5 demonstrate that both peptides have unique characteristics and 

share the same mechanisms of action. In fact, they exert an intrinsically multi-target 

behavior being able to regulate cholesterol metabolism by modulating different 

pathways. The results of this study also highlight the dynamic nature of bioactive 

peptides that may be modulated by the biological systems they get in contact with. 

3.1 Introduction 

In addition to their nutritional values, proteins provide numerous health benefits 

through their ability to modulate one or more targets involved in specific 

physiological pathways (Lammi, Aiello, Boschin, & Arnoldi, 2019; Udenigwe & 

Aluko, 2012). This generally depends on the formation of bioactive peptides that are 

processed by digestion from the protein sequences and subsequently absorbed at the 

intestinal level (Aiello, Ferruzza, Ranaldi, Sambuy, Arnoldi, Vistoli, et al., 2018; 

Amigo-Benavent, Clemente, Caira, Stiuso, Ferranti, & del Castillo, 2014; Fan, Yu, 

Liao, & Wu, 2020). These peptides eventually reach the organs where they modulate 

the target of interest, exerting their biological activity. Indeed, food bioactive peptides 

are increasingly recognized for their great potential of improving human health and 

preventing chronic diseases (Chakrabarti, Guha, & Majumder, 2018). 

In this framework, lupin protein hydrolysates, obtained by treating the proteins with 

pepsin and trypsin, show synergistic hypocholesterolemic effects through the 
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modulation of both 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoAR) 

and proprotein convertase subtilisin/kexin type-9 (PCSK9) targets (Lammi, Aiello, 

Vistoli, Zanoni, Arnoldi, Sambuy, et al., 2016; Lammi, Zanoni, Aiello, Arnoldi, & 

Grazioso, 2016; Lammi, Zanoni, Calabresi, & Arnoldi, 2016; Lammi, Zanoni, 

Ferruzza, Ranaldi, Sambuy, & Arnoldi, 2016; Lammi, Zanoni, Scigliuolo, D’Amato, 

& Arnoldi, 2014). In fact, both the peptic and tryptic hydrolysates decrease 

HMGCoAR activity in vitro, inducing the intracellular low-density lipoprotein 

receptor (LDLR) pathway, reducing the PCSK9 one, and improving the ability of 

human hepatic HepG2 cells to uptake low-density lipoproteins (LDL) from the 

extracellular environment (Lammi, Zanoni, Calabresi, & Arnoldi, 2016; Lammi, 

Zanoni, Scigliuolo, D’Amato, & Arnoldi, 2014). In addition, these lupin hydrolysates 

impair the protein–protein interaction (PPI) between PCSK9 and LDLR (Lammi, 

Zanoni, Aiello, Arnoldi, & Grazioso, 2016). Although it seems possible that these 

complementary activities might be due to the synergistic effects of different peptides 

in the hydrolysates, it cannot be excluded that single peptides endowed of a multi-

target inhibitory behavior may be present inside these hydrolysates, which have a very 

complex composition. 

Recently, it has been possible to identify from the peptic hydrolysate peptide P5 

(LILPKHSDAD), one of the most potent food peptides capable of inhibiting the PPI 

between PCSK9 and LDLR (Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016; 

Zanoni, Aiello, Arnoldi, & Lammi, 2017). A molecular docking analysis has allowed 

to simulate the effects induced by P5 on this PPI. In fact, the superimposition of P5 on 

the EGF-A domain of LDLR co-crystallized with PCSK9 (PDB code 4NE9) shows a 

good overlapping, justifying the P5 inhibitory property (Lammi, Zanoni, Aiello, 

Arnoldi, & Grazioso, 2016). In parallel, an experiment has demonstrated that P5 is 

able to reduce the catalytic activity of HMGCoAR with an IC 50 value of 147.2 µ M 

and an in silico investigation has predicted the potential binding mode to the catalytic 

site of this enzyme (Zanoni, Aiello, Arnoldi, & Lammi, 2017). Through the inhibition 

of the HMGCoAR activity, P5 increases the LDLR protein level on HepG2 cells 

through the activation of the SREBP-2 transcription factor and, through a down-
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regulation of HNF-1α, it reduces the PCSK9 protein levels and its secretion in the 

extracellular environment (Zanoni, Aiello, Arnoldi, & Lammi, 2017). This unique 

synergistic multi-target inhibitory behavior of P5 determines an improved ability of 

HepG2 cells to uptakeextracellular LDL with a final hypocholesterolemic effect. In 

the peptic protein hydrolysate, P5 stands out also for its favorable transport across the 

in vitro model of the intestinal barrier provided by differentiated human Caco-2 cells 

(Lammi, et al., 2016). 

Considering the very peculiar features of P5, it appeared necessary to get a deeper 

insight of its bioavailability. Therefore, the first objective of this study was an 

investigation of the behavior of P5 in the differentiated Caco-2 cell model, focusing 

the attention either on the transport or the possible concomitant degradation by active 

peptidases expressed on the apical (AP) membrane, and consequent production of 

metabolites. For a better understanding of the transport phenomenon, two different 

conditions were examined, i.e., P5 alone and in mixture with two other lupin peptides, 

YDFYPSSTKDQQS (P3) and LTFPGSAED (P7), which had already been shown to 

be transported in the same model system (Lammi, Aiello, Dellafiora, Bollati, Boschin, 

Ranaldi, et al., 2020). Interestingly, an abundantly transported metabolite, 

LPHKSDAD (P5-met), was identified in these experiments. According to the 

hypothesis that this breakdown peptide may retain a multi-target activity, the second 

objective of the work was an extensive structural, biochemical, and cellular 

characterization of P5-met in comparison with P5 as the reference compound. 

3.2 Material and methods 

3.2.1 Chemicals 

Dulbecco’s modified Eagle’s medium (DMEM), stable L-glutamine, fetal bovine 

serum (FBS), phosphate buffered saline (PBS), penicillin/streptomycin, 

chemiluminescent reagent, and 96-well plates were purchased from Euroclone (Milan, 

Italy). The HMGCoAR assay kit, bovine serum albumin (BSA), Janus Green B, 

formaldehyde, HCl and H2SO4 were from Sigma-Aldrich (St. Louis, MO, USA). The 
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antibody against LDLR and the 3,3', 5,5' -tetramethylbenzidine (TMB) substrate were 

bought from Thermo Fisher Scientific (Waltham, MA, USA). The Quantikine ELISA 

kit was bought from R&D Systems (Minnneapolis, MN, USA). The LDL-DyLightTM 

550 was from Cayman Chemical (Ann Arbor, MI, USA). The CircuLex PCSK9 in 

vitro binding Assay Kit was from CircuLex (CycLex Co., Nagano, Japan). The 

peptides (P5, P5-met, P3, and P7) were synthesized by the company GeneScript 

(Piscataway, NJ, USA) at > 95% purity. The antibody against HMGCoAR was 

bought from Abcam (Cambridge, UK). Phenylmethanesulfonyl fluoride (PMSF), Na-

orthovanadate inhibitors, and the antibodies against rabbit Ig-horseradish peroxidase 

(HRP), mouse Ig-HRP, and SREBP-2 (which recognizes epitope located in a region 

between 833–1141 and bands at about 132 kDa) were purchased from Santa Cruz 

Biotechnology Inc. (Santa Cruz, CA, USA). The antibodies against hepatocyte 

nuclear factor 1-alpha (HNF1-alpha) and PCSK9 were bought from GeneTex (Irvine, 

CA, USA). The inhibitor cocktail Complete Midi was from Roche (Basel, 

Switzerland). Mini protean TGX pre-cast gel 7.5% and Mini nitrocellulose Transfer 

Packs were purchased from BioRad (Hercules, CA, USA). 

3.2.2 Caco-2 Cell Culture and Differentiation 

Human intestinal Caco-2 cells, obtained from INSERM (Paris, France), where 

cultured according to a published protocol (Natoli, Leoni, D’Agnano, Zucco, & 

Felsani, 2012). For differentiation, they were seeded on polycarbonate filters, 12 mm 

diameter, 0.4 µ m pore diameter (Transwell, Corning Inc., Lowell, MA, US) at a 3.5 × 

105 cells/cm2 density in complete medium supplemented with 10% FBS in both AP 

and BL compartments for 2 d to allow the formation of a confluent cell monolayer. 

Starting from day three after seeding, cells were transferred to FBS-free medium in 

both compartments, supplemented with ITS (final concentration 10 mg/L insulin (I), 

5.5 mg/L transferrin (T), 6.7 µg/L sodium selenite (S); GIBCO-Invitrogen, San 

Giuliano Milanese, Italy) only in the basolateral (BL) compartment, and allowed to 

differentiate for 18–21 days with regular medium changes three times weekly 

(Ferruzza, Rossi, Sambuy, & Scarino, 2013). 
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3.2.3 Cell Monolayers Integrity Evaluation 

The transepithelial electrical resistance (TEER) of differentiated Caco-2 cells was 

measured at 37 °C using the voltmeter apparatus Millicell (Millipore Co., Billerica, 

MA, USA), immediately before and at the end of the transport experiments. In 

addition, at the end of transport experiments, cells were incubated from the AP side 

with 1 mM phenol-red in PBS containing Ca ++ (0.9 mM) and Mg ++ (0.5 mM) for 1 

h at 37 °C, to monitor the paracellular permeability of the cell monolayer. The BL 

solutions were then collected and NaOH (70 µL, 0.1 N) was added before reading the 

absorbance at 560 nm by a microplate reader Synergy H1 from Biotek (Winooski, VT, 

USA). Phenol-red passage was quantified using a standard phenol-red curve. Only 

filters showing TEER values and phenol-red passages similar to untreated control 

cells were considered for peptide transport analysis. 

3.2.4 Trans-Epithelial Transport Experiments 

Prior to experiments, the cell monolayer integrity and differentiation were checked by 

TEER measurement as described in detail above. Peptide trans-epithelial passage was 

assayed in differentiated Caco-2 cells in transport buffer solution (137 mM NaCl, 5.36 

mM KCl, 1.26 mM CaCl2, and 1.1 mM MgCl2, 5.5 mM glucose) according to 

previously described conditions. In order to reproduce the pH conditions existing in 

vivo in the small intestinal mucosa, the apical (AP) solutions were maintained at pH 

6.0 (buffered with 10 mM morpholinoethane sulfonic acid), and the basolateral (BL) 

solutions were maintained at pH 7.4 (buffered with 10 mM N-2-

hydroxyethylpiperazine-N-4-butanesulfonic acid). Prior to transport experiments, 

cells were washed twice with 500 µL PBS containing Ca ++ and Mg ++. Peptide 

transportation by mature Caco-2 cells was assayed by loading the AP compartment 

with P5 alone, in mixture with YDFYPSSTKDQQS (P3) and LTFPGSDAD (P7), 

and/or P5-met (500 µM) in theAP transportsolution (500 µL) and theBL compartment 

with the BL transport solution (700 µL). The plates were incubated at 37 °C and the 

BL solutions were collected at different time points (i.e., 15, 30, 60, 90, and 120 min) 

and replaced with fresh solutions pre-warmed at 37 °C. All BL and AP solutions 
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collected at the end of the transport experiment were stored at – 80 °C prior to 

analysis. Three independent transport experiments were performed, each in duplicate. 

In order to assess the involvement of transcytotic process in peptides passage, parallel 

transport experiments were performed in the presence of 500 nM wortmannin in both 

the AP and BL compartment, over 60 min incubation time. 

3.2.5 LC-MS/MS Operating Conditions 

The medium collected at the end of transport experiments from AP and BL chambers 

(500 µL and 700 µL, respectively) were freeze-dried and residues were solubilized in 

HPLC water (100 µL). Samples were desalted with C18 resin ZipTip by using 80% 

ACN, 0.1% FA as eluent (Millipore Corporation, Bedford, MA, USA). Each sample 

was lyophilized under speed-vacuum for 5 h at 30 °C and re-dissolved in 50 µL (0.1% 

formic acid), before MS analysis. Purified BL samples were analyzed on a SL IT 

mass spectrometer interfaced with a HPLC- Chip Cube source (Agilent Technologies, 

Palo Alto, CA, USA). Data were processed with MSD Trap control 4.2, and Data 

analysis 4.2 version (Agilent Technologies, Palo Alto, CA, USA). The 

chromatographic separation was performed using a 1200 HPLC system equipped with 

a binary pump. The peptide enrichment was performed on a 160 nL enrichment 

column (Zorbax 300SB-C18, 5 µm pore size, Agilent Technologies Italia SpA, Milan, 

Italy), followed by separation on a 150 mm × 75 µm analytical column packed 

(Zorbax300SB-C18, 5 µ m pore size, Agilent Technologies Italia SpA, Milan, Italy). 

The samples (1 µL), acidified with formic acid, were loaded onto the enrichment 

column at a flow rate 4 µL/min using isocratic 100% C solvent phase (99% water, 1% 

ACN and 0.1% formic acid). After clean-up, P5-met was injected into the mass 

spectrometer at the constant flow rate of 300 nL/min. The LC solvent A was 95% 

water, 5% ACN, 0.1% formic acid; solvent B was 5% water, 95% ACN, 0.1% formic 

acid. The nano-pump gradient program was as follows: 5% solvent B (0 min), 70% 

solvent B (0–8 min), and back to 5% in 2 min. The drying gas temperature was 

300 °C, flow rate 3 L/min (nitrogen). Data acquisition occurred in positive ionization 

mode. Capillary voltage was − 1900 V, with endplate offset − 500V. Mass spectra 
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were acquired with ICC target 30,000, and maximum accumulation time 150 ms. The 

LC/MS analysis were performed in multiple reaction monitoring (MRM) mode. 

Specifically, the monitored MRM transitions of P5-met were from the mono-charged 

precursor ion [M + H] + (m/z 882.43) to product-ions m/z 678.3 and 407.1, 

respectively. 

3.2.6 Calibration Curve for the Quantification of Absorbed P5-Met and 

Method Validation 

The quantitative analysis of P5-met in the BL samples was carried out by the Ion Trap 

MS in MRM mode, monitoring two of the most intense diagnostic transitions (882.43 

§ 678.3 and 882.43 § 407.1), after optimization of the acquisition parameters, such as 

retention time, MS profile, and MS/MS fragmentation spectrum (Supplementary 

Materials, Figure S1). A blank was analyzed between samples to ensure the absence 

of any carryover effect. Seven different concentrations of standard peptide P5-met 

ranging from 0.1, 0.4, 0.8, 1.5, 3, 5, and 10 µM were analyzed in three technical 

replicates. To determine the relation between the peak area under the curves and the 

concentration of peptide, the calibration curve was built by plotting the mean response 

factor (peak area) against the respective concentrations of P5-met. Then, BL samples 

were analyzed using the same optimized parameters. Data were processed by Data 

analysis v.4.2 (Agilent Technologies, Palo Alto, CA, USA). The peak areas of all 

monitored transitions from P5-met were integrated and used for the quantification. 

The analytical method was validated in terms of selectivity, linearity, limit of 

detection (LOD), limit of quantification (LOQ), accuracy and precision, according to 

the guidelines for bioanalytical method validation of the Center for Drug Evaluation 

and Research of the 

U.S. Food and Drug Administration (Food and Drug Administration 2001). Quality 

control samples were obtained by spiking peptide P5-met (0.5 µM) in a BL sample 

from control Caco-2 cells. 



76 

3.2.7 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. 

3.2.8 HMGCoAR Aactivity Assay 

The experiments were carried out following the manufacturer instructions and 

optimized protocol (Aiello, Lammi, Boschin, Zanoni, & Arnoldi, 2017). The assay 

buffer, NADPH, substrate solution, and HMGCoAR were provided in the 

HMGCoAR Assay Kit (Sigma Aldrich SRL, Milan, Italy). The experiments were 

carried out following the manufacturer instructions at 37 °C. In particular, each 

reaction (200 µL) was prepared adding the reagents in the following order: 1 × assay 

buffer, a 10–500 µM doses of P5 and P5-met or vehicle (C), the NADPH (4 µL), the 

substrate solution (12 µL), and finally the HMGCoAR (catalytic domain) (2 µL). 

Subsequently, the samples were mixed and the absorbance at 340 nm read by the 

microplate reader Synergy H1 (Winooski, VT, USA) at time 0 and 10 min. The 

HMGCoAR-dependent oxidation of NADPH and the inhibition properties of peptides 

were measured by absorbance reduction, which is directly proportional to enzyme 

activity. 

3.2.9 In Vitro PCSK9-LDLR Binding Assay 

Peptides P5 and P5-met (0.1–100 µM) were tested using the in vitro PCSK9-LDLR 

binding assay (CycLex Co., Nagano, Japan) following the manufacture instructions 

and conditions already optimized (Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 

2016). Briefly, plates are pre-coated with a recombinant LDLR-AB domain 

containing the binding site of PCSK9. Before starting the assay, tested peptides and/or 

the vehicle were diluted in the reaction buffer and added in microcentrifuge tubes. 

Afterwards, the reaction mixtures were added in each well of the microplate and the 

reaction was started by adding His-tagged PCSK9 solution (3 µL). The microplate 
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was allowed to incubate for 2 h at room temperature (RT) shaking at 300 rpm on an 

orbital microplate shaker. Subsequently, wells were washed 4 times with the wash 

buffer. After the last wash, the biotinylated anti-His-tag monoclonal antibody (100 µL) 

was added and incubated at RT for 1h shaking at 300 rpm. After incubation, wells 

were washed for 4 times with wash buffer. After the last wash, 100 µL of HRP-

conjugated streptavidin were addedand the plate was incubated for 20 min at RT. 

After incubation, wells were washed 4 times with wash buffer. Finally, the substrate 

reagent (tetra-methylbenzidine) was added, and the plate was incubated for 10 min at 

RT shaking at ca. 300 rpm. The reaction was stopped with 2.0 M sulfuric acid and the 

absorbance at 450 nm was measured using the Synergy H1 fluorescent plate reader 

(Winooski, VT, USA). 

3.2.10 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, cells were washed with PBS and then starved overnight (O/N) in 

DMEM without FBS and antibiotics. After starvation, HepG2 cells were treated with 

4.0 µg/mL PCSK9-WT and 4.0 µg/mL PCSK9 + peptides P5 and/or P5-met (50 µM) 

and vehicle (H2O) for 2 h at 37 °C under 5% CO2 atmosphere. Subsequently, they 

were fixed in 4% paraformaldehyde for 20 min at room temperature (RT). Cells were 

washed 5 times with 100 µL of PBS/well (each wash was for 5 min at RT) and the 

endogenous peroxides activity quenched adding 3% H2O2 for 20 min at RT. Non-

specific sites were blocked with 100 µL/well of 5% bovine serum albumin (BSA, 

Sigma) in PBS for 1.5 h at RT. LDLR primary antibody solution (1:3000 in 5% BSA 

in PBS, 25 µL/well) was incubated O/N at + 4 °C. Subsequently, the primary 

antibody solution was discarded and each sample was washed 5 times with 100 

µL/well of PBS (each wash was for 5 min at RT). Goat anti-rabbit Ig-HRP secondary 

antibody solution (Santa Cruz) (1:6000 in 5% BSA in PBS, 50 µL/well), was added 

and incubated 1 h at RT. The secondary antibody solution was washed 5 times with 

100 µ L/well of PBS (each wash for 5 min at RT). Freshly prepared TMB substrate 

(Pierce, 100 µL/well) was added and the plate was incubated at RT until desired color 
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was developed. The reaction was stopped with 2 M H2SO4 and then the absorbance at 

450 nm was measured using the microplate reader Synergy H1 (Winooski, VT, USA). 

After the read, cells were stained by adding 1 × Janus Green stain, incubating for 5 

min at RT. The dye was removed and the sample washed 5 times with water. 

Afterward 100 µL 0.5 M HCl for well were added and incubated for 10 min. After 10 

seconds shaking, the OD at 595 nm was measured using the microplate reader 

Synergy H1 (Winooski, VT, USA). 

3.2.11 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. The third day, cells were washed with PBS and 

then starved overnight (O/N) in DMEM without FBS and antibiotics. After starvation, 

they were treated with 4.0 µg/mL PCSK9 and 4.0 µg/mL PCSK9 + P5 and P5-met 

peptides (50.0 µM), and vehicle (H2O) for 2 h with at 37 °C under 5% CO2 

atmosphere. At the end of the treatment, the culture medium was replaced with 50 

µL/well LDL-DyLight ™ 550 working solution (Cayman Chemical Company, Ann 

Arbor, MI, USA) prepared in DMEM without FBS and antibiotics. The cells were 

additionally incubated for 2 h at 37 °C and then the culture medium was aspirated and 

replaced with PBS (100 µL/well). The degree of LDL uptake was measured using the 

Synergy H1 fluorescent plate reader (Winooski, VT, USA) (excitation and emission 

wavelengths 540 and 570 nm, respectively). Fluorescent LDL-uptake was finally 

assessed following optimized protocol (Zanoni, Aiello, Arnoldi, & Lammi, 2017). 

3.2.12 Western Blot Analysis 

Immunoblotting experiments were performed using optimized protocol (Zanoni, 

Aiello, Arnoldi, & Lammi, 2017). A total of 1.5 × 105 HepG2 cells/well (24-well 

plate) were treated with 50 µM of P5 and P5-met for 24 h. After each treatment, the 

supernatants were collected and stored at –80 °C; cells were scraped in 40 µL ice-cold 

lysis buffer (RIPA buffer+ inhibitor cocktail + 1:100 PMSF + 1:100 Na-

orthovanadate + 1:1000 β-mercaptoethanol) and transferred in ice-cold 
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microcentrifuge tubes. After centrifugation at 13,300 g for 15 min at 4 °C, the 

supernatants were recovered and transferred into new ice-cold tubes. Total proteins 

were quantified by the Bradford’s method and 50 µg of total proteins loaded on a 

precast 7.5% Sodium Dodecyl Sulfate-Polyacrylamide (SDS-PAGE) gel at 130 V for 

45 min. Subsequently, the gel was pre-equilibrated in H2O for 5 min at room 

temperature (RT) and transferred to a nitrocellulose membrane (Mini nitrocellulose 

Transfer Packs,) using a Trans-Blot Turbo at 1.3 A, 25 V for 7 min. Target proteins, 

on milk or BSA blocked membrane, were detected by primary antibodies as follows: 

anti-SREBP-2, anti-LDLR, anti-HMGCoAR, anti-PCSK9, anti HNF-1α and anti-β-

actin. Secondary antibodies conjugated with HRP and a chemiluminescent reagent 

were used to visualize target proteins and their signal was quantified using the Image 

Lab Software (Biorad, Hercules, CA, USA). The internal control β-actin was used to 

normalize loading variations. 

3.2.13 Quantification of PCSK9 Secreted by HepG2 Cells through ELISA 

The supernatants collected from treated HepG2 cells (50.0 µM of P5 and/or P5-met) 

were centrifuged at 600 × g for 10 min at 4 °C and ELISA assay performed using 

protocol already optimized (Zanoni, Aiello, Arnoldi, & Lammi, 2017). They were 

recovered and diluted to the ratio 1:10 with DMEM in a new ice-cold tube. PCSK9 

was quantified by ELISA (R&D System, Minneapolis, MN, USA). Briefly, the 

experiments were carried out at 37 °C, following the manufacturer’s instructions. 

Before starting the assay, human PCSK9 standard curve (20.0, 10.0, 5.0, 2.5, 1.25, 

and 0.625 ng/mL) was prepared by serial dilutions from a 40 ng/mL stock. 100 µL of 

the Assay Diluent RD1-9 (provided into the kit) were placed in each well, before 

adding the standards and the samples (50 µL) and incubating the ELISA plate for 2 h 

at RT. Subsequently, wells were washed 4 times with the wash buffer, and 200 µL of 

human PCSK9-conjugate (HRP-labelled anti-PCSK9) was added to each well for 2 h 

at RT. Following aspiration, wells was washed 4 times with the kit wash buffer. After 

the last wash, 200 µL of substrate solution were added to the wells and allowed to 

incubate for 30 min at RT. The reaction was stopped with 50 µL of the stop solution 
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(2 M sulfuric acid) and the absorbance at 450 nm was measured using Synergy H1 

microplate (Winooski, VT, USA). 

3.2.14 Molecular Modeling 

The PCSK9/P5-met model was built starting from the coordinates of the PCSK9/P5 

complex model reported by us (Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016). 

Here, the first two residues (residues LI) of peptide P5 were manually removed from 

the PCSK9/P5 complex model, by means of the molecular modeling tools available in 

Maestro software (Schrödinger Inc, Mannheim, Germany.). Then, the resulting 

complex model was energy minimized and equilibrated through three MD simulations 

replicas (each lasting more than 300 ns) utilizing the pmemd.cuda module of AMBER 

2017 package (Case, Cerutti, Cheatham, Darden, Duke, Giese, et al., 2017). In the 

production runs, the computational protocol applied in our previous studies (Lammi, 

Sgrignani, Arnoldi, & Grazioso, 2019; Lammi, Sgrignani, Arnoldi, Lesma, Spatti, 

Silvani, et al., 2019) was applied. In particular, the ff14SB AMBER force field (Maier, 

Martinez, Kasavajhala, Wickstrom, Hauser, & Simmerling, 2015) was used for the 

protein, while the TIP3P model (Mao & Zhang, 2012) was used to explicitly represent 

water molecules (about 25,000). Then, after the addition of the sodium ions needed to 

neutralize the overall charge of the simulation system, the MD trajectories acquired in 

the production runs were examined by visual inspection with VMD (Humphrey, 

Dalke, & Schulten, 1996), ensuring that the thermalization did not cause any 

structural distortion. Finally, the three MD replicas’ trajectory frames were collected 

in order to cluster the conformations assumed by the small peptide backbone atoms 

bound on the PCSK9 surface. The cluster analysis was performed using the cpptraj 

module of AMBER17 (Case, et al., 2017). By this, the MD frames were divided into 

clusters by the complete average linkage algorithm, and the PCSK9/P5-met complex 

conformations with the lowest root mean square deviation (RMSD) to the cluster 

centers (the structures representative of the cluster, SRC), were acquired and visually 

inspected. MM-GBSA calculations were performed on the most populated cluster of 

P5-met conformations, the MMPBSA.py module of AMBER17 (Case, et al., 2017) 
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package was used to this aim. The computational details and applied parameters of 

these calculations were the ones reported on our previous paper (Lammi, Sgrignani, 

Arnoldi, & Grazioso, 2019). 

3.2.15 Circular Dichroism (CD) Spectroscopy 

Circular dichroism (CD) spectra were recorded in continuous scanning mode (190–

300 nm) at 25 °C using a Jasco J-810 (Jasco Corp., Tokyo, Japan) spectropolarimeter. 

All spectra were collected using a 1 mm path-length quartz cell and averaged over 

three accumulations (speed: 10 nm min−1). A reference spectrum of distilled water 

was recorded and subtracted from each spectrum. 

3.2.16 Statistical Analysis 

All the data sets were checked for normal distribution by D’Agostino and Pearson test. 

Since they are all normally disturbed with p-values < 0.05, we proceeded with 

statistical analyses by One-Way ANOVA followed by 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. 

3.3 Results 

3.3.1 Intestinal Transport of P5 Alone or in Combination with Other Peptides 

across Caco-2 Cells 

Recently, we have demonstrated that the intestinal transport of a peptide is highly 

influenced by the presence of other peptides (Lammi, et al., 2020). For this reason, the 

kinetics of the transport of P5 was investigated in two different conditions, i.e., either 

when it was alone or in a mixture with P3 (YDFYPSSTKDQQS) and P7 

(LTFPGSAED), two lupin peptides that had already been shown to be transported in 

the same model system (Lammi, et al., 2020; Lammi, et al., 2016). Each peptide was 

added in the AP compartment at the final concentration of 500 µM. As shown in 

Figure 3.1A, in both conditions, P5 was linearly transported across the Caco-2 cells 
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monolayer as a function of time. When it was alone, the rate of absorption was 16.3 ± 

0.3 nmoles / (mL × min) (R2 0.999), whereas in the mixture the rate was 80.3 ± 0.4 

nmoles / (mL × min) (R2 0.988) (Figure 3.1A). Moreover, at the end of the incubation 

(2 h), the amount of P5 in the BL compartment was about 3.5-fold higher when it was 

tested in mixture (1.1 ± 0.2 µg, equal to 0.99 nmoles) than when it was tested alone 

(0.3 ± 0.02 µg, equal to 0.271 nmoles). Both evidences suggest that the presence of 

other peptides favored the transport possibly by increasing the stability of P5 and 

impairing its degradation. Food derived peptides may be transported across the 

intestinal brush-border membrane into the bloodstream via one or more of the 

following routes: (i) peptide transport 1 (PepT1)-mediated route, (ii) paracellular 

route via tight junctions (TJs), (iii) transcytosis route, and (iv) passive transcellular 

diffusion (Xu, Hong, Wu, & Yan, 2019). Peptide size, charge, hydrophobicity, and 

degradation due to the action of peptidases are among the main factors influencing the 

absorption through one or more of these routes. In general, short peptides, such as 

dipeptides and tripeptides, are preferentially transported by PepT1, due to its high-

capacity, low-affinity, and high expression in intestinal epithelium (Daniel, 2004), 

whereas highly hydrophobic peptides are transported by simple passive transcellular 

diffusion or by transcytosis (Miguel, Dávalos, Manso, de la Peña, Lasunción, & 

López-Fandiño, 2008). Since P5 is a decapeptide with a net charge equal to −1 and a 

hydrophobicity of +17.79 kcal/mol, it may be hypothesized that it might be 

preferentially transported by passive transcellular diffusion or by transcytosis. 

Whereas it is difficult to assess the transport via the former route, due to the lack of 

passive diffusion regulators, wortmannin can be used as transcytosis inhibitor to 

investigate the latter route. Therefore, specific experiments in the presence of 

wortmannin were performed in order to assess the mechanism of transport of peptide 

P5 across the Caco-2 cell layer. As shown in Figure 3.1B, C, wortmannin 

significantly impairs the transport of P5, strongly suggesting that P5 is mainly 

transported by the transcytotic route. 
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Figure 3.1 Transport of P5 across differentiated Caco-2 cells. (A) Quantification of P5 in the 

basolateral (BL) compartment as a function of time; pink dashed line: P5 alone; pink line: in 

mixture. Data represent the mean ± SD of three independent experiments performed in triplicate. 

(B) HPLC-Chip MS of BL compartment at time 60 min: total ion current (TIC) of [M + 2H]2+ m/z 

554.8 without wortmannin, and (C) with wortmannin. 

3.3.2 Analysis of the Metabolites of P5 Produced by Caco-2 Cells 

Mature enterocytes develop microvilli that function as the primary surface of nutrient 

absorption in the gastrointestinal tract. Their membrane is packed with enzymes that 

favor the breakdown of complex nutrients into simpler compounds that are more 

easily absorbed. The dynamic equilibrium between bioactive peptide degradation and 

transport is crucially important from a physiological point of view. Possessing a wide 

range of membrane peptidases naturally expressed by the AP side of enterocytes, 

including DPP-IV and ACE (Aiello, Li, Boschin, Bollati, Arnoldi, & Lammi, 2019; 

Caron, Domenger, Dhulster, Ravallec, & Cudennec, 2017; Lammi, Bollati, Ferruzza, 

Ranaldi, Sambuy, & Arnoldi, 2018), the differentiated Caco-2 model is also a reliable 

tool for investigating the proteolytic activity of the brush border barrier. 

Under the hypothesis that during the transport experiments P5 may also be 

metabolized by the enzymes expressed on the AP surface of the Caco-2 cells, it was 

decided to look for possible metabolites through mass spectrometry analysis of the AP 

solutions. Indeed, P5 was dynamically metabolized in two main breakdown fragments 

(Table 3.1): ILPKHSDAD (P5-frag, m/z 995.51), deriving from the cleavage of a 
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leucine from the N-terminal of the parent peptide, and LPHKSDAD (P5-met, m/z 

882.43), formally deriving from the cleavage of a leucine-isoleucine fragment from 

the N-terminal of P5. An aminopeptidase, such as leucine aminopeptidase (LAP), may 

catalyze the hydrolysis of the leucine residue at the N-terminus of the parent peptide 

generating P5-frag and then the N-terminal isoleucine may be further cleaved to 

generate P5-met. However, P5-met may also derive from the direct cleavage of a 

leucine-isoleucine fragment from P5. Instead, P5 does not seem to be susceptible to 

the action of endopeptidases, such DPP-IV. 

Table 3.1 Metabolites of P5 identified in the AP compartment of the Caco-2 cell model system at 

the end of incubation (120 min). 

x, detected; n.d., not detected. 

Interestingly, whereas P5-met was abundant and was produced in both conditions, P5-

frag was detected only when P5 was tested in combination with P3 and P7 and, based 

on the spectral intensity, was a minor metabolite. This suggests that the 

transformation of P5-frag into P5-met may be such a fast process that only the 

concomitant presence of very easily cleavable peptides (like P7) permitted its 

detection, by protecting it from 

degradation. However, we cannot exclude those other smaller fragments, such as 

tripeptides and dipeptides, were also generated in these conditions, since they are 

intrinsically difficult to detect. 

3.3.3 Characterization of the Transport of P5-Met Across the Caco-2 Cell 

Monolayer  

Since the octapeptide P5-met was the most abundant and the smallest metabolite, it 

was decided to synthetize it in order to obtain structural, functional, and biological 

Metabolite 

Sequence 
ID 

[M + H]+ 

(Da) 
m/z (Da) 

Spectral 

Intensity 

Rt 

(min) 
Mixture Alone 

ILPKHSDAD P5-frag 995.51 332.42 3.88 × 106 2.2 x n.d. 

LPKHSDAD P5-met 882.43 441.51 1.21 × 107 2.2 x x 
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characterization. To compare the secondary structure of P5-met and the parent 

compound P5, the CD spectra in the far-UV region of 190–240 nm were recorded. 

One negative peak was observed at 200 nm, suggesting that both peptides have a 

random coil conformation (Figure 3.2) and confirming the three-dimensional 

structure of P5 at the end of MD simulations and subsequent energy minimization 

(Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016). 

 

 

Figure 3.2 Circular dichroism (CD) spectra of P5 and P5-met registered in the range of 190–240 

nm. 

Afterward, trans-epithelial transport experiments were performed using differentiated 

Caco-2 cells (Figure 3.3): the rate of transport of P5-met (incubated alone in the AP 

compartment at the concentration of 500 µ M) up to 30 min was 81.7 nmoles ± 0.3 ng 

/ (mL × min) (R2 0.99). A decline in transport rate was observed after 60 min (data 

not shown) probably due to a decline of P5-met concentration in the donor AP 

compartment, caused by metabolism. The concentration of P5-met in the BL 

compartment after 30 min (0.54 ± 0.02 µg, equal to 0.613 nmoles) (Figure 3.3) was 

much higher than that of the parent peptide tested alone after 60 min (0.20 ± 0.02 µg, 

equal to 0.227 nmoles) (Figure 3.1), suggesting that P5-met is either efficiently 

transported or poorly metabolized by Caco-2 cells or both. Additional experiments 

showed that P5-met is transported also in the presence of wortmannin (Figure 3.3B), 
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indicating that the mechanism of transport may involve a passive diffusion 

mechanism or passage through the paracellular route. It is important to underline, 

however, that dedicated experiments would be required for a complete 

characterization of the transport mechanism of P5-met. Interestingly, similar results 

have been obtained in transport experiments performed with LTFPG, a metabolite of 

peptide P7 (Lammi, et al., 2020). 

 

 

Figure 3.3 Transport of P5-met across differentiated Caco-2 cells. (A) Quantification of P5-met in 

the BL compartment as a function of time. Data represent the mean ± S.D. of three independent 

experiments performed in triplicate. The accuracy of analytical was d higher than 95%. LOQ was 

0.10 µg whereas LOD was detected equal to 0.09 µg. (B) HPLC-Chip MS of BL compartment at 

time 60 min: TIC of P5-met without wortmannin, and (C) with wortmannin. 

3.3.4 P5-Met Modulates the Hepatic LDLR Pathway through the Inhibition of 

HMGCoAR Activity 

A biochemical investigation was carried out for assessing the ability of P5-met to 

modulate in vitro HMGCoAR activity. P5-met was active as HMGCoAR inhibitor 

with an IC50 of 175.3 µM (Figure 3.4A), similarly to the parent peptide, which 

displayed an IC50 of 147.2 µM, whereas the positive control pravastatin reduced the 

enzyme activity by 82.0% at 1.0 µM, as indicated in the Supplementary Materials 

(Figure 3-S2). Based on these results, further experiments aimed at comparing the 

ability of P5-met and P5 to modulate the LDLR and PCSK9 pathways on HepG2 cells 

were carried out at the fixed concentration of 50 µM, which was the same 

concentration already used for testing peptide P5 on the same cellular system (Zanoni, 
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Aiello, Arnoldi, & Lammi, 2017), although different from that absorbed by Caco-2 

cells after the incubation of 500 µM in the AP side. P5-met and P5 induced an up-

regulation of the protein level of the SREBP-2 transcription factor to 130.4 ± 16.4% 

and 125.7 ± 16% (p < 0.05), respectively, versus the control (Figure 3.4B). As a 

consequence, the LDLR protein levels were increased up to 150.4 ± 29.2% and 133.4 

± 15.5% (p < 0.001), respectively (Figure 3.4C), and the HMGCoAR protein levels 

up to 117.9 ± 12.1% and 117.3 ± 9.1% (p < 0.05), respectively (Figure 3.4D). In 

agreement with these results, P5-met and P5 induced an increased expression of the 

LDLR localized on the cellular membranes of HepG2 cells by 145.2 ± 15.2% and 

153.6 ± 16.4% (p < 0.0001), respectively, versus the control (Figure 3.4E). The 

overall up-regulation of the LDLR protein levels, led to an increased functional ability 

of HepG2 cells to absorb extracellular LDL up to 181.2 ± 40.1% versus the control 

after treatment with P5-met and by 174.3 ± 32.3% after treatment with P5 (Figure 

3.4F). 

 

 

Figure 3.4 Modulation of low-density lipoprotein receptor (LDLR) pathway in HepG2 cells 

treated with P5 and P5-met. (A) In vitro inhibition of the HMGCoAR activity with IC50 values 

equal to 147.2 and 175.3 µM, respectively. (B) After the treatment of HepG2 cells with P5 and 
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P5-met, the SREBP-2 protein level was increased, as well as (C) the LDLR and (D) the 

HMGCoAR protein levels, and (E) the LDLR localized on the surface of hepatic cell. (F) 

Enhancement of functional ability of hepatic cells to uptake LDL from the extracellular 

environment. Data points represent the averages ± SD of four independent experiments performed 

in duplicate. C vs. P5 and P5-met samples were analyzed by One-Way ANOVA followed by 

Dunnett’s test; (*) p <0.05; (**) p < 0.01 (***) p < 0.0001. C: control sample; ns: not significant. 

3.3.5 P5-Met Modulates the Hepatic PCSK9 Pathway and Impairs the PPI 

between PCSK9 and the LDLR 

PCSK9 is a secreted protein expressed in many organs, such as liver, kidney, and 

intestine, which is able to bind the LDLR expressed on the surface of the hepatocytes 

(J. D. Horton, Cohen, & Hobbs, 2007). PCSK9-LDLR binding activates the receptor 

catabolism leading to degradation of the hepatic LDLR. Thus, PCSK9 inhibition 

and/or modulation are considered promising strategies for the development of new 

hypocholesterolemic drugs (Seidah & Prat, 2007). Interestingly, PCSK9 and LDLR 

are co-regulated by SREBP-2, since both proteins contain functional sterol regulatory 

elements (SREs) in their promoters that respond to changes in intracellular cholesterol 

levels through the activation of the SREBP pathway (Dubuc, Chamberland, Wassef, 

Davignon, Seidah, Bernier, et al., 2004; Maxwell, Fisher, & Breslow, 2005). However, 

since the HNF-1α binding site is unique to the PCSK9 promoter and is not present in 

the LDLR promoter, the modulation of the PCSK9 transcription through HNF-1α 

does not affect the LDLR gene expression. Thus, the co-regulation of PCSK9 from 

LDLR and other SREBP target genes is disconnected by the HNF-1α binding site 

(Dong, Li, Singh, Cao, & Liu, 2015). Similarly to P5, P5-met decreases the hepatic 

PCSK9 production and extra cellular secretion through the downregulation of the 

HNF-1α protein content in HepG2 cells (Figure 3.5A–C). More in detail, P5-met 

decreases the HNF-1α protein by 10.8 ± 3.5% and P5 by 7.7 ± 1.5% (p < 0.01; Figure 

3.5A). This slight, but significant reduction leads to a decrease of PCSK9 by 29 ± 8.1% 

and 31 ± 4.6% for P5-met and P5, respectively (p < 0.05; Figure 3.5B). In agreement, 

both P5-met and P5 are also able to decrease the secretion of mature PCSK9 by 22.2 
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± 4.9% and 12.3 ± 1.6%, respectively (p < 0.05; Figure 3.5C). 

 

 

Figure 3.5 Modulation of PCSK9 pathway in HepG2 cells treated with P5 and P5-met. (A) 

Effects on the HNF-1α protein level; (B) effects on the PCSK9 protein levels; (C) effects on 

mature PCSK9 secretion. Data points represent the averages ± SD of six independent experiments 

performed in duplicate. C versus P5 and P5-met samples were analyzed by One-Way ANOVA 

followed by Dunnett’s test; (*) p < 0.05, (**) p < 0.01. C: control sample. 

Aiming at the evaluation of the multi-target inhibitory ability of P5-met, experiments 

were performed in order to assess its ability to directly impair the PCSK9-LDLR PPI. 

Results indicate that P5-met reduces PCSK9-LDLR binding with a dose-response 

trend and an IC50 of 1.7 µM (Figure 3.6A), which is similar to the IC50 of P5 (1.3 µM) 

tested in parallel. This last result confirms P5 activity as an inhibitor of the PCSK9-

LDLR PPI observed in a previous paper (Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 

2016). The effects on the modulation of the LDLR localized on the HepG2 cell 

surface were investigated using an ICW assay in the presence of PCSK9 (Lammi, 

Zanoni, & Arnoldi, 2015b). Findings indicate that the LDLR protein levels decrease 

in the presence of PCSK9 alone by 24.7 ± 1.9% (p < 0.001) versus the control cells, 

and that P5 and P5-met (50 µM) are able to significantly increase the LDLR protein 

levels when co-incubated with PCK9 (p < 0.0001). In particular, peptide P5 restored 

the LDLR level up to 99.3 ± 1.8%, whereas peptide P5-met up to 90.1 ± 0.1% 

(Figure 3.6B). Finally, functional experiments were carried out for assessing the 
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ability of each peptide to modulate the capacity of HepG2 cells to uptake extracellular 

LDL, treating HepG2 cells with PCSK9 alone or in the presence of each peptide (50 

µM). After treatment with PCSK9 alone, the ability of HepG2 cells to uptake 

fluorescent LDL was reduced by 43.5 ± 9.7% (p < 0.05) versus untreated cells 

(Figure 3.6C), and the treatment with P5 and P5-met reversed this effect up to 100.4 

± 7.5% and 104.1 ± 8.5% (p < 0.05), respectively (Figure 3.6D). To get a deeper 

inside on these phenomena, it was decided to investigate the interaction of P5-met 

with PCSK9 through a dedicated computational study. Notably, the 3D structure of 

the PCSK9/P5-met complex was modeled and refined following the procedure 

described in the Section 3.2.14. Essentially, the simulations system (enzyme, small 

peptide, ions, and water) was equilibrated and optimized by means of three 300 ns-

long MD simulations replicas. The attained trajectories showed that the small peptide 

displayed diverse binding modes over the simulation time, although it remained 

firmly anchored on the PCSK9 surface. Then, a cluster analysis of the trajectory 

frames was accomplished in order to establish which was the most preferred 

conformation of the small peptide and to acquire major details on the PCSK9 area 

involved in the interaction with P5-met. 
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Figure 3.6 Inhibition of the PPI between PCSK9 and LDLR. (A) Impairment of the protein–

protein interaction between PCSK9 and LDLR. (B) The treatment of HepG2 cells with PCSK9 (4 

µg/mL) reduced active LDLR protein levels localized on the surface of cells, which were restored 

by P5 or P5-met (50 µM). (C) The decreased functional ability of HepG2 cells to absorb LDL 

from the extracellular space observed after incubation with PCSK9 (4 µg/mL) is improved after 

treatment with both peptides. (D) Hypothetical binding mode of P5-met in the LDLR binding site 

located on the surface of PCSK9. The data points represent the averages ± SD of four independent 

experiments performed in duplicate. Data were analyzed by One-Way ANOVA followed by 

Tukey’s post-hoc test; (*) p < 0.05, (**) p < 0.01, and (***) p < 0.0001. C: control sample; ns: not 

significant. 

The results of these calculations showed that the small peptide backbone atoms, in the 

84% of frames, was bound on PCSK9 area responsible for the interaction with the 

EGFA domain of LDLR, confirming that P5-met is a PCSK9-LDLR PPI inhibitor. 

Moreover, the visual inspection of the P5-met conformation displaying the lowest 

binding free energy (calculated by MM-GBSA approach) permitted to acquire details 
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on the small peptide hypothetical binding mode (Figure 3.6D). In our hypotheses, the 

side chain of the Leu1 was inserted in the hydrophobic pocket shaped by the PCSK9 

residues Pro155, Ile369, Ala239, and Phe379. Additionally, an H-bond network 

stabilized P5-met on the PCSK9 surface, these interactions were shaped by: 1) the 

side chain of the small peptide His4 and the backbone of PCSK9-Ser381, 2) the 

peptide charged N-term and the PCSK9-Asp238 side chain (this bond additionally 

enforced by a salt bridge), 3) the backbone NH of Asp6 with the side chain of 

PCSK9-Asp367, 4) the side chain Asp6 with the one of PCSK9-Ser383. Finally, it is 

useful to note that two sodium ions (needed to neutralize the total charge of the 

simulation system) were greatly involved in the stabilization of the binding mode of 

P5-met. In fact, the negatively charged peptide C-term and the side chains of the P5-

met-Asp6 and -Asp8 interacted with the side chain of PCSK9-Gln382 and the 

backbone atoms of PCSK9-Ser381 and -Ser383. Both electrostatic interactions were 

bridged by the presence of two positively charged sodium ions (Figure 3.6D). 

3.4 Discussion 

In the field of food bioactive peptides, some activities have been investigated much 

more extensively than others, i.e., the angiotensin converting enzyme (ACE) and 

DPP-IV inhibitory activity (Murray & FitzGerald, 2007; Nongonierma & FitzGerald, 

2019). Hence, many hypotensive and antidiabetic peptides have been identified from 

several different food matrices. On the contrary, only scarce and incomplete 

information are available about hypocholesterolemic peptides. In this panorama, lupin 

peptide P5 represents a unique case of multi-target biological activity. In fact, P5 is 

able to inhibit both HMGCoAR and PCSK9 activities, showing a multi-target 

behavior. Both enzymes are among the main targets for the treatment of the 

hypercholesterolemia and the prevention of cardiovascular disease (J. Horton, 

Goldstein, & Brown, 2002). Some peptides able to inhibit HMGCoAR have been 

identified from amaranth (Soares, Mendonça, De Castro, Menezes, & Arêas, 2015), 

soybean (Lammi, Zanoni, & Arnoldi, 2015a; Lammi, Zanoni, Arnoldi, & Vistoli, 

2015), lupin (Zanoni, Aiello, Arnoldi, & Lammi, 2017), and cowpea (Marques, 
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Fontanari, Pimenta, Soares-Freitas, & Arêas, 2015) proteins. 

On the contrary, PCSK9 is a new target for the prevention and treatment of 

hypercholesterolemia (Lagace, Curtis, Garuti, McNutt, Park, Prather, et al., 2006; 

Levy, Ouadda, Spahis, Sane, Garofalo, Grenier, et al., 2013), which has been only 

rarely investigated in the area of food bioactive peptides. In fact, P5 is the unique 

peptide described so far that is able to inhibit PCSK9. This gap of knowledge on the 

one hand suggests the need to increase the efforts for identifying new active peptides 

from different food sources, and on the other indicates that it is crucial to promote the 

exploitation of the few known active species through in-depth studies regarding, in 

particular, their bioavailability. Indeed, intestinal metabolism and transport of 

bioactive peptides still remain relevant issues that need to be addressed in order to 

overcome the discrepancy observed between in vitro assays and in vivo results and to 

select good candidates to be translated into practice. 

From a physiological point of view, the dynamic equilibrium between the transport 

and degradation of bioactive peptides is crucially important. In this context, a relevant 

outcome of this study is the demonstration that the transport across the Caco-2 

monolayer is highly affected by the concomitant presence of other peptides. Indeed, 

the transport is more efficient and its degradation less extensive when P5 is incubated 

in the presence of peptides P3 and P7. It is important to note, however, that P5 and P7 

have completely different behaviors, since the transport rate of P5 tested alone is 1.8 ± 

0.3 ng/(mL × min) and in mixture becomes 8.9 ± 0.4 ng/(mL × min), whereas the 

transport rate of P7 alone is 4.2 ± 0.6 ng/(mL × min) and in mixture becomes 1.98 ± 

0.21 ng/(mL × min) (Lammi, et al., 2020). The outcomes on P5 and P7 are therefore 

divergent, being the transport of P5 favored by the presence of the other peptides, 

while that of P7 impaired. P5 appears to be less sensitive to the activity of 

endopeptidases, such as DPP-IV, but more sensitive to the activity of aminopeptidases, 

which generate two main breakdown fragments, i.e., P5-frag and P5-met. Instead, 

when tested in mixture, P7 is sensitive not only to the action of aminopeptidases, such 

as LAP, but also to endopeptidases, such as DPP-IV, leading to the formation of 

metabolites TFPGSAED and LTFPG, respectively (Lammi, et al., 2020). 
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Another relevant outcome of this study is the information acquired on the mechanism 

of transport of P5 and P5-met. In fact, although both species are efficiently 

transported, P5 is mainly transported by transcytosis, whereas P5-met mainly by the 

paracellular or other passive mechanism.  

The biological characterization of P5-met indicates that it retains the multi-target 

inhibitory activity of the parent peptide on HMGCoAR and PCSK9. In addition, P5-

met is also capable to modulate the PCSK9 signaling pathway at the intracellular level, 

leading to a decrease of mature PCSK9 secretion through the reduction of HNF-1α. 

More in detail, after the inhibition of HMGCoAR, P5-met leads to the up-regulation 

of the LDLR pathway, with an increase of LDLR protein levels due to the 

augmentation of SREBP-2 transcription factor. The molecular modulation of the 

LDLR-pathway has the consequence of the improvement of the functional ability of 

HepG2 cells to uptake LDL from the extracellular environment. Notwithstanding the 

SREBP-2 activation, the HNF-1α protein level reduction leads to a significant 

decrease of PCSK9 protein level and a subsequent reduction of mature PCSK9 

secretion. Indeed, these results highlight the very original hypocholesterolemic 

mechanism of action of P5 and P5-met that differs from the mechanism of statin. In 

fact, statins increase PCSK9 expression, which dampens an effective LDL clearing by 

promoting LDLR degradation (Dubuc, et al., 2004), thereby counteracting their 

therapeutic effects. Instead, literature suggests that curcumin (Tai, Chen, Chen, Wu, 

Ho, & Yen, 2014), from Curcuma longa, and berberine (Kong, Wei, Abidi, Lin, Inaba, 

Li, et al., 2004; Lau, Yao, Chen, Ko, & Huang, 2001), from plants of the 

Berberidaceae family, display a hypocholesterolemic activity through the reduction of 

PCSK9 protein levels. 

P5 and P5-met are also able to impair the PPI between PCSK9 and the LDLR. The 

experimental results were confirmed in silico, through the prediction of the binding 

mode of P5-met in the LDLR binding site located on the PCSK9 target. The inhibition 

of PCSK9- LDLR by P5-met leads to an efficient restoration of active LDLR protein 

levels localized on the cellular membrane of hepatocytes co-incubated with PCSK9 

and P5 or P5-met versus HepG2 cells incubated with PCSK9 alone. Accordingly, a 
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recovery of the functional capacity of HepG2 cells to uptake extracellular LDL is also 

observed. In light of these results, we propose a new concept of hypocholesterolemic 

peptide, based on the modulation of peripheral cholesterol homeostasis rather than 

simple cholesterol inhibition. In this context, P5 and P5-met are unique and 

interesting examples of food-derived intrinsically multi-target peptides able to exert 

complementary effects on the regulation of cholesterol metabolism, which 

undoubtably opens the route toward a new area of active molecules with cholesterol-

lowering properties. Finally, our results suggest that P5 may be a good candidate for 

further in vivo study.  
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3.5 Supporting information 

 

 

 

Figure 3-S1 Transport of P5 across differentiated Caco‐2 cells. (A) TIC spectrum of AP 
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compartment at time 60 min. (B) MS spectrum. (C) HPLC‐MRM of 882.4→407.1; 882.4→678.3. 

(D) MS/MS spectrum of P5‐met LPKHSDAD m/z 882.4 with peptide sequence coverage. 

 

 

Figure 3-S2 Effect of pravastatin (1.0 μM) on the HMGCoAR activity. **** p<0.0001.  
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4. Abstract 

(1) Background: Proprotein convertase subtilisin/kexin 9 (PCSK9) is responsible for 

the degradation of the hepatic low-density lipoprotein receptor (LDLR), which 

regulates the circulating cholesterol level. In this field, we discovered natural peptides 

derived from lupin that showed PCSK9 inhibitory activity. Among these, the most 

active peptide, known as P5 (LILPHKSDAD), reduced the protein-protein interaction 

between PCSK9 and LDLR with an IC50 equals to 1.6 µM and showed a dual 

hypocholesterolemic activity, since it shows complementary inhibition of the 3-

hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoAR). (2) Methods: In this 

study, by a computational approach, the P5 primary structure was optimized to obtain 

new analogs with improved affinity to PCSK9. Then, biological assays were carried 

out for fully characterizing the dual cholesterol-lowering activity of the P5 analogs by 

using both biochemical and cellular techniques. (3) Results: A new peptide, P5-Best 

(LYLPKHSDRD) displayed improved PCSK9 (IC50 0.7 µM) and HMGCoAR (IC50 

88.9 µM) inhibitory activities. Moreover, in vitro biological assays on cells 

demonstrated that, not only P5-Best, but all tested peptides maintained the dual 

PCSK9/HMG-CoAR inhibitory activity and remarkably P5-Best exerted the strongest 

hypocholesterolemic effect. In fact, in the presence of this peptide, the ability of 

HepG2 cells to absorb extracellular LDL was improved by up to 254%. (4) 

Conclusions: the atomistic details of the P5-Best/PCSK9 and P5-Best/HMGCoAR 

interactions represent a reliable starting point for the design of new promising 

molecular entities endowed with hypocholesterolemic activity. 

4.1 Introduction 

Hyperlipidemia is a well-known risk factor for developing cardiovascular disease 

(Nelson, 2013). The most common drugs for hypercholesterolemia treatment are 

statins, which inhibit 3-hydroxy-3-methylglutaryl coenzyme A reductase 

(HMGCoAR), the rate-limiting enzyme in cholesterol biosynthesis. This enzyme 

lowers intracellular cholesterol levels, leading to an increased expression of LDL 
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receptors (LDLR) on cell surfaces and a reduction of serum LDL-cholesterol (LDL-C) 

via the activation of the sterol-regulatory element-binding protein (SREBP)-2 

transcription factor pathway (Goldstein & Brown, 1990). Although this approach is 

considered an efficient way to reduce circulating LDL-C, cardiovascular events still 

occur in some patients. Moreover, statins induce known and serious side effects, such 

as headache, muscle and joint pain, and a higher risk of developing diabetes. 

Another key player in the cholesterol homeostasis is the proprotein convertase 

subtilisin/kexin 9 (PCSK9) which was discovered in the 2003 and it has been 

recognized as one of the most promising targets for counteracting 

hypercholesterolemia and atherosclerotic cardiovascular diseases (Poirier, Mayer, & 

therapy, 2013). Under physiological conditions, the blood circulating PCSK9 interacts 

with the low-density lipoprotein receptor (LDLR) on the liver cell membrane, 

triggering the internalization of the LDLR/PCSK9 complex in a digestive vacuole 

(Seidah, Awan, Chrétien, & Mbikay, 2014). Consequently, the main biological 

activity of PCSK9 is the regulation of the LDLR population on the liver cell surface, 

resulting in the tuning of the cellular capacity to capture circulating LDL cholesterol 

(LDL-C). Accordingly, the inhibition of the PCSK9/LDLR interaction leads to an 

increased LDLR population on the cell membrane, resulting in an enhanced capacity 

to capture the blood-circulating LDL-C by liver cells (Kwon, Lagace, McNutt, Horton, 

& Deisenhofer, 2008). 

The expression of PCSK9 is also controlled by the activity of SREBP-2 as well as a 

specific transcriptional activator hepatocyte nuclear factor-1 α (HNF-1α) (Alvi, 

Ansari, Ahmad, Iqbal, & Khan, 2017), which is a liver-enriched transcription factor 

regulating many target (Odom, Zizlsperger, Gordon, Bell, Rinaldi, Murray, et al., 

2004) genes in the liver and intestine. In contrast, the ability of SREBP-2 to co-

stimulate the PCSK9 and LDLR expression limits the therapeutic efficacy of statins 

which are known to produce their effects via SREBP-2 activation. Indeed, it is well 

documented that statins improve the PCSK9 protein level production through the 

augmentation of the intracellular HNF-1α levels (Dong, Singh, Shende, & Liu, 2017). 

Hence, in the last two decades, academia and pharmaceutical companies have 
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financed considerable research on the development of compounds capable of target 

PCSK9 developing different strategies including siRNA, anti-sense oligonucleotides 

(ASOs), peptide inhibitors, and monoclonal antibodies (mAbs) (Burdick, Skelton, 

Ultsch, Beresini, Eigenbrot, Li, et al., 2020; Dyrbuś, Gąsior, Penson, Ray, & Banach, 

2020; Kirchhofer, Burdick, Skelton, Zhang, & Ultsch, 2020; Kwon, Lagace, McNutt, 

Horton, & Deisenhofer, 2008; Lammi, Sgrignani, Arnoldi, Lesma, Spatti, Silvani, et 

al., 2019; Londregan, Wei, Xiao, Lintner, Petersen, Dullea, et al., 2018; Salaheldin, 

Godugu, Bharali, Fujioka, Elshourbagy, & Mousa, 2022; Stucchi, Cairati, Cetin-

Atalay, Christodoulou, Grazioso, Pescitelli, et al., 2015; Xia, Peng, Gu, Wang, Wang, 

& Zhang, 2021; Xie, Yang, Winston-McPherson, Stapleton, Keller, Attie, et al., 2020; 

Xu, Luo, Zhu, & Xu, 2019). In this field, we have recently sorted out the most potent 

natural peptide (LILPKHSDAD, P5) derived from a peptic lupin (Lupinus A.) protein 

hydrolysate (Lammi, Zanoni, Scigliuolo, D’Amato, & Arnoldi, 2014) with 

hypocholesterolemic activity (Lammi, Zanoni, Ferruzza, Ranaldi, Sambuy, & Arnoldi, 

2016), which impairs the PCSK9-LDLR interaction with an IC50 value of 1.6 µM 

(Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016). In parallel, P5 reduces the 

catalytic activity of HMG-CoAR with an IC50 value of 147.2 µM (Zanoni, Aiello, 

Arnoldi, & Lammi, 2017); through the inhibition of the enzyme activity, P5 increases 

the LDLR protein level in HepG2 cells through the activation of SREBP-2, and 

through a downregulation of HNF-1α , it reduces the PCSK9 protein levels and its 

secretion in the extracellular environment (Zanoni, Aiello, Arnoldi, & Lammi, 2017). 

This unique synergistic multi-target inhibitory behavior of P5 determines the 

improved ability of HepG2 cells to uptake extracellular LDL with a final 

hypocholesterolemic effect. P5 was successfully transported by differentiated human 

intestinal Caco-2 cells (Lammi, Aiello, Vistoli, Zanoni, Arnoldi, Sambuy, et al., 2016) 

through transcytosis (Lammi, Aiello, Bollati, Li, Bartolomei, Ranaldi, et al., 2021), 

and, during transport, it was partially metabolized in a breakdown fragment 

(LPKHSDAD, P5-met), which retained the biological activity of the parent peptide 

(Lammi, et al., 2021). In facts, we have demonstrated that P5-met reduces PCSK9-

LDLR binding with a dose-response trend and an IC50 of 1.7 µM and inhibits the 
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HMGCoAR with an IC 50 of 175.3 µM (Lammi, et al., 2021). At a cellular level, 

such as P5, P5-met improves the LDLR and reduces PCSK9 levels, through the 

modulation of both SREBP-2 and HNF-1α, respectively (Lammi, et al., 2021). 

Therefore, since P5-met displayed the same activity and behavior of the parent 

peptide, P5, our results indicated that the first two amino acid residues (LI) do not 

play a key role in the interaction with both PCSK9 and HMGCoAR target. 

These evidences clearly indicate that P5, with its dual-inhibitory activity, represents a 

new alternative strategy to the use of single classical PCSK9 and HMGCoAR 

inhibitors. Notably, the strategy in which dual-inhibitors are employed may be more 

effective in overcoming the deficits attributed to the classical use of statins (adverse 

effects and co-stimulation of PCSK-9 and LDLR via a common transcriptional 

activator, i.e., SREBP-2, in statin-treated patients limited the efficacy of these 

classical HMGCoAR inhibitors) or PCSK9 inhibitors (including expensiveness, low 

compliance of the patients, repeated administrations, and injection site irritations) on 

health and to meet the desired health goals and public priorities in terms of safety and 

cost-related issues. 

Considering these observations, the overall aim of the present study is the 

development of new P5 analogs able to target both PCSK9 and HMGCoAR, therefore 

displaying an improved and dual hypocholesterolemic activity. To achieve this 

objective, new P5 analogs with improved PCSK9 and HMGCoAR inhibitory activity 

were computationally designed (Lammi, Sgrignani, Roda, Arnoldi, & Grazioso, 2019). 

Hence, the theoretical study was validated and confirmed by performing a detailed 

biological investigation on the most promising P5 analogs. Firstly, their ability to 

inhibit the protein–protein interaction (PPI) between PCSK9 and LDLR and the 

HMGCoAR activity were evaluated using biochemical assays, respectively. Then, 

their effects on the cholesterol pathway modulation on HepG2 cells were deep 

characterized, fostering their dual inhibitory cholesterol-lowering activity. More in 

details, the effect of PCSK9 inhibition by P5 analogs on the LDLR protein levels on 

the surface of hepatocytes and their effect to improve the functional ability of 

hepatocytes to uptake LDL from the extracellular environment were assessed by 
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performing in cell-western (ICW) (Lammi, Zanoni, & Arnoldi, 2015) and LDL-

uptake assay (Lammi, Bellumori, Cecchi, Bartolomei, Bollati, Clodoveo, et al., 2020), 

respectively, in the presence of PCSK9. In parallel, to assess the effects of P5 analogs 

on the cholesterol pathway upon HMGCoAR inhibition, western blotting was 

performed, monitoring the LDLR, SREBP-2, HMGCoAR, PCSK9, and HNF-1α 

protein levels, respectively. In addition, by performing ELISA experiments, the 

effects of P5 analogs on the hepatic secretion of PCSK9 levels were assessed. Finally, 

LDL-uptake and ICW assays were carried out to investigate the functional ability of 

hepatic cells to absorb extracellular LDL upon treatment with P5 derived peptides. 

4.2 Materials and Methods  

4.2.1 System Setup and MD Simulations 

The computational models utilized in this study were built starting from the 

coordinates of the PCSK9/P5 complex model previously reported by us (Lammi, 

Zanoni, Aiello, Arnoldi, & Grazioso, 2016). Here, the starting PCSK9/P5 complex 

model was additionally equilibrated through 1 µs-long MD simulations, utilizing the 

pmemd.cuda module of the AMBER20 package (Case, Aktulga, Belfon, Ben-Shalom, 

Brozell, Cerutti, et al., 2021). In particular, the ff14SB AMBER force field (Maier, 

Martinez, Kasavajhala, Wickstrom, Hauser, & Simmerling, 2015) was used for 

simulating the protein atoms, while the TIP3P model (Mao & Zhang, 2012) was used 

to explicitly represent the water molecules (about 25,000). The sodium ions were 

added to neutralize the overall charge of the simulation system and the MD 

trajectories acquired during the production runs were examined by visual inspection 

by means of VMD (Humphrey, Dalke, & Schulten, 1996), ensuring that the 

thermalization did not cause any structural distortion. This protocol was also utilized 

to perform MD simulations on the PCSK9 complexes resulting from the mutations of 

the P5 sequence. 



109 

4.2.2 Cluster Analysis 

The MD trajectory frames were analyzed by clustering the conformations adopted by 

the small peptide backbone atoms in complex with PCSK9. The cluster analysis was 

performed using the cpptraj module (Roe & Cheatham, 2013) of AMBER20 (Case, et 

al., 2021). By this algorithm, the MD frames were divided into clusters by the 

complete average linkage algorithm, and the PCSK9/peptide complex conformations 

with the lowest root mean square deviation (RMSD) to the cluster centers (the 

structures representative of the cluster, SRC) were acquired and visually inspected. 

Molecular mechanics-generalized born surface area (MM-GBSA) calculations were 

performed on 100 frames belonging to the most populated cluster of PCSK9/peptide 

conformations, and the MMPBSA.py module (Miller, McGee, Swails, Homeyer, 

Gohlke, & Roitberg, 2012) of AMBER20 was used to this aim, keeping parameters in 

the default values. In these calculations, the single trajectory approach was applied 

and the entropy contributions to the binding free energy was neglected (Grazioso, 

Bollati, Sgrignani, Arnoldi, & Lammi, 2018; Lammi, Sgrignani, Roda, Arnoldi, & 

Grazioso, 2019). For this reason, the estimated binding free energy values are termed 

by us ∆G*. 

4.2.3 Alanine Scanning 

The nine P5 alanine mutants were built systematically altering the peptide sequence 

on the PCSK9/P5 complex, by the tleap module of AMBER20 (Case, et al., 2021). 

The resulting complexes were energy minimized and equilibrated by accomplishing 

250 ns of MD simulations, adopting the procedure and the parameters previously 

described for the PCSK9/P5 complex. A hundred of snapshots were regularly 

extracted from the trajectory frames in which the peptide under investigation 

displayed the smallest root mean square deviation (RMSD) value fluctuation, to 

ensure the lowest standard error in the binding free energy calculation. MM-GBSA 

calculations by MMPBSA.py module (Miller, McGee, Swails, Homeyer, Gohlke, & 

Roitberg, 2012) were finally performed to estimate the binding free energy values of 

the mutant peptides. 
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4.2.4 Computational Design of New P5 Analogs 

The “protein preparation wizard” module implemented in the Maestro release 2019-4 

(Schrödinger, LLC, New York, NY, USA, 2017) for molecular modeling ensured the 

accuracy of the PCSK9/P5 complex conformation previously equilibrated by MD 

simulations. In particular, this module permitted: (1) to check the residue protonation 

state at pH 7.4, (2) to check the residue completeness, (3) to eliminate atomic clashes, 

and (4) to assign the OPLS3e force field (Roos, Wu, Damm, Reboul, Stevenson, Lu, 

et al., 2019). Then, the 400 possible peptides were generated by the replacement of 

the P5 positions 2 and 9 with the twenty natural amino acids. The resulting 

PCSK9/peptide complexes were minimized by Prime MM-GBSA module of Maestro, 

which uses OPLS3e (Roos, et al., 2019) as force field and a continuum solvent 

models to include the solvent effect into the calculations. Then, affinity maturation 

functionality implemented in Bioluminate module (Schrödinger, LLC, New York, NY, 

USA, 2017) estimated the change in affinity (∆Affinity) between PCSK9 and the 

mutant peptides, with respect to P5. Finally, the mutant peptides acquiring the highest 

gain in ∆ Affinity were additionally refined by MD simulations and MM-GBSA 

calculations by AMBER20 package (Case, et al., 2021), as it was conducted 

previously for the alanine-mutant peptides (see the previous section for details). 

4.2.5 HMGCoA Reductase Model Setup and Simulations Protocol 

The HMGCoAR structure solved by X-ray crystallography (PDB accession code 

3CCZ) (Sarver, Bills, Bolton, Bratton, Caspers, Dunbar, et al., 2008) used in this 

study was deposited as a homotetramer in which the (3R,5R)-7-[2-(4-fluorophenyl)-4-

[(1S)-2-hydroxy-1-phenylethyl] carbamoyl -5-(1methylethyl) -1H-imidazol-1-yl] -

3,5-dihydroxyheptanoic acids are bound in the catalytic sites. For simplicity, we have 

performed simulations on the functionally active homodimer, choosing as peptide 

binding site the one identified by the presence of a statin in the X-ray complex. Since 

the homodimer contained two statin molecules, one of them was removed to allow the 

docking calculations, while the statin present in the second site was kept in its original 

position, to avoid any protein conformational distortion inducted by the absence of the 
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ligand. The system was prepared and minimized through the “protein preparation 

wizard” tool available in the Maestro software (release 2019-4). Peptide docking 

calculations of [S7A]P5 were performed by using the Glide docking tool (Friesner, 

Murphy, Repasky, Frye, Greenwood, Halgren, et al., 2006) of Maestro software, 

setting as center of the grid the centroid of the statin (residue code 5HI), co-

crystallized in the catalytic site of the HMGCoAR. The “standard precision” mode 

was applied in these calculations, and the Glide gscore was applied as scoring 

algorithm. Ten peptides’ docking poses were generated, while the number of post-

docking minimization poses was set to 50. The formation of cis amide bonds was not 

allowed. The [S7A]P5 pose with the best-predicted gscore (−9.881 kcal/mol ) was 

selected for the following MD simulations and cluster analysis calculations (Table 4-

S1, Supporting Material), adopting the AMBER20 protocol (Case, et al., 2021) 

previously described for the studies of the peptides in complex with PCSK9. 

4.2.6 Peptide Synthesis 

The Genscript (Piscataway, NJ, USA) synthesized for us the P5 analogs selected for 

biological assays. All compounds are >95% pure by HPLC analysis (see Supporting 

Information for details). 

4.2.7 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. 

4.2.8 HMG-CoAR Activity Assay 

The experiments were carried out following the manufacturer instructions and 

optimized protocol (Aiello, Lammi, Boschin, Zanoni, & Arnoldi, 2017). See 

Supplementary Materials for further details. 
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4.2.9 In Vitro PCSK9-LDLR Binding Assay 

Peptides P5 and P5 analogs (0.1–100 µM) were tested using the in vitro PCSK9-

LDLR binding assay (CycLex Co., Nagano, Japan) following the manufacture 

instructions and conditions already optimized (Lammi, Zanoni, Aiello, Arnoldi, & 

Grazioso, 2016). Further details are provided in Supplementary Materials. 

4.2.10 In-Cell Western (ICW) Assay 

For the experiments, a total of 3 × 104 HepG2 cells/well were seeded in 96-well plates 

and treated with 4.0 µg/mL PCSK9-WT and 4.0 µg/mL PCSK9 + peptides P5 and/or 

P5 analogs (50 µM) and vehicle (H2O) for 2 h at 37 °C under 5% CO2 atmosphere. 

Thus, cells underwent to ICW assay following conditions already optimized (Lammi, 

Zanoni, & Arnoldi, 2015). See Supplementary Materials for detailed information. 

4.2.11 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. The third day, cells were washed with PBS and 

then starved overnight (O/N) in DMEM without FBS and antibiotics. After starvation, 

they were treated with 4.0 µg/mL PCSK9 and 4.0 µg/mL PCSK9 + P5 and P5 analogs 

peptides (50 µM), and vehicle (H2O) for 2 h at 37 °C under 5% CO2 atmosphere. 

Fluorescent LDL-uptake was finally assessed following optimized protocol (Zanoni, 

Aiello, Arnoldi, & Lammi, 2017). See Supplementary Materials for further details. 

4.2.12 Western Blot Analysis 

A total of 1.5 × 105 HepG2 cells/well (24-well plate) were treated with 50 µM of P5 

and P5 analogs for 24 h. Immunoblotting experiments were performed using 

optimized protocol (Lammi, Aiello, Dellafiora, Bollati, Boschin, Ranaldi, et al., 2020). 

See Supplementary Materials for further details. 

4.2.13 Quantification of PCSK9 Secreted by HepG2 Cells through ELISA 

The supernatants collected from treated HepG2 cells (50 µM of P5 and/or P5 analogs) 

were centrifuged at 600 × g for 10 min at 4 °C and ELISA assay performed using 
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protocol already optimized (Moreira, Fernandes, & Ramos, 2007). Detailed data are 

provided in Supplementary Materials. 

4.2.14 Statistical Analysis 

All the data set were checked for normal distribution by D’Agostino and Pearson test. 

Since they are all normally disturbed with p-values < 0.05, we proceeded with 

statistical analyses by one-way ANOVA followed by Tukey’s post-hoc tests and 

using Graphpad Prism 9. Values were reported as means ± S.D.; p-values < 0.05 were 

considered significant. 

4.3 Results 

4.3.1 Identification of Hotspots and Designs of New P5 Analogs 

To obtain a robust hypothesis on the peptide P5 binding mode, the PCSK9/P5 

complex model we had previously developed (Lammi, Zanoni, Aiello, Arnoldi, & 

Grazioso, 2016) was optimized once more by extending the molecular dynamics (MD) 

simulations to 1 µs (see Figure 4-S1 in the Supporting Information for the RMSD 

plots). At the end of these simulations, the MD trajectory frames were grouped using 

a cluster analysis algorithm (see the Materials and Methods Section) to determine 

which was the most favored P5 conformation in complex with PCSK9. The 

PCSK9/P5 complex conformation representative of the most populated cluster (78%) 

suggested that peptide P5 could bind to PCSK9, as illustrated in Figure 4.1. In 

particular, P5 could bind to PCSK9 through (1) a salt bridge between the charged NH 

term of P5-Leu1 and the side chain of Asp238, (2) an H-bond between the imidazole 

ring of the P5-His6 and the NH group of Ser381, (3) an H-bond network between the 

side chain of P5-Ser7, the NH of P5-Asp8, and the side chain of Asp367, and (4) an 

H-bond shaped by the side chain of P5-Asp8 and the side chain of Ser383. The side 

chain of P5-Leu3 was deeply inserted into a hydrophobic basin sized by the PCSK9 

residues Phe379, Pro155, and Ile369, creating vander Waals interactions. 
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Figure 4.1 (A) The expected P5 binding mode on the PCSK9 surface after additional MD 

simulations. Yellow dotted lines highlight the H-bond network. The enzyme solvent-accessible 

surface is depicted accordingly by the partial charge of the residues: blue for positive areas and red 

for negative areas. Peptide P5 is represented as cyan sticks. (B) 2D representation of the predicted 

P5 binding mode in complex with PCSK9. H-bonds and salt bridges are highlighted in purple and 

blue/red lines, respectively. Hydrophobic residues interacting with P5 are colored in green. 

Then, to identify new P5 analogs endowed with improved PCSK9 affinity, we 

designed new peptides by substituting the P5 residues not considerably involved in 

the PCSK9 contact (non-hotspot) with new amino acids showing an improved 

complementarity with the PCSK9 surface (Lammi, Sgrignani, Roda, Arnoldi, & 

Grazioso, 2019). In the first step, the hotspots and non-hotspots of P5 were discovered 

by performing a computational alanine-scanning mutagenesis analysis, in which all 
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the peptide residues in the PCSK9/P5 complex were systematically mutated into 

alanine. Specifically, nine 3D models, in which PCSK9 was in complex with each 

alanine-mutated peptide P5, were simulated by 200 ns-long MD simulations, and the 

subsequent molecular mechanics-generalized born surface area (MM-GBSA) 

calculations estimated the mutant peptides’ binding free energy values (∆G*, Table 

4.1). Then, by comparing the ∆G* values calculated for the mutant peptides with 

those calculated for P5, identifying the hotspots and non-hotspots of P5 was possible 

(Homeyer, Stoll, Hillisch, & Gohlke, 2014; Moreira, Fernandes, & Ramos, 2007). 

Table 4.1 Estimated binding free energy values of the peptides under investigation, as calculated 

using the MM-GBSA approach (∆G*, column 3). 

1(kcal/mol ± (Std. Err. of Mean)); 2(kcal/mol). 

The attained results suggest that positions 3 and 6 can be considered hotspots, as their 

mutation into alanine led to P5 analogs endowed with a considerable reduction of the 

predicted binding affinity (∆∆G* higher than 10 kcal/mol). Specifically, P5-His6 

seemed crucial for peptide binding because its substitution led to a dramatic drop in 

the peptide binding interaction energy. MD simulations suggest that the substitution 

of the basic side chain of His6 with a methyl group led to a change in the peptide 

binding mode due to a lack of an H-bond between the PCSK9-Ser282 amide group 

Peptide/Mutation Sequence ∆G* Value1 ∆∆G* Value2 

P5 LILPKHSDAD −18.9 ± 0.5 0 

L1A AILPKHSDAD −13.5 ± 0.5 +5.4 

I2A LALPKHSDAD −20.9 ± 0.5 −1.0 

L3A LIAPKHSDAD −6.6 ± 0.7 +12.3 

P4A LILAKHSDAD −23.0 ± 0.7 −4.1 

K5A LILPAHSDAD −14.1 ± 0.6 +4.8 

H6A (P5-H6A) LILPKASDAD −1.2 ± 0.5 +17.7 

S7A (P5-S7A) LILPKHADAD −19.3 ± 0.3 −0.4 

D8A LILPKHSAAD −21.9 ± 0.3 −3.0 

D10A LILPKHSDAA −19.6 ± 0.5 −0.7 
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and the imidazole ring of P5-His6. For this reason, the [H6A] peptide P5 was 

unbound from the PCSK9 surface after the initial steps of the MD simulations (see 

Figure 4-S2 in the Supporting Information for the RMSD plots). Similarly, the 

removal of the side chain of P5-Leu3 led to a peptide incapable of maintaining the P5 

initial binding mode, as the hydrophobic contacts engaged by the Leu3 isobutyl group 

with the hydrophobic crevice sized by the PCSK9 residues Leu159, Pro156, Ala240, 

and Ile370 were missing. 

The alanine mutation of Leu1 and Lys5 led to peptides with a calculated binding 

affinity that was slightly lower than that of P5 (∆∆G* close +5 kcal/mol). However, 

given the inaccuracy of the MM-GBSA calculations and the observation that the side 

chains of Leu1 and Lys5 fluctuating in a solvent environment do not stably bind to 

PCSK9 during the MD simulations, positions 1 and 5 cannot be considered strong 

hotspots similar to positions 3 and 6. Conversely, the substitution with alanine of Ile2, 

Ser7, and Asp10 of P5 led to peptides with a predicted binding affinity close to that 

predicted for the template peptide. Therefore, they can be considered non-hotspots 

and can potentially be substituted with different amino acids. However, the predicted 

data on Leu1 and Ile2 are in accordance with our recent experimental data, which 

show that a metabolite of peptide P5 that does not contain the first two residues (P5-

met, LPKHSDAD) displays an IC50 value close to the parent peptide P5 (Lammi, et 

al., 2021). 

Conversely, the P4A and D8A mutant peptides showed a higher affinity to PCSK9 

than P5. However, as the gain in the ∆G* value was not extremely high, the synthesis 

and biological evaluation of these peptides was not considered suitable. 

4.3.2 Design of P5 Analogs with Improved PCSK9 Predicted Affinity 

The alanine-scanning study showed that the positions 1, 2, 7, and 10 on the P5 

sequence could be considered non-hotspots. Moreover, the alanine in position 9 

should be considered a non-hotspot, as alanine is already present in the natural P5 

sequence. Nevertheless, the P5-Ser7 OH group could create an H-bond with PCSK9-

Asp367, and the P5-Asp10 side chain could be involved in the fold of the peptide, as 
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an internal H-bond could be shaped with the side chain of P5-Ser7. Thus, we decided 

to mutate the residues in positions 2 and 9 to develop novel P5 analogs with improved 

PCSK9 binding affinity. 

Accordingly, with this assumption, 202 peptide P5 analogs were computationally 

designed through the systematic substitution of positions 2 and 9 with all natural 

amino acids. Their theoretical affinity for PCSK9 was preliminary evaluated by the 

Prime algorithm (Maestro, release 2019-4), which can estimate the peptide binding 

free energy using the MM-GBSA approach. PCSK9 in complex with the 10 top-

ranking P5 analogs (i.e., those with the lowest ∆ Affinity values, Table 4.2) again 

underwent MD simulations by applying the previously described AMBER20 MD 

protocol. The ∆G* values were estimated using the MM-GBSA protocol (Table 4.2), 

which allowed for the acquisition of ∆G* values comparable with those previously 

attained for P5 and other P5 alanine mutants. 

Table 4.2 Estimated binding affinity values of newly designed P5 analogs (columns 1–2), 

calculated byPrime software (∆ Affinity, column 3) and standard MD/MM-GBSA calculations 

(∆G* values, column 4). 

Peptide/Mutation Sequence ∆Affinity1 ∆G* Value2 

P5 LILPKHSDAD  −18.9 ± 0.5 

[I2P-A9R] P5 LPLPKHSDRD −23.9 −26.3 ± 0.6 

[I2M-A9R] P5 LMLPKHSDRD −23.5 −26.3 ± 0.6 

[I2R-A9R] P5 LRLPKHSDRD −21.5 −30.3 ± 0.7 

[I2Q-A9R] P5 LQLPKHSDRD −21.0 −24.8 ± 0.8 

[I2L-A9R] P5 LLLPKHSDRD −20.7 −25.4 ± 0.6 

[I2Y-A9R] P5 

(P5-Best) 
LYLPKHSDRD −20.4 −41.7 ± 0.7 

[I2H-A9R] P5 LHLPKHSDRD −20.4 −24.6 ± 0.8 

[I2T-A9R] P5 LTLPKHSDRD −19.5 −28.0 ± 0.5 

[I2F-A9R] P5 LFLPKHSDRD −19.4 −19.2 ± 0.3 

[I2E-A9R] P5 LELPKHSDRD −19.1 −24.5 ± 0.6 
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1(kcal/mol); 2(kcal/mol ± (Std. Err. of Mean)). 

The Prime calculations (third column of Table 4.2) suggested that the peptides 

acquiring an improved predicted binding energy were the ones containing arginine in 

position 9. At variance, the substitutions in position 2 did not considerably affect the 

affinity of the resulting peptides (differences in the ∆Affinity values followed in the 

range of 5 kcal/mol). Subsequently, using the AMBER20/MM-GBSA calculations, 

the resulting ∆G* values spanned from −19 to −42 kcal/mol. This allowed us to assess 

that the peptide [I2Y-A9R]P5 (i.e., P5-Best) was endowed with the highest predicted 

PCSK9 binding affinity (see Figure 4-S3 in the Supporting Information for the 

RMSD plots). In fact, the ∆ G* value of P5-Best was two times the value predicted 

for the template peptide P5, suggesting that P5-Best could show an affinity to PCSK9 

appreciably lower than P5. Our simulations showed that, as indicated in the 

conformation representative of the most populated cluster (Figure 4.2), P5-Best could 

acquire an ameliorated PCSK9 complementarity because of the possibility of creating 

two salt bridges: the first between the new arginine in position 9 and the side chains of 

Glu366 and Asp367, and the second between the side chain of P5-Best-Asp10 and the 

side chain of Lys222. These interactions were also enforced by the presence of an H-

bond between the P5-Best-Asp10 and the OH group of Ser225. Moreover, the P5-

Best-Ile3 side chain was in contact with the hydrophobic pocket sized by Phe379, 

while the phenol ring of the new residue P5-Best-Tyr2 was located close to Arg194. 

The NH groups of P5-Best-Tyr2 and -Ile3 created two H-bonds with the side chain of 

Asp238. 
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Figure 4.2 (A) Expected binding mode of [I2Y-A9R]P5 (i.e., P5-Best) on the PCSK9 surface 

resulting from the MD simulations and cluster analysis. Yellow dotted lines depict the H-bond 

network. The enzyme solvent-accessible surface is colored according to the partial charge of the 

residues: blue for positive areas and red for negative areas. P5-Best is represented as yellow sticks. 

(B) Superimposition of P5-Best and Rim13, both bound on the PCSK9 surface. 

These results were also compared to the computational data attained designing the 

poly-imidazole derivatives capable of inhibiting PCSK9 (Lammi, et al., 2019). In fact, 

in our previous paper, by applying a computational approach such as the one here 

applied, we designed and biologically evaluated two poly-imidazole derivatives 

endowed with PCSK9 inhibiting activity. The biological evaluation of the most 

interesting poly-imidazoles, named Rim13 and Rim14, allowed us to report on their 

ability to modulate the LDLR expression on the human hepatic HepG2 cell surface, 

and their capacity to increase the extracellular uptake of LDL by the same cells. Here, 

structurally aligning the P5-Best and the Rim13 hypothetical binding modes, we noted 

that the backbone atoms of the peptide residues Pro4 and Lys5 were mimicked by the 

first two imidazole rings of Rim13 (Figure 4.2B). Moreover, the benzyl chain of the 

second imidazole ring of Rim13 was projected in the same hydrophobic cleft shaped 

by Phe379 and occupied by the side chain of P5-Best-Leu3, creating van der Waals 

interactions. Furthermore, the negatively charged area created by the PCSK9 residues 

Asp367 and Glu366 were in contact with the side chain of the P5-Best-Arg9 and the 

amino-methyl chain of Rim13. Since they bind similarly, creating contacts with the 

same PCSK9 residues, this alignment could help in the design of new poly-imidazole 
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derivatives. In fact, aiming at designing more potent poly-imidazoles derivatives, the 

benzyl moiety of Rim13 could be substituted by alkyl chains (linear or not), to 

reproduce the interactions played by the P5-Best-Leu3 residue. Conversely, regarding 

the design of new P5 analogs, the Pro4 of P5-Best could be replaced by aromatic 

residues such as Phe, Tyr or Trp, in order to reproduce the interactions played by the 

p-methoxyphenyl ring of Rim13. However, the oral PK properties of peptides remains 

strongly limited by the presence of degrading enzymes in the gastrointestinal tract. 

Nevertheless, the research efforts are still devoted to solve this limitation. In fact, 

active peptides could be orally administered together with penetration enhancers, 

within hydrogels or in combination with digestive enzyme inhibitors. As alternative, 

they can be suitably coated by acid-stable polymers or administered through intestinal 

patches (Drucker, 2020). By means of one of these innovative delivery strategies, 

even peptides active in the high micromolar range could be successfully employed for 

the treatment of several pathologies. Actually, numerous peptides are in phase III of 

clinical trials but, until now, only desmopressin is available in the market, and used in 

the clinic (Drucker, 2020). 

4.3.3 Experimental Validation of the Computational Predictions 

In light of these theoretical studies, empirical assays were performed on the [H6A] 

peptide P5 (i.e., P5-H6A) because position 6 was recognized as a hotspot (Table 4.1), 

on P5-Best because of its lowest predicted binding free energy value, and on [S7A]P5 

(i.e., P5-S7A) because it represents one of the peptides for which the alanine mutation 

did not remarkably alter the predicted binding free energy value. Conversely, the 

mutation of P5-Asp10 into alanine affected peptide folding (as shown by MD 

simulations) and the water solubility of the peptide, as the negatively charged side 

chain of Asp10 should be substituted with the aliphatic methyl group of alanine. Thus, 

the peptides P5-H6A, P5-S7A, and P5-Best were purchased by GenScript and 

biochemically evaluated by in vitro experiments. 
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4.3.4 Analogs Impair the PPI between PCSK9 and LDLR 

To verify whether the P5 derivatives could impair the PPI between PCSK9 and LDLR, 

dedicated biochemical experiments were assessed. The results showed that P5-Best, 

P5-H6A and P5-S7A reduced the PCSK9-LDLR binding with a dose-response trend 

and IC50 values of 0.7, 9.0, and 1.45 µM, respectively (Figure 4.3A). The results 

confirmed that two of the new P5 derivatives were more active than P5 (1.6 µM). 

These data are in line with the computational predictions. In fact, the peptides ∆G* 

value calculations indicated that the most active peptide could be the double mutant 

peptide P5-Best (∆G= − 41.7 kcal/mol) while, among other ones, P5-S7A should 

display binding affinity in the range of P5 (∆G* values of −19.3 and −18.9 kcal/mol, 

respectively), and P5-H6A should be do not active, since by our predictions, the side 

chain of H6 plays a crucial role in the stabilization of the peptide on the PCSK9 

surface. Nevertheless, it has to be stated that a higher affinity should be expected for 

P5-Best, since the calculated ∆G* value calculated for this peptide was double than 

that of P5. In our opinion, the lack of linearly between the binding affinity 

experimental data (IC50 values) and the computational predictions, could be due to the 

omitted calculation of the entropic contribution to binding free energy value. In fact, 

the calculation of this contribution is highly computationally demanding, and the error 

associated with the estimation is very often greater than the value itself. Moreover, the 

data attained by the further biological investigations on these peptides cannot be 

compared with the computational predictions, since it is very difficult to discuss the in 

silico results in comparison with the biological data obtained from the HepG2 cells. In 

fact, the molecular modeling studies have been performed on a PCSK9 model 

immersed in a box of water molecules and the biological experiment capable of 

reproducing these conditions is only the one in which the recombinant PCSK9 is in 

contact with the LDLR, i.e., the binding assays displayed in Figure 4.3. Conversely, 

when the biological properties of peptides are assessed in complex experimental 

conditions, such as the one in which cells are involved, the molecular modeling 

results cannot be linearly compared with the experimental data. In fact, the effects of 
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membranes, extracellular or intracellular enzymes cannot be considered by our 

calculations. 

Furthermore, the ability of these P5 analogs to modulate the levels of LDLR localized 

on HepG2 surfaces was investigated in the presence of PCSK9 (4 µg/mL) using an in-

cell western (ICW) assay. The results showed that the LDLR levels decreased in the 

presence of PCSK9 alone by 25.4 ± 1.6% (p < 0.001) compared with the untreated 

control cells, and that P5-Best, P5-H6A, and P5-S7A could significantly restore the 

LDLR levels to 96.9 ± 10.4%, 93.4 ± 5.2%, and 104.4 ± 0.4% (p < 0.001), 

respectively, when co-incubated with PCSK9 (Figure 4.3B). Finally, functional cell-

based assays were performed to investigate the ability of HepG2 cells to uptake 

extracellular LDL in the presence of PCSK9. HepG2 cells incubated with PCSK9 

alone showed a 43.6 ± 9.6% (p < 0.05) reduction in the uptake of fluorescent LDL 

compared with the untreated control cells. This result is in agreement with the 

reduction of active LDLR population on the cell surface, which was observed by ICW. 

After co-incubation with PCSK9, P5-Best, P5-H6A, and P5-S7A completely restored 

the LDLR function, increasing the LDL uptake to 129.2 ± 21.9% (p < 0.001), 107.4 ± 

23.0% (p < 0.05), and 125.4 ± 19.0% (p < 0.01) (Figure 4.3C), respectively. 

P5 analogs demonstrated to be more active than peptide Pep2-8 

(TVFTSWEEYLDWV) (Zhang, Eigenbrot, Zhou, Shia, Li, Quan, et al., 2014) and its 

analogs [Y9A]Pep2-8 and [T4R,W12Y]Pep2-8 (Lammi, Sgrignani, Arnoldi, & 

Grazioso, 2019) as PPI inhibitors of PCSK9. More in details, at the fixed 

concentration of 100 µ M, Pep2-8 impaired the PCSK9-LDLR binding by −36.5% vs. 

the control, whereas [Y9A]Pep2-8 and [T4R,W12Y]Pep2-8 by −69.8% and −93.0%, 

respectively (Lammi, Sgrignani, Arnoldi, & Grazioso, 2019). Indeed, the IC50 value 

of [Y9A]Pep2-8 was equal to 27.12 ± 1.2 µM and that of [T4R,W12Y]Pep2-8 equal 

to 14.50 ± 1.3 µM (Lammi, Sgrignani, Arnoldi, & Grazioso, 2019), clearly indicating 

that P5-Best is about 30- and 20-fold more potent than the Pep2-8 mutant peptides. In 

addition, at cellular levels, Pep2-8 and both Pep2-8 analogs were less efficient than P5 

analogs to restore the LDLR protein levels and the functional ability of hepatocytes to 

absorb LDL from the extracellular environment (Lammi, Sgrignani, Arnoldi, & 
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Grazioso, 2019). On the contrary, P9-38, a cyclized Pep2-8 analogue, demonstrated to 

be 35-fold more potent than P5-Best in impairing the PPI between PCSK9/LDLR 

displaying and IC 50 equals to 20 nM and it was 1000-fold more potent to restore the 

LDLR level and functionality in HepG2 cells (Tombling, Lammi, Lawrence, Gilding, 

Grazioso, Craik, et al., 2021). 

Finally, P5-Best is slightly more potent than the poly-imidazole Rim13 which inhibit 

the interaction between PCSK9 and LDLR by an IC50 equals to 1.4 µM, a value 

similar to the reference peptide P5. In the same range of concentration of Rim13, P5 

analogs successes in the restoring the functional activity of LDLRs on the surface of 

hepatocytes preventing their degradation (Tombling, et al., 2021). 

Although all P5 analogs successfully restored the level of LDLR protein similar to 

peptide P5, statistical analysis revealed that from a functional point of view, both P5-

Best and P5-S7A not only restored the ability of hepatic cells to uptake LDL from the 

extracellular environment but also improved this capability against untreated cells. 

These results suggest that the hypocholesterolemic effect occurs with a dual 

mechanism of action involving the modulation of HMGCoAR activity and protein 

levels. To assess this aspect and deepen this behavior, further HMGCoAR activity 

assay and western blot experiments were performed. 
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Figure 4.3 Inhibition of the PPI between PCSK9 and LDLR. (A) Impairment of the protein-

protein interaction between PCSK9 and LDLR. (B) The treatment of HepG2 cells with PCSK9 

(K9 in the graphs, 4 µg/mL) reduced the active LDLR protein levels localized on the surface of 

the cells, which were restored by P5 and P5 analogs (50 µM). (C) The decreased functional ability 

of HepG2 cells to absorb LDL from the extracellular space observed after incubation with PCSK9 

(4 µg/mL) improved after treatment with P5 and P5 analogs (50 µM). The data points represent 

the average ± SD of four independent experiments performed in duplicate. Data were analyzed 

using one-way ANOVA, followed by Tukey’s post-hoc test; (*) p < 0.05, (**) p < 0.01, and (***) 

p < 0.001. C: control sample. 

4.3.5 P5 Analogs Modulate the Hepatic LDLR Pathway by Inhibiting 

HMGCoAR Activity 

To better characterize the dual inhibitory activity of all P5 analogs, a biochemical 

investigation was conducted to assess their effect on the modulation of HMGCoAR 
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activity. The results suggested that P5-Best, P5-H6A, and P5-S7A inhibited enzyme 

activity with an IC50 of 88.9, 74.4, and 73.8 µM, respectively, showing more effective 

inhibitory activity than P5 (147.2 µM) (Figure 4.4A), but they are still less active 

than statins. In facts, the IC50 values for the inhibition of HMG-CoAR activity for 

pravastatin simvastatin, atorvastatin, and rosuvastatin are equals to 44.1, 11.2, 8.2, 

and 5.4 nM, respectively (McTaggart, Buckett, Davidson, Holdgate, McCormick, 

Schneck, et al., 2001; Olsson, McTaggart, & Raza, 2002). 

 

 

 

Figure 4.4 Modulation of the LDLR pathway in HepG2 cells treated with P5 and P5 analogs. (A) 

In vitro inhibition of HMGCoAR activity. (B) The effect on SREBP-2 protein levels, (C) LDLR 

protein levels, and (D) HMGCoAR protein levels after the treatment of HepG2 cells with P5 and 

P5 analogs, respectively. Data points represent the average ± SD of four independent experiments 

performed in duplicate. C vs. P5 and P5 analog samples were analyzed using a one-way ANOVA, 

followed by by Tukey’s test; (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001. C: control sample. 
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Even though, P5 and P5 analogs are less active than statins as HMGCoAR inhbitors 

and their clinical implication is still too far, they display the unique feature to inhibit 

both HMGCoAR and PCSK9 targets, making them lead compounds for developing 

new peptidomimetic and/or small molecules endorsed by improved activity on both 

targets involved in the control of the circulating cholesterol level. 

Further experiments were performed to verify the ability of these P5 analogs to 

modulate the LDLR pathway in HepG2 cells. Similar to P5, P5-Best and P5-H6A 

induced an up-regulation of the SREBP-2 transcription factor level up to 118.6 ± 17.7% 

and 115.6 ± 10.1% (p < 0.05) (Figure 4.4B), respectively, resulting in an 

augmentation of the LDLR protein levels up to 148.4 ± 23.4% and 143.5 ± 24.0% (p 

< 0.001), respectively (Figure 4.4C). Interestingly, although P5-S7A caused a slight 

reduction of the SREBP-2 protein level to 96.9 ± 16.1% (Figure 4.4B), it led to an 

increase in the LDLR protein level up to 126.5 ± 13.6% (p < 0.05) (Figure 4.4C). 

Thus, in contrast to P5, P5-Best, and P5-H6A, the upregulation of the LDLR protein 

level and activity induced by P5-S7A was not through SREBP-2 pathway activation. 

Notably, P3 (YDFYPSSTKDQQS), a peptide from lupin protein that inhibits 

HMGCoAR activity, leads to an increase in the LDLR protein levels without SREBP-

2 activation but throughthe compensatory upregulation of the SREBP-1 (Lammi, 

Zanoni, Arnoldi, & Aiello, 2019). Therefore, it was hypothesized that P5-S7A could 

possess the same effect as P3 on LDLR protein production through the regulation of 

the SREBP-1 pathway. However, unlike P5, P5-Best, P5-H6A, and P5-S7A decreased 

the HMGCoAR levels up to 86.5 ± 22.8% (p < 0.05), 94.1 ± 12.2%, and 71.6 ± 15.5% 

(p < 0.01), respectively (Figure 4.4D), indicating that the P5 analogs were more 

active as HMGCoAR inhibitors than P5. Interestingly, P5-Best, P5-H6A, and P5-S7A 

which are about two-fold more potent than P5 as both HMGCoAR and PCSK9/LDLR 

PPI inhibitors, respectively, are also more efficient in the reduction of the HMGCoAR 

protein levels with a direct effect in the intracellular cholesterol homeostasis. Indeed, 

overall P5-Best and P5-S7A can improve the functional ability of hepatic cells to 

absorb extracellular LDL (Figure 4.4D). 
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4.3.6 P5 Analogs Modulate the Hepatic PCSK9 Pathway 

Figure 4.5 shows that P5-Best, P5-H6A, and P5-S7A decreased the PCSK9 protein 

levels by 21.8 ± 11.8%, 28.2 ± 17.5%, and 25.8 ± 17.9%, respectively (p < 0.05) 

(Figure 4.5A). Moreover, also the HNF-1α protein levels were decreased by 1.2 ± 

15.4%, 10.3 ± 2.4% (p < 0.05), and 18.7 ± 7.6% (p < 0.01) (Figure 4.5B), 

respectively. 

 

 

Figure 4.5 Modulation of the PCSK9 pathway in HepG2 cells. (A) Effects on the PCSK9 protein 

levels, (B) effects on the HNF1- α protein level, and (C) effects on mature PCSK9 secretion. Data 

points represent the average ± SD of six independent experiments performed in duplicate. C vs. P5 

and P5 analog samples were analyzed using a one-way ANOVA, followed by by Tukey’s test; (*) 

p < 0.05 and (**) p < 0.001. C: control sample. 

Although the ability to reduce the secretion of mature PCSK9 was weaker than that of 

P5, P5-Best, P5-H6A, and P5-S7A could also induce a slight reduction by 2.7 ± 1.9%, 

7.4 ± 2.6%, and 5.1 ± 1.7%, respectively (Figure 4.5C). These results agree with the 

behavior of another naturally peptide from soybean β-Conglycinin (Macchi, Greco, 

Ferri, Magni, Arnoldi, Corsini, et al., 2022). In particular, YVVNPDNNEN peptide 

(at 250 µM) reduces the PCSK9 protein level and its secretion via the modulation of 

HNF-1α (Macchi, et al., 2022). Our results suggest that lupin P5 and its new analogs, 

being active at 50 µM in the hepatic cells, are 5-fold more potent than 
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YVVNPDNNEN. In addition, it was also demonstrated that YVVNPDNNEN it is not 

a dual inhibitor peptide since being able to inhibit the HMG-CoAR activity (Lammi, 

Zanoni, Arnoldi, & Vistoli, 2015) but not the PPI between PCSK9 and the LDLR 

(Macchi, et al., 2022). 

4.3.7 P5 Analogs Increase the Expression of LDLR Localized in the Cellular 

Membranes and Modulate LDL Uptake in HepG2 Cells 

In accordance with the above results, P5-Best, P5-H6A, and P5-S7A increased the 

LDLR levels localized in the cellular membranes of HepG2 cells by 156.3 ± 12.1%, 

158.9 ± 12.0% (p < 0.001), and 140.2 ± 15.1% (p < 0.01) at 50 µM, respectively 

(Figure 4.6A). Experiments were also performed in parallel, with P5 as the reference 

compound, which increased the membrane LDLR protein levels by 153.6 ± 16.4% (p 

< 0.001) at the same concentration of 50 µM. Consequently, the functional capability 

of HepG2 cells to uptake extracellular LDL after treatments with P5, P5-Best, P5-

H6A, and P5-S7A was observed, leading to an increased ability of 203.8 ± 40.67% (p 

< 0.01), 254.3 ± 16.4% (p < 0.0001), 229.8 ± 27.9% (p < 0.001), and 211.1 ± 40.1% 

(p < 0.01), respectively (Figur 4.6B). 

 

 

Figure 4.6 Modulation of the LDLR pathway in HepG2 cells. (A) The effect on the LDLR 
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localized on the surface of HepG2 cells after the treatment of HepG2 cells with P5 and P5 analogs, 

respectively. (B) Enhancement of the functional ability of HepG2 cells to uptake LDL from the 

extracellular environment. Data points represent the average ± SD of four independent 

experiments performed in duplicate. C vs. P5, and P5 analog samples were analyzed using one-

way ANOVA, followed by by Tukey’s test; (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001. 

C: control sample. 

4.3.8 Docking of P5-S7A and MD Simulations on HMG-CoAR 

The experimental assays on the purchased peptides highlighted the improvement in 

the dual inhibitory activity of the P5 mutant peptides. Specifically, P5-S7A showed 

the lowest IC50 value for HMG-CoAR. Thus, docking and MD simulations were 

conducted to acquire atomistic details on the putative binding mode of P5-S7A in 

complex with HMG-CoAR. This study can pave the way for the design of more dual-

active peptides. P5-S7A was docked to the statin binding site of HMG-CoAR using 

Glide (see the Experimental Section for details), and the best docking pose (gscore = 

−9.881 kcal/mol) was selected for further 500 ns-long MD simulations in explicit 

water solvent (see Figure 4-S4 in the Supporting Information for the RMSD plots). 

As the enzyme was in the dimeric state, the statin present in the other binding sites 

was not deleted (see the Experimental Section for details) to preserve the overall 

folding of the simulating system. At the end of the MD simulations, the root mean 

square deviation (RMSD) of the peptide was analyzed, and the peptide conformations 

sampled during the MD production run were clustered using the average-linkage 

method, which was previously prescribed for the PCSK9/peptide complexes. The 

results showed that only one cluster was mainly populated, representing 73.1% of the 

peptide conformations. The structure representative of this cluster is depicted in 

Figure 4.7. 
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Figure 4.7 The representative structure of the most populated cluster of P5-S7A (green sticks) 

bound to HMG-CoAR (electrostatic surface). The small hydrophobic pocket (Leu853, Ala856, 

and Leu857) interacting with P5-S7A-Leu3 is highlighted. The H-bonds are represented by yellow 

dashed lines. Only polar hydrogens are shown in the figure. 

This HMGCoAR/P5-S7A complex showed the presence of a H-bond network 

between the P5-S7A-Ala7 and -Ala9 backbone atoms, with a side chain of 

HMGCoAR-Asn658. P5-S7A-Leu3 projected its side chain in a small hydrophobic 

pocket sized by HMGCoAR-Leu853, -Ala856, and -Leu857. Interestingly, the 

presence of an intramolecular H-bond between the side chains of P5-S7A-Lys5 and -

Asp10 improved the overall peptide conformational stability. Moreover, the supposed 

binding mode of P5-S7A was consistent with the binding affinity data, indicating that 

the IC50 of P5-H6A on HMGCoAR was close to that of P5-S7A. Both residues could 

point their side chains to an effectively empty pocket sized by HMGCoAR-Leu853, -

Ala856, and -Leu857, which did not create any interactions with the HMGCoAR 

counterpart. Thus, the substitution of positions 6 and 7 with alanine did not elicit any 

strong variation in the experimental binding affinity. This hypothesis paves the way 

for the design of new P5 analogs in which positions 6 and 7 can be mutated by 

unnatural amino acids capable of creating stronger interactions with HMGCoAR. 
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The binding mode supposed for P5-S7A was then compared to the one of P5 

incomplex with HMGCoAR, to understand the possible reasons on the base of the 

improved binding affinity displayed by the mutant peptide. In our previous article 

(Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016) we have reported on the results 

of docking calculations of P5. Here, performing MD simulations starting from the P5 

docking pose (see Figure 4-S5 in the Supporting Information for the RMSD plots), 

we noted that, in the complex conformation representative of the most populated 

cluster (70%), P5 adopted a binding mode in which the side chain of P5-S7 created 

two intramolecular H-bonds with the NH groups of P5-A9 and P5-D10 (Figure 4.8). 

In the mutant peptide P5-S7A, these internal bonds cannot be created for the absence 

of the OH group in position 7. This, in our opinion, led to a peptide endowed with an 

increased conformational freedom, leaving the C-terminal residues to adopt a cyclic 

conformation in which an internal salt bridge can be shaped between the side chains 

of P5-K5 and P5-D10. This conformation could be more prone to create remodeled 

and ameliorated interactions with the enzyme. 

 

 

Figure 4.8 The representative structure of the most populated cluster of P5 (cyan sticks) bound to 

HMG-CoAR (electrostatic surface). H-bonds are represented by yellow dashed lines. Only polar 

hydrogens are shown in the figure. 
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ly, the binding mode supposed for P5-S7A was also compared to that of atorvastatin 

in complex with HMGCoAR (as reported in the PDB, accession code 1HWK (Istvan 

& Deisenhofer, 2001). The structural alignment of both complexes (Figure 4.9) 

permitted to us suppose that the first four residues of P5-S7A essentially reproduce 

the contact played by the three aromatic substituents of the atorvastatin pyrrole ring. 

In particular, the aniline is mimicked by the P5-S7A-Ile2 side chain, the P5-S7A-Leu3 

was overlapped to the phenyl ring of the statin, and the p-F-phenyl ring of atorvastatin 

was spatially close to the P5-S7A-Pro4 (Figure 4.9). Unfortunately, the remaining 

moiety of the peptide pointed to an enzyme area different from the one in which the 

3,5-dihydroxyl-heptanoic acid moiety was bound in the HMGCoAR/atorvastatin 

complex. This portion is considered essential for the biological activity of the statins 

and could explain the reason on the base of the low affinity displayed by the mutant 

peptide. More efforts should be made to design peptides capable of mimicking such 

interactions and occupying the HMGCoAR pocket sized by Lys735, Ser684, Arg590, 

Lys 691, Asn755, and Glu559 residues (Figure 4.9B) 

 

 

Figure 4.9 (A) Crystallographic pose of atorvastatin (yellow sticks), as was found in the X-ray 

structure available in the PDB (accession code 1HWK (Istvan & Deisenhofer, 2001)), 

superimposed on the representative structure of the most populated cluster of P5-S7A (green 

sticks) in complex with HMG-CoAR. (B) 2D representation of the protein-ligand contacts 

displayed by atorvastatin (cutoff = 3.00 Å) in complex with HMGCoA, as in the X-ray structure. 

H-bonds are highlighted by purple arrows and the hydrophobic residues involved in the protein-
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ligand interactions are colored in green. 

4.4 Conclusions 

In this study, using promising data on the dual hypocholesterolemic activity of the 

lupin peptide P5, we computationally designed new analogs endowed with improved 

PCSK9 and HMGCoAR inhibitory activities. After the computational alanine-

scanning mutational analysis, the non-hotspot residue of P5 was suitably substituted 

with other amino acids capable of improving the complementarity between PCSK9 

and the peptide. Therefore, using our “affinity maturation protocol”, we selected P5-

Best, P5-H6A, and P5-S7A peptides for the experimental assays. The attained 

experimental data confirmed the theoretical studies, revealing that the affinity of the 

mutant P5-H6A peptide on PCSK9 was reduced almost seven times (IC50 = 9.0 µM), 

whereas the affinity of P5-S7A was slightly higher than that of P5 (IC50 = 1.45 µM). 

Remarkably, the mutant peptide P5-Best showed the lowest PCSK9 IC50 value of 0.7 

µM. Further biological assays demonstrated that all mutant peptides that maintained 

the dual PCSK9/HMGCoAR inhibitory activity improved the ability of HepG2 cells 

to absorb extracellular LDL by up to 254% (P5-Best data). Doubtless, peptide P5 and 

its analogs display activity in the micromolar range suggesting that still their 

exploitation in the clinical application is challenging. Therefore, more efforts have to 

be pursued in order to improve their dual-inhibitory activity. However, evidences 

support the fact that P5 and its analogs can be considered as promising lead 

compounds for the development of a new class of hypocholesterolemic drugs 

endowed with dual-inhibitory activity of both PCSK9 and HMGCoAR targets. Indeed, 

the dual and synergistic activity may be useful for better achieving the biological 

effect than compound actives on one of those targets. 

Further experiments will be performed to evaluate the intestinal stability and 

propensity of P5 analogs to be trans-epithelial transported by mature Caco-2 cells. 

Experiments will be performed using the parent peptide P5 and the natural intestinal 

metabolite P5-met as positive controls. This study confirms that a multidisciplinary 



134 

approach in the design of new peptides is successful in identifying peptides endowed 

with hypocholesterolemic effects, offering a promising starting point for the design of 

peptidomimetics that lack the bioavailability problems of peptides.  
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4.5 Supporting information 

Table 4-S1 Percentage of population of P5-S7A clusters identified by means of average-linkage 

method implemented in AmberTools20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-S1 RMSD (Å) over simulation time of the complex PCSK9/P5 Cα atoms aligned on the 

P5-S7A Peptide population 

Cluster number % 

1 73.1 

2 11.7 

3 5.7 

4 3.4 

5 2.2 

6 1.6 

7 1.1 

8 0.9 

9 0.1 

10 0.1 



136 

equilibrated structure of PCSK9. 

 

 

 

Figure 4-S2 RMSD (Å) over simulation time of the complex PCSK9/P5-H6A Cα atoms aligned 

on the equilibrated structure of PCSK9. 
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Figure 4-S3 RMSD (Å) over simulation time of the complex PCSK9/P5-best Cα atoms aligned on 

the equilibrated structure of PCSK9. 

 

 

Figure 4-S4 RMSD (Å) over simulation time of the complex HMG-CoAR/P5-S7A Cα atoms 

aligned on the equilibrated structure of HMG-CoAR. 
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Figure 4-S5 RMSD (Å) over simulation time of the complex HMG-CoAR/P5 Cα atoms aligned 

on the equilibrated structure of HMG-CoAR. 

Materials and Methods 

Chemicals. Dulbecco’s modified Eagle’s medium (DMEM), stable L-glutamine, fetal 

bovine serum (FBS), phosphate buffered saline (PBS), penicillin/streptomycin, 

chemilu- minescent reagent, and 96-well plates were purchased from Euroclone 

(Milan, Italy). The HMGCoAR assay kit, bovine serum albumin (BSA), Janus Green 

B, formaldehyde, HCl and H2SO4 were from Sigma-Aldrich (St. Louis, MO, USA). 

The antibody against LDLR and the 3, 3ʹ,5, 5ʹ-tetramethylbenzidine (TMB) substrate 

were bought from Thermo Fisher Scientific (Waltham, MA, USA). The Quantikine 

ELISA kit was bought from R&D Systems (Minnneapolis, MN, USA). The LDL-

DyLight TM 550 was from Cayman Chemical (Ann Arbor, MI, USA). The CircuLex 

PCSK9 in vitro binding Assay Kit was from CircuLex (Cy-cLex Co., Nagano, Japan). 

The peptides (P5, P5-Best, P-H6A, and P5-S7A) were synthesized by the company 

GeneScript (Piscataway, NJ, USA) at >95% purity. The antibody against HMG-

CoAR was bought from Abcam (Cambridge, UK). Phenylmethanesulfonyl fluoride 

(PMSF), Na-orthovanadate inhibitors, and the antibodies against rabbit Ig-horse-

radish peroxidase (HRP), mouse Ig-HRP, and SREBP-2 (which recognizes epitope 

located in a region between 833–1141 and bands at about 132 kDa) were purchased 

from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The antibodies against 

hepatocyte nuclear factor 1-alpha (HNF1-alpha) and PCSK9 were bought from 

GeneTex (Irvine, CA, USA). The inhibitor cocktail Complete Midi was from Roche 

(Basel, Switzerland). Mini protean TGX pre-cast gel 7.5% and Mini nitrocellulose 

Transfer Packs were purchased from BioRad (Hercules, CA, USA). 

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. 
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HMGCoAR Aactivity Assay. The experiments were carried out following the 

manufacturer instructions and optimized protocol (Aiello, Lammi, Boschin, Zanoni, 

& Arnoldi, 2017). The assay buffer, NADPH, substrate solution, and HMG-CoAR 

were provided in the HMG-CoAR Assay Kit (Sigma Aldrich SRL, Milan, Italy). The 

experiments were carried out following the manufacturer instructions at 37 °C. In 

particular, each reaction (200 µL) was prepared adding the reagents in the following 

order: 1 X assay buffer, a 10–500 µM doses of P5 and P5 analogs or vehicle (C), the 

NADPH (4 µL), the substrate solution (12 µL), and finally the HMGCoAR (catalytic 

domain) (2 µL). Subsequently, the samples were mixed and the absorbance at 340 nm 

read by the microplate reader Synergy H1 (Winooski, VT, USA) at time 0 and 10 min. 

The HMG-CoAR-dependent oxidation of NADPH and the inhibition properties of 

peptides were measured by absorbance reduction, which is directly proportional to 

enzyme activity. 

In Vitro PCSK9-LDLR Binding Assay. Peptides P5 and P5 analogs (0.1–100 µM) 

were tested using the in vitro PCSK9-LDLR binding assay (CycLex Co., Nagano, 

Japan) following the manufacture instructions and conditions already optimized 

(Lammi, Zanoni, Aiello, Arnoldi, & Grazioso, 2016). Briefly, plates are pre-coated 

with a recombinant LDLR-AB domain containing the binding site of PCSK9. Before 

starting the assay, tested peptides and/or the vehicle were diluted in the reaction buffer 

and added in microcentrifuge tubes. Afterwards, the reaction mixtures were added in 

each well of the microplate and the reaction was started by adding His-tagged PCSK9 

solution (3 µL). The microplate was allowed to incubate for 2 h at room temperature 

(RT) shaking at 300 rpm on an orbital microplate shaker. Subsequently, wells were 

washed 4 times with the wash buffer. After the last wash, the biotinylated anti-His-tag 

monoclonal antibody (100 µL) was added and incubated at RT for 1 h shaking at 300 

rpm. After incubation, wells were washed for 4 times with wash buffer. After the last 

wash, 100 µL of HRP-conjugated streptavidin were added and the plate was incubated 

for 20 min at RT. After incubation, wells were washed 4 times with wash buffer. 

Finally, the substrate reagent (tetra-methylbenzidine) was added, and the plate was 

incubated for 10 min at RT shaking at ca. 300 rpm. The reaction was stopped with 2.0 
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M sulfuric acid and the absorbance at 450nm was measured using the Synergy H1 

fluorescent plate reader (Winooski, VT, USA). 

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, cells were washed with 

PBS and then starved overnight (O/N) in DMEM without FBS and antibiotics. After 

starvation, HepG2 cells were treated with 4.0 µg/mL PCSK9-WT and 4.0 µg/mL 

PCSK9 + peptides P5 and/or P5 analogs (50.0 µM) and vehicle (H2O) for 2 h at 37 °C 

under 5% CO2 atmosphere. Subsequently, they were fixed in 4% paraformaldehyde 

for 20 min at room temperature (RT). Cells were washed 5 times with 100 µL of 

PBS/well (each wash was for 5 min at RT) and the endogenous peroxides activity 

quenched adding 3% H2O2 for 20 min at RT. Non-specific sites were blocked with 

100 µL/well of 5% bovine serum albumin (BSA, Sigma) in PBS for 1.5 h at RT. 

LDLR primary antibody solution (1:3000 in 5% BSA in PBS, 25 µL/well) was 

incubated O/N at +4 °C. Subsequently, the primary antibody solution was discarded 

and each sample was washed 5 times with 100 µL/well of PBS (each wash was for 5 

min at RT). Goat anti-rabbit Ig-HRP secondary antibody solution (Santa Cruz) 

(1:6000 in 5% BSA in PBS, 50 µL/well), was added and incubated 1 h at RT. The 

secondary antibody solution was washed 5 times with 100 µL/well of PBS (each wash 

for 5 min at RT). Freshly prepared TMB substrate (Pierce, 100 µL/well) was added 

and the plate was incubated at RT until desired color was developed. The reaction was 

stopped with 2 M H2SO4 and then the absorbance at 450 nm was measured using the 

microplate reader Synergy H1 (Winooski, VT, USA). After the read, cells were 

stained by adding 1 × Janus Green stain, incubating for 5 min at RT. The dye was 

removed, and the sample washed 5 times with water. Afterward 100 µL 0.5 M HCl 

for well were added and incubated for 10 min. After 10 seconds shaking, the OD at 

595 nm was measured using the microplate reader Synergy H1 (Winooski, VT, USA). 

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. The third day, cells 

were washed with PBS and then starved overnight (O/N) in DMEM without FBS and 

antibiotics. After starvation, they were treated with 4.0 µg/mL PCSK9 and 4.0 µg/mL 
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PCSK9 + P5 and/or P5 analogs (50.0 µM), and vehicle (H2O) for 2 h with at 37 °C 

under 5% CO2 atmosphere. At the end of the treatment, the culture medium was 

replaced with 50 µL/well LDL-DyLight™ 550 working solution (Cayman Chemical 

Company, Ann Arbor, MI, USA) prepared in DMEM without FBS and antibiotics. 

The cells were additionally incubated for 2 h at 37 °C and then the culture medium 

was aspirated and replaced with PBS (100 µL/well). The degree of LDL uptake was 

measured using the Synergy H1 fluorescent plate reader (Winooski, VT, USA) 

(excitation and emission wavelengths 540 and 570 nm, respectively). Fluorescent 

LDL-uptake was finally assessed following optimized protocol (Zanoni, Aiello, 

Arnoldi, & Lammi, 2017). 

Western Blot Analysis. Immunoblotting experiments were performed using 

optimized protocol (Zanoni, Aiello, Arnoldi, & Lammi, 2017). A total of 1.5 × 105 

HepG2 cells/well (24-well plate) were treated with 50.0 µM of P5 and P5 analogs for 

24 h. After each treatment, the supernatants were collected and stored at -20 °C; cells 

were scraped in 40 µL ice-cold lysis buffer (RIPA buffer + inhibitor cocktail + 1:100 

PMSF + 1:100 Na-orthovanadate + 1:1000 β-mercaptoethanol) and transferred in ice-

cold microcentrifuge tubes. After centrifugation at 13,300 g for 15 min at 4 °C, the 

supernatants were recovered and transferred into new ice-cold tubes. Total proteins 

were quantified by the Bradford’s method and 50 µg of total proteins loaded on a pre-

cast 7.5% Sodium Dodecyl Sulfate-Polyacrylamide (SDS-PAGE) gel at 130 V for 45 

min. Subsequently, the gel was pre-equilibrated in H2O for 5 min at room tem- 

perature (RT) and transferred to a nitrocellulose membrane (Mini nitrocellulose 

Transfer Packs,) using a Trans-Blot Turbo at 1.3 A, 25 V for 7 min. Target proteins, 

on milk or BSA blocked membrane, were detected by primary antibodies as follows: 

anti-SREBP-2, anti-LDLR, anti-HMG-CoAR, anti-PCSK9, anti HNF-1α and anti-β-

actin. Secondary antibodies conjugated with HRP and a chemiluminescent reagent 

were used to visualize target proteins and their signal was quantified using the Image 

Lab Software (Biorad, Hercules, CA, USA). The internal control β-actin was used to 

normalize loading variations.  
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5. Abstract 

A preceding paper has shown that a hempseed peptic hydrolysate displays a 

cholesterol-lowering activity with a statin-like mechanism of action in HepG2 cells 

and a potential hypoglycemic activity by the inhibition of dipeptidyl peptidase-IV in 

Caco-2 cells. In the framework of a research aimed at fostering the multifunctional 

behavior of hempseed peptides, we present here the identification and evaluation of 

some antioxidant peptides from the same hydrolysate. After evaluation of its 

diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity, a trans-epithelial 

transport experiment was performed using differentiated Caco-2 cells that permitted 

the identification of five transported peptides that were synthesized and evaluated by 

measuring the oxygen radical absorbance capacity (ORAC), the ferric reducing 

antioxidant power (FRAP), and the 2,2-azino-bis-(3-ethylbenzo-thiazoline-6-sulfonic) 

acid (ABTS), and diphenyl-2-picrylhydrazyl radical DPPH assays. The most active 

peptides, i.e. WVSPLAGRT (H2) and IGFLIIWV (H3), were then tested in cell 

assays. Both peptides were able to reduce the H2O2-induced reactive oxygen species 

(ROS), lipid peroxidation, and nitric oxide (NO) production levels in HepG2 cells, via 

the modulation of Nrf-2 and iNOS pathways, respectively. 

 

5.1 Introduction 

The seed of industrial hemp, i.e. the non-drug cultivars of Cannabis sativa, stands out 

for its high protein (~25%) content (Callaway, 2004). The superior amino acid profile 

and high digestibility of hempseed proteins suggests their potential efficacy as a 

source of health-promoting peptides. In fact, different Authors have investigated the 

biological activity of peptides produced by hydrolyzing hempseed protein with 

different enzymes. 

Due to the heterogeneous composition of the protein hydrolysates, it is likely that 

these materials may provide more the one biological activity (Lammi, Aiello, Boschin, 

& Arnoldi, 2019). This multifunctional behavior has been clearly highlighted for 

hempseed hydrolysates (Farinon, Molinari, Costantini, & Merendino, 2020). In fact, 
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hempseed peptides, obtained hydrolyzing the proteins with a combination of pepsin 

and pancreatin, possess both antioxidant and hypotensive activity either in vitro or in 

vivo (Girgih et al., 2014). The antioxidant and antihypertensive effects may be due to 

the presence of high levels of negatively charged amino acids for electron donation to 

reactive oxygen species and arginine for the production of nitric oxide (NO), a 

vasodilating agent, respectively. The hypotensive activity may depend also on the 

inhibition of angiotensin-converting enzyme (ACE) and renin (Girgih, He, & Aluko, 

2014; Girgih et al., 2014). Other Authors have demonstrated, instead, that specific 

hempseed hydrolysate fractions are either antioxidant or neuroprotective (Rodriguez-

Martin et al., 2019). Furthermore, hempseed protein hydrolysates obtained by 

different hydrolysis methods have in vitro neuroprotective activity (Malomo & Aluko, 

2016) and in vitro and in vivo hypotensive activity (Malomo, Onuh, Girgih, & Aluko, 

2015). 

In addition, a recent investigation by our group has shown that a hydrolysate obtained 

digesting a total protein extract from hempseed with pepsin (HP) displays cholesterol-

lowering activity through the inhibition of 3-hydroxy-3-methyl-glutaryl-coenzyme A 

reductase (HMCoAR) (C Lammi, Bollati, Gelain, Arnoldi, & Pugliese, 2019; Zanoni, 

Aiello, Arnoldi, & Lammi, 2017). This inhibition leads to a positive low-density 

lipoprotein (LDL) receptor (LDLR) pathway modulation in human hepatic HepG2 

cells (Zanoni et al., 2017). Finally, HP is also able to inhibit dipeptidyl peptidase-IV 

(DPP-IV), either in vitro on the human recombinant enzyme or in human intestinal 

Caco-2 cells, suggesting a potential anti-diabetic effect (Lammi et al., 2019). 

Considering that there is currently a big interest for antioxidant peptides from dietary 

sources, the present study was aimed at fostering the multifunctional health promoting 

activities of hempseed peptides focusing the interest on the identification and 

characterization of bioavailable antioxidant peptides. More in details, the first 

objective of the work was the assessment of the antioxidant activity of the HP 

hydrolysate using the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) assay. 

As the bioavailability is always a crucial feature, the second objective of the study 

was the identification of bioavailable peptides in the HP hydrolysate. In fact, we have 
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developed a strategy for identifying bioavailable and active peptides based on the use 

of differentiated Caco-2 cell: in practice, the differentiated Caco-2 monolayer is used 

as a “natural sieve of bioavailable species”. This permits to concentrate further 

research exclusively on absorbable peptides (Lammi et al., 2016). 

The third objective of the work was the evaluation of the activity of absorbed peptides. 

To achieve this goal, the transported ones were synthetized and their direct 

antioxidant activity was tested using the most important antioxidant test [DPPH, 

oxygen radical absorbance capacity (ORAC), ferric reducing antioxidant power 

(FRAP), and 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid (ABTS)]. The 

two most active peptides were further investigated in human hepatic HepG2 cells after 

the induction of oxidative stress using H2O2 for assessing their ability to reduce the 

level of reactive oxygen species (ROS), lipid peroxidation, and NO production. 

Finally, the effects of both peptides on the activation of nuclear factor erythroid 2-

related factor 2 (Nrf-2) and inducible nitric oxide synthase (iNOS) pathway 

modulations were investigated in the same cells by performing western blotting 

experiments. 

5.2 Material and Methods 

5.2.1 Chemicals 

All chemicals and reagents were of analytical grade. Dulbecco’s modified Eagle’s 

medium (DMEM), stable L-glutamine, fetal bovine serum (FBS), phosphate buffered 

saline (PBS), penicillin/streptomycin, chemiluminescent reagent, and 96-well plates 

were purchased from Euroclone (Milan, Italy). ROS and lipid peroxidation (MDA) 

assay kits, Griess reagent, bovine serum albumin (BSA), RIPA buffer, the anti-Nrf2 

and anti-β-actin antibodies were from Sigma-Aldrich (St. Louis, MO, USA). The 

iNOS primary antibody came from Cell Signaling Technology (Danvers, MA, USA). 

The HepG2 cell line was bought from ATCC (HB-8065, ATCC from LGC Standards, 

Milan, Italy) and Caco-2 cells were obtained from INSERM (Paris, France). The 

synthetic peptides H1, H2, H3, H4, and H5 were synthesized by the company 
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GeneScript (Piscataway, NJ, USA) at >95% purity. 

5.2.2 Preparation and analysis of the peptic hydrolysate from hempseed protein 

(HP)  

Hempseeds (C. sativa cultivar Futura) were provided by the Institute of Agricultural 

Biology and Biotechnology, CNR (Milan, Italy). The isolation of hempseed proteins, 

their hydrolysis and peptidomic analysis was previously carried out applying methods 

already published (Zanoni et al., 2017). Briefly, 2 g of defatted hempseed flour were 

homogenized with 15 mL of 100 mM Tris-HCl/0.5 M NaCl buffer, pH 8.0. The 

extraction was performed in batch at 4 °C overnight under magnetic stirring. The 

solid residue was eliminated by centrifugation at 6800g for 30 min at 4 °C, and the 

supernatant was dialyzed against 100 mM Tris-HCl buffer, pH 8.0 for 36 h at 4 °C. 

The protein content was assessed according to the method of Bradford, using BSA as 

standard. The hydrolysis was performed on the total protein extract, changing the pH 

from 8 to 2 by adding 1 M HCl. The pepsin solution (4 mg/mL in NaCl 30 mM) was 

added in a ratio 1:50 enzyme/hempseed protein (w/w). The mixture was incubated for 

16 h at 37 °C and then the enzyme inactivated changing the pH to 7.8 by adding 1 M 

NaOH. The sample was fractionated by ultrafiltration, using membranes with a 3-kDa 

molecular weight cutoff (MWCO; Millipore, U.S.A.). This permeate solution was 

used for investigating the biological activity. For determining its composition, it was 

acidified with 0.1% of formic acid, and then analyzed on a SL IT mass spectrometer 

interfaced with a HPLC Chip Cube source (Agilent Technologies, Palo Alto, CA, 

U.S.A.). Separation was carried out in gradient mode at a 300 nL/min flow. The LC 

solvent A was 95% water, 5% ACN, and 0.1% formic acid, and solvent B was 5% 

water, 95% ACN, and 0.1% formic acid. The nano pump gradient program was as 

follows: 5% solvent B (0 min), 80% solvent B (0–40 min), 95% solvent B (40–45 

min), and back to 5% in 5 min. The drying gas temperature was 300 °C, and flow rate 

was 3 L/min (nitrogen). Data acquisition occurred in positive ionization mode. 

Capillary voltage was −1950 V, with an end plate offset of −500 V. Full scan mass 

spectra were acquired in the mass range from m/z 300 to 2000 Da. LC-MS/MS 
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analysis was performed in data dependent acquisition AutoMS(n) mode. The MS/MS 

data were analyzed by Spectrum Mill Proteomics Workbench (Rev B.04.00, Agilent 

Technologies, Palo Alto, CA, U.S.A.) consulting NCBI_ Cannabis sativa (531 

sequences) protein sequences database. Two missed cleavages were allowed to pepsin; 

peptide mass tolerance was set to 1.2 Da and fragment mass tolerance to 0.9 Da. The 

threshold used for peptide identification score was ≥ 6; the scored peak intensity SPI% 

was ≥ 70%; and the autovalidation strategy either in peptide mode and in protein 

polishing was performed using an FDR cutoff of ≤1.2%. 

5.2.3 Intestinal trans-epithelial transport of hempseed hydrolysate assessment 

5.2.3.1 Caco-2 cell culture Caco-2 differentiation conditions 

Human intestinal Caco-2 cells were 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, according to a published protocol (Lammi et al., 2016). For 

differentiation, Caco-2 cells were seeded on polycarbonate filters, 12 mm diameter, 

0.4 µm pore diameter (Transwell, Corning Inc., Lowell, MA, US) at a 3.5 × 105 

cells/cm2 density in complete medium supplemented with 10% FBS in both apical 

(AP) and basolateral (BL) compartments for 2 d to allow the formation of a confluent 

cell monolayer. Starting from day three after seeding, cells were transferred to FBS-

free medium in both compartments, supplemented with ITS (final concentration 10 

mg/L insulin (I), 5.5 mg/L transferrin (T), 6.7 μg/L sodium selenite (S) (GIBCO-

Invitrogen, San Giuliano Milanese, Italy) only in the BL compartment, and allowed to 

differentiate for 18–21 days with regular medium changes three times weekly 

(Ferruzza, Rossi, Sambuy, & Scarino, 2013). 

5.2.3.2 Evaluation of the cell monolayer integrity 

The transepithelial electrical resistance (TEER) of differentiated Caco-2 cells was 

measured at 37 °C using the voltmeter apparatus Millicell (Millipore Co., Billerica, 

MA, USA), immediately before and at the end of the transport experiments. In 
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addition, at the end of transport experiments, cells were incubated from the AP side 

with 1 mM phenolred in PBS containing Ca ++ (0.9 mM) and Mg ++ (0.5 mM) for 1 

h at 37 °C, to monitor the paracellular permeability of the cell monolayer. The BL 

solutions were then collected and NaOH (70 µL, 0.1 N) was added H1 from Biotek 

(Winooski, VT, USA). Phenol-red passage was quantified using a standard phenol-red 

curve. Only filters showing TEER values and phenol red passages similar to untreated 

control cells were considered for peptide transport analysis. 

5.2.3.3 Trans-epithelial transport experiments 

Prior to experiments, the cell monolayer integrity and differentiation were checked by 

TEER measurement as described in detail above. Peptide trans-epithelial passage was 

assayed in differentiated Caco-2 cells in transport buffer solution (137 mM NaCl, 5.36 

mM KCl, 1.26 mM CaCl2, and 1.1 mM MgCl2, 5.5 mM glucose) according to 

previously described conditions. In order to reproduce the pH conditions existing in 

vivo in the small intestinal mucosa, the AP solutions were maintained at pH 6.0 

(buffered with 10 mM morpholinoethane sulfonic acid), and the BL solutions were 

maintained at pH 7.4 (buffered with 10 mM N-2-hydroxyethylpiperazine-N-4-

butanesulfonic acid). Prior to transport experiments, cells were washed twice with 500 

µL PBS containing Ca ++ and Mg ++. Peptide transportation by mature Caco-2 cells 

was assayed by loading the AP compartment with 1.0 mg/mL of HP hydrolysate in 

the AP transport solution (500 µL) and the BL compartment with the BL transport 

solution (700 µL). The plates were incubated at 37 °C and the BL solutions were 

collected at different time points (i.e., 15, 30, 60, 90, and 120 min) and replaced with 

fresh solutions pre-warmed at 37 °C. All BL and AP solutions collected at the end of 

the transport experiment were stored at −80 °C prior to analysis. Three independent 

transport experiments were performed, each in duplicate. 

5.2.3.4 HPLC-Chip-MS/MS analysis 

HPLC-Chip MS analysis of absorbed peptides was performed according to a 

previously published method (Lammi et al., 2016), as reported in Supplementary 
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material. The raw files obtained from the MS analyzer were processed by Spectrum 

Mill MS Proteomics Workbench (Rev B.04.00, Agilent). The extraction of MS/MS 

spectra was conducted accepting a minimum sequence length of 3 amino acids and 

merging scans with same precursor within a mass window of ± 0.4 m/z in a time 

frame of ± 5 s. Trypsin or pepsin were chosen as digestive enzymes; 2 missed 

cleavage were allowed. MS/MS search was conducted against the subset of C. sativa 

protein sequences (47576 entries) downloaded from UNIProtKB 

(http://www.uniprot.org/). The mass tolerance of parent and fragments of MS/MS 

data search was set at 1.0 Da for the precursor ions and 0.7 for fragment ions 

respectively. Threshold used for peptide identification score ≥ 8; Scored Peak 

Intensity SPI% ≥ 70%; Local False Discovery Rate ≤ 0.1%. 

5.2.4 Antioxidant activity of hempseed peptides 

5.2.4.1 1-Diphenyl-2-picrylhydrazyl radical (DPPH) assay 

The DPPH assay was performed by a standard method with a slight modification. 

Briefly, 45 μ L of 0.0125 mM DPPH solution (dissolved in methanol) was added to 

15 μL of the HP hydrolysate and lysates of pretreated cells at the final concentrations 

of 0.50, 1.0, and 2.50 mg/mL, whereas the single peptides H2 and H3 were tested at 

the final concentrations of 10 up to 200 µM. The reaction for scavenging the DPPH 

radicals was performed in the dark at room temperature and the absorbance was 

measured at 520 nm after 30 min incubation. 

5.2.4.2 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic) acid diammonium salt 

assay 

The Trolox equivalent antioxidant capacity (TEAC) assay is based on the reduction of 

the 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid (ABTS) radical induced by 

antioxidants. The ABTS radical cation (ABTS+
•
) was prepared by mixing a 7 mM 

ABTS solution (Sigma-Aldrich, Milan, Italy) with 2.45 mM potassium persulfate (1:1) 

and stored for 16 h at room temperature and in dark. To prepare the ABTS reagent, 



156 

the ABTS+
•
 was diluted in 5 mM phosphate buffer (pH 7.4) to obtain a stable 

absorbance of 0.700 (± 0.02) at 730 nm. For the assay, 10 µL of H2 and H3 peptides 

at the final concentrations of 10, 2, 50, 100, and 200 µM were added to 140 µL of 

diluted the ABTS+
•
. The microplate was incubated for 30 min at 30 °C and the 

absorbance was read at 730 nm using a microplate reader Synergy H1 (Biotek). The 

TEAC values were calculated using a Trolox (Sigma-Aldrich, Milan, Italy) calibration 

curve (60–320 µM). 

5.2.4.3 FRAP assay 

The FRAP assay evaluates the ability of a sample to reduce ferric ion (Fe3+) into 

ferrous ion (Fe2+). Thus, 10 µL of H2 and H3 peptides at the final concentrations of 

10, 25, 5, 100, and 200 µM were mixed with 140 µL of FRAP reagent. The FRAP 

reagent was prepared by mixing 1.3 mL of a 10 mM TPTZ (Sigma-Aldrich, Milan, 

Italy) solution in 40 mM HCl, 1.3 mL of 20 mM FeCl3 × 6 H2O and 13 mL of 0.3 M 

acetate buffer (pH 3.6). The microplate was incubated for 30 min at 37 °C and the 

absorbance was read at 595 nm. The results were calculated by a Trolox (Sigma-

Aldrich, Milan, Italy) standard curve obtained using different concentrations (3–400 

µM). Absorbances were recorded on a microplate reader Synergy H1 (Biotek). 

5.2.4.4 ORAC assay 

The ORAC assay is based on the scavenging of peroxyl radicals generated by the azo 

2,2 ′ -azobis(2-methylpropionamidine) dihydrochloride (AAPH, Sigma-Aldrich, 

Milan, Italy). Briefly, 25 µL of H2 and H3 peptides were added to 50 µL sodium 

fluorescein (2.934 mg/L) at the final concentrations of 10, 25, 50, 100, and 200 µM 

(Sigma-Aldrich, MO, USA) and incubated for 15 min at 37 °C. Then, 25 µL of 

AAPH (60.84 mM) were added and the decay of fluorescein was measured at its 

maximum emission of 528/20 nm every 5 min for 120 min using a microplate reader 

Synergy H1 (Biotek). The area under the curve (AUC) was calculated for each sample 

subtracting the AUC of the blank. The results were calculated using a Trolox 

calibration curve (2–50 µM). 
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5.2.5 Antioxidant activity of hempseed peptides on HepG2 cells 

5.2.5.1 HepG2 cell culture conditions 

Human hepatic HepG2 cells and intestinal Caco-2 cells were 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. 

5.2.5.2 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay 

A total of 3 × 104 HepG2 cells/well were seeded in 96-well plates and treated with 

peptides H2 and H3 (from 1 μM to 1 mM) or vehicle (H2O) in complete growth media 

for 48 h at 37 °C under 5% CO2 atmosphere. Subsequently, the solvent was aspirated 

and 100 µL/well of filtered 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) solution added. After 2 h of incubation at 37 °C under 5% CO2 

atmosphere, 0.5 mg/mL solution was aspirated and 100 µL/well of the lysis buffer (8 

mM HCl + 0.5% NP-40 in DMSO) were added. After 10 min of slow shaking, the 

absorbance at 575 nm was read on the microplate reader Synergy H1 (Biotek). 

5.2.5.3 Fluorometric intracellular ROS assay 

For cells preparation, 3 × 104 HepG2 cells/well were seeded on a black 96-well plate 

overnight in growth medium. The day after, the medium was removed, 50 μ L/well of 

Master Reaction Mix was added and the cells were incubated at 5% CO2, 37 °C for 1 

h in the dark. Then, the HP hydrolysate and peptides H2 and H3 were added to reach 

the 

final concentrations of 0.5 and 1.0 mg/mL (HP), 100.0 µM (H2) and 25.0 µM (H3), 

respectively, and incubated at 37 °C for 24 h. To induce ROS, cells were treated with 

H2O2 at a final concentration of 1.0 mM for 30 min a 37 °C in the dark and 

fluorescence signals (ex./em. 490/525 nm) were recorded using a microplate reader 

Synergy H1 (Biotek). 
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5.2.5.4 Lipid peroxidation (MDA) assay 

HepG2 cells (2.5 × 105 cells/well) were seeded in a 24 well plate and, the following 

day, they were treated with H2 (100 µM) and H3 (25.0 µM) peptides for 24 h at 37 °C 

under 5% CO2 atmosphere. The day after, cells were incubated with H2O2 1 mM or 

vehicle (H2O) for 1 h, then collected and homogenized in 150 μ L ice-cold MDA lysis 

buffer containing 3 μL of butylated hydroxytoluene (BHT) (100 ×). Samples were 

centrifuged at 13,000 g for 10 min, then were filtered through a 0.2 μm filter to 

remove insoluble material. To form the MDA-TBA adduct, 300 μL of the TBA 

solution were added into each vial containing 100 μL samples and incubated at 95 °C 

for 60 min, then cooled to RT for 10 min in an ice bath. For analysis, 100 μL of each 

reaction mixture were pipetted into a clear 96 well plate and the absorbance were 

measured at 532 nm using the microplate reader Synergy H1 (Biotek). To normalize 

the data, total proteins for each sample were quantified by Bradford method. 

5.2.5.5 Nitric oxide (NO) level evaluation on HepG2 cells 

HepG2 cells (1.5 × 105/well) were seeded on a 24-well plate. The next day, cells were 

treated with H2 and H3 peptides to reach the final concentrations of 100 µM (H2) and 

25 µM (H3) and incubated at 37 °C under a 5% CO2 atmosphere for 24 h. After 

incubation, cells were treated with H2O2 (1.0 mM) or vehicle (H2O) for 1 h, then the 

cell culture media were collected and centrifuged at 13,000 g for 15 min to remove 

insoluble material. The NO determination was carried out by Griess test. Briefly, 1.0 

g of Griess reagent powders were solved in 25.0 mL of distilled H2O and 50 μL of the 

solution were incubated with 50 μL of the culture supernatants for 15 min at RT in the 

dark. The absorbance was measured at 540 nm using the microplate reader Synergy 

H1 

(Biotek). 

5.2.5.6 iNOS and Nrf-2 protein level evaluation by western blot analysis 

A total of 1.5 × 105 HepG2 cells/well were seeded on 24-well plates and incubated at 

37 °C under a 5% CO2 atmosphere. The following day, cells were treated with 100 
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µM of H2, 25.0 µM of H3 peptides or vehicle (H2O) in a complete growth medium 

for 24 h. The day after, cells were treated with H2O2 (1.0 mM) or vehicle (H2O) for 1 

h. After each treatment, cells were scraped in 30 μL ice-cold lysis buffer [RIPA buffer 

+ inhibitor cocktail + 1:100 PMSF + 1:100Na-orthovanadate] and transferred in an 

ice-cold microcentrifuge tube. After centrifugation at 13,300 g for 15 min at 4 °C, the 

supernatant was recovered and transferred into a new ice-cold tube. Total proteins 

were quantified by the Bradford method and 50 μg of total proteins loaded on a 

precast 7.5% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) at 130 V for 

45 min. Subsequently, the gel was pre-equilibrated with 0.04% SDS in H2O for 15 

min at RT and transferred to a nitrocellulose membrane (Mini nitrocellulose Transfer 

Packs, Bio-Rad) using a trans-Blot Turbo (Bio-Rad) at 1.3 A, 25 V for 7 min. On milk 

or BSA blocked membrane, target proteins were detected by primary antibodies as 

follows: anti-iNOS, anti-Nrf-2 and anti-β-actin. Secondary antibodies conjugated with 

HRP and a chemiluminescent reagent were used to visualize target proteins and their 

signal was quantified using the Image Lab Software (Bio-Rad). The internal control 

β-actin was used to normalize loading variations. 

5.2.6 Statistical analysis 

All the data sets were checked for normal distribution by D’Agostino and Pearson test. 

Since they are all normally distributed with p-values < 0.05, we proceeded with 

statistical analyses by One-Way ANOVA followed by Tukey’s post-hoc tests and 

using GraphPad Prism 9 (San Diego, CA, USA). Values were reported as means ± 

standard deviation (s.d.); p-values < 0.05 were considered to be significant. 

5.3 Results & discussion 

5.3.1 Antioxidant activity of HP hydrolysate 

To evaluate the radical scavenging activity of the HP hydrolysate, the DPPH assay 

was employed, since this test is widely applied to test the ability of natural 

compounds to act as free radical scavengers or hydrogen donors (Kedare & Singh, 
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2011). The hydrolysate was tested in the range from 0.5 to 2.5 mg/mL. The results 

(Fig. 5.1A) clearly suggest that this hydrolysate scavenges the DPPH radical with a 

dose–response trend. In detail, it reduces the DPPH radicals by 16.9 ± 5.4%, 25.8 ± 

3.8%, and 50.7 ± 7.8%, respectively, at 0.5, 1.0, and 2.5 mg/mL (Fig. 5.1A). Even 

though, the radical scavenging activity of food protein hydrolysates is influenced by 

many factors (such as the proteases used for the generation of the hydrolysates, the 

size and amino acid composition of the obtained peptides, and the DPPH assay 

conditions), our results suggest that HP hydrolysate is more active than other 

hempseed protein hydrolysate, obtained by co-digesting the proteins with pepsin and 

pancreatin, which are poor scavengers of DPPH, i.e. about 4% at 1 mg/mL (Girgih, 

Udenigwe, & Aluko, 2011). These different behaviors may be explained considering 

that the extensive protein hydrolysis obtained by the combination of pepsin and 

pancreatin probably impairs the antioxidant activity. Indeed, HP hydrolysate is 6.5-

fold a more potent DPPH radicals scavenger than the hydrolysate obtained by co-

digesting the hempseed proteins with pepsin and pancreatin. Moreover, HP 

hydrolysate is also a more active radical scavenger than a soybean protein hydrolysate 

obtained with the same enzyme (Lammi, Bollati, & Arnoldi, 2019). 

In light with these pieces of evidence, the assessment of the ability of HP hydrolysate 

to scavenge the DPPH radicals was carried out also at cellular levels. More in details, 

HepG2 cells were treated with HP hydrolysate in the 0.5–2.5 mg/mL range of 

concentrations. After 24 h, cells were lysate and the DPPH assay was performed. In 

line with the previous results, our findings suggest that HP hydrolysate reduces the 

DPPH radical by 14.8 ± 5.6%, 22.9 ± 14.9%, and 56.6 ± 8.4%, respectively, at 0.5, 

1.0, and 2.5 mg/mL. 

Based on these results, to evaluate whether the HP hydrolysate modulates the H2O2-

induced ROS production, HepG2 cells were pretreated with it (0.5 and 1.0 mg/mL) 

overnight at 37 °C. The following day, the same cells were treated with 1 mM H2O2 

for 30 min at 37 °C. Results (Fig. 5.2) clearly suggest that the treatment of HepG2 

cells with H2O2 alone produces a significant augmentation of intracellular ROS levels 

by 153.3 ± 5.6% versus the control cells, which was attenuated by the pre-treatment 
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with the HP hydrolysate that reduced the H2O2-induced intracellular ROS by 14.1 ± 

6.7% at 0.5 mg/mL. Interestingly, at 1 mg/mL, the HP hydrolysate reduces the ROS 

level by 72.1 ± 5.0% under basal conditions even in presence of H2O2 stimulation, 

confirming that it can act as a natural antioxidant. These results are in line with the 

effect of peptic soybean peptides in the modulation of intracellular ROS levels after 

the H2O2 stimulation of HepG2 cells (Lammi et al., 2019). 

 

 

Figure 5.1 Chemical (A) and cellular (HepG2, B) DPPH radical scavenging activity of HP 

hydrolysate. The data points represent the averages ± s.d. of four independent experiments in 

duplicate. C: control sample. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, (****) p < 0.0001. 
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Figure 5.2 Effects of HP on the modulation of H2O2-induced ROS levels in HepG2 cells. HP 

reduce the H2O2 (1 mM)-induced ROS levels in HepG2 cells. Data represent the mean ± s.d. of six 

independent experiments performed in triplicate. All data sets were analyzed by One-way 

ANOVA followed by Tukey’s posthoc test. C: control sample. (*) p < 0.05, (****) p < 0.0001. 

5.3.2 Trans-epithelial transport of HP hydrolysate using differentiated Caco-2 

cells 

Differentiated Caco-2 cells were incubated with the HP hydrolysate in the AP 

compartments at a 1 mg/mL concentration. After 4 h treatment, the AP and BL media 

were collected and submitted to HPLC-Chip-MS/MS analysis. For monitoring cell 

monolayer permeability and excluding non-specific peptide passage, TEER 

measurements were taken at the beginning and end of each experiment. Moreover, 

phenol-red passage across the monolayer was assayed at the experiment end (Ferruzza, 

Scarino, Gambling, Natella, & Sambuy, 2003). Both assays demonstrated that the 

incubation with the HP hydrolysate did not affect monolayer permeability (data not 

shown). Only filters showing TEER values and a phenol red passage similar to 

untreated control cells were considered for peptide transport analysis. The starting 

peptic peptide mixture and the AP and BL samples taken at the end of transport 
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experiments were analyzed by HPLC-Chip-MS/MS. Fig. 5-S1 (Supplementary 

material) shows exemplary chromatographic profiles of AP and BL peptides, which 

were identified through MS/MS ion search, using the SpectrumMill search engine. 

Table 5.1 shows the peptides identified in the starting hydrolysate as well as in the 

AP and/or BL samples. Notably, among the peptides present in the starting HP 

hydrolysate, only five peptides were able to across the mature Caco-2 cells. Out of 

these five absorbed species, H1 belongs to Edestin 3 (A0A219D2X4), H2, H4, and 

H5 to Edestin1 (A0A090CXP7), whereas H3 belongs to Cytochrome c biogenesis 

protein CcsA (A0A0U2DTB8). H4 is the longest absorbed peptide with 12 amino 

acids residues within its sequence, whereas H3 and H5 are the shortest ones, 

accounting for 8 amino acid residues. Finally, H1 and H2 have 10 and 9 amino acid 

residue sequences, respectively. Moreover, H1 and H4 are absorbed by Caco-2 cells 

and are not degraded by the action of the peptidases, which are expressed at the AP 

side of the differentiated cells during incubation, whereas some other peptides, i.e. H2 

and H5, are transported by Caco-2 cells but they are degraded during the 4 h of 

incubation by intestinal peptidase producing other shorter peptide fragments. 

Working on a peptide mixture with a complex composition, it is not feasible to 

characterize the mechanism by which peptides are transported by intestinal cells, 

since more than one mechanism may occur at the same time during the trans-

epithelial transport of the total hydrolysate. 

Overall, food derived peptides may be transported across the intestinal brush-border 

membrane into the bloodstream via one or more of the following routes: (i) peptide 

transport 1 (PepT1)-mediated route, (ii) paracellular route via tight junctions, (iii) 

transcytosis route, and (iv) passive transcellular diffusion (Xu, Yan, Zhang, & Wu, 

2019). Peptide size, charge, hydrophobicity, and degradation due to the action of 

peptidases are among the main factors influencing the absorption through one or more 

of these routes. In general, short peptides, such as dipeptides and tripeptides, are 

preferentially transported by PepT1, due to its high-capacity, low-affinity, and high 

expression in intestinal epithelium (Daniel, 2004), whereas highly hydrophobic 

peptides are transported by simple passive transcellular diffusion or by transcytosis 
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(Miguel et al., 2008). Based on these considerations, the hydrophobicity of all the 

transported peptides was calculated (see Table 5.1). The results suggest that these 

peptides may be preferentially transported by paracellular route and/or by transcytosis. 

.
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Table 5.1 LC-ESI-MS/MS based identification of peptic peptides from transport experiments. 

aAccording to “UniProtKB” (http://www.uniprot.org/). 

bThe identification of protein parent was performed using SpectrumMill Workbench 

cM, starting peptide mixture of peptic peptides; AP, apical chamber samples; BL, basolateral chamber samples. 

dAccroding to PepDraw (http://pepdraw.com). 

e+, detected. 

 

Metabolite 

Sequence 

Accession noa m/zb 

(charge) 

Observed b [M 

+ H]+ (Da) 

Expected b [M 

+ H]+ (Da) 

Peptide sequenceb Short 

name 

M AP BL Hydrophobicity 

(Kcal*mol −1)d 

Peptic hempseed peptides 

Edestin, 3 A0A219D2X4 545,28 1089,568 1089,568 328DVFSPQAGRL337 H1 +e + + +12.95 

Edestin, 1 A0A090CXP7 586.93 986,541 986,541 450WVSPLAGRT558 H2 + – + +8.41 

Cytochrome c A0A0U2DTB8 480,80 960,595   960,591 293IGFLIIWV300 H3 – – + +0.18 

biogenesis protein CcsA 

Edestin, 1 A0A090CXP7   645,81 1291,661 1291,664 341DVFTPQAGRIST352 H4 + + + +13.58 

Edestin, 1 A0A090CXP7 434,78   868,524 868,525 461IRALPEAV468 H5 + – + +11.65 



166 

5.3.3 Screening of the antioxidant activity of transported hempseed peptides 

All peptides detected in the BL samples were synthesized and screened for their 

antioxidant activity at concentrations ranging from 10 to 200 µM using the ABTS, 

DPPH, ORAC, and FRAP assays (Figs. 5.3 and 5-2S). H2 and H3 resulted to be the 

best antioxidant peptides. H2 scavenged the ABTS radical by 147 ± 7.9%, 164.2 ± 

1.1%, 174.1 ± 0.4%, 178.8 ± 0.9%, and 179.3 ± 0.5%, whereas H3 by 142.7 ± 10.3%, 

146.1 ± 8.1%, 149.6 ± 5.6%, 153.1 ± 2.5%, and 157.5 ± 3.3%, respectively, at 10, 25, 

50, 100, and 200 µM (Fig. 5.3A, E). H2 scavenged the DPPH radical by 24.8 ± 0.3%, 

33.4 ± 4.2% and 36.1 ± 5.2% (Fig. 5.3B), whereas H3 reduced the DPPH radical by 

29.6 ± 2.2%, 29.8 ± 3.2%, 31.8 ± 3%,33.5 ± 3.3%, and 33.6 ± 0.6%, respectively, at 

10, 25, 50, 100, and 200 µM (Fig. 5.3F). 

In addition, in the ORAC test, H2 was able to scavenge the peroxyl radicals generated 

by 2,2′-azobis(2-methylpropionamidine) dihydrochloride up to 489.4 ± 56.9%, 614.8 

± 13.3%, 678 ± 52.4%, 679.5 ± 55.6%, and 621.8 ± 44.6%, whereas H3 by 148.9 ± 

12.1%, 181.8 ± 12.5%, 207.5 ± 13.7%, 331.3 ± 14.5%, and 480.8 ± 9.0%, 

respectively, at 10, 25, 50, 100, and 200 µM (Fig. 5.3C and G). Finally, H2 increased 

the FRAP by 143.1 ± 28.2%, 144.5 ± 32.5%, 212.6 ± 31%, 298.1 ± 58.7%, and 587.6 

± 27.3%, whereas H3 by 207.5 ± 23.5%, 299.3 ± 42.8%, 355.8 ± 19.3%, 519.5 ± 

13.7%, and 782 ± 6.8% at 10, 25, 50, 100, and 200 µM, respectively (Fig. 5.3D and 

5.3H). By performing the same assays, H1, H4, and H5 did not show any significant 

antioxidant behavior (Fig. 5-S2). 

Many physical–chemical factors may influence the ability of peptides to exert 

antioxidant activity. In facts, although certain aspects of the structure-function 

relationship of antioxidant peptides are still poorly understood (Harnedy, O’Keeffe, & 

FitzGerald, 2017), it has been suggested that chain length, amino acid type, amino 

acid composition, and amino acid sequence, the location of specific amino acids in a 

peptide chain may be critical issues for exerting the antioxidant property (Gallego, 

Mora, & Toldra, 2018). In this context, short peptides may be often potent 

antioxidants. 
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Literature indicates that, besides containing hydrophobic amino acids, such as Leu or 

Val, in their N-terminal regions, peptides containing nucleophilic sulfur-containing 

amino acid residues (Cys and Met), aromatic amino acid residues (Phe, Trp, and Tyr) 

and/or the imidazole ring-containing His are generally found to possess strong 

antioxidant properties (Nwachukwu & Aluko, 2018, 2019). Based on these 

considerations, H3 is the shortest peptide among those tested and it stands out for the 

presence of two aromatic amino acids (Trp and Phe) within its sequence, which 

certainly contribute to its antioxidant activity. In addition, since the repetitive di- or 

tri- amino acid residues within a peptide have been linked to enhanced antioxidant 

activity (Jin, Liu, Zheng, Wang, & He, 2016), the H3 antioxidant behavior may be 

linked to the repetitive II sequence. 

The antioxidant activity of peptide H2 is linked to the presence of Trp residue located 

in the N-terminal portion of the peptide as well as to the presence of an Arg residue in 

the C-terminal. In particular, the Arg residue in C-terminal may be correlated with its 

high ABTS radical scavenging ability. This evidence is line with the fact that the C-

terminal Arg residue has been linked to high antioxidant activity of certain peptides, 

i.e. GLFGPR and GATGPQGPLGPR (Sae-Leaw et al., 2017). 
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Figure 5.3 Antioxidant power evaluation of H2 and H3 peptides by 2,2-azino-bis-(3-

ethylbenzothiazoline-6-sulfonic) acid (ABTS) (A, E), 2,2-diphenyl-1-picryl-hydrazyl (DPPH) (B, 

F), oxygen radical absorbance capacity (ORAC) (C, G) and ferric reducing antioxidant power 

(FRAP) (D, H) assays, respectively. The data points represent the averages ± s.d. of four 

independent experiments performed in duplicate. All data sets were analyzed by One-way 

ANOVA followed by Tukey’s post-hoc test. C: control sample. (*) p < 0.5; (**) p < 0.01; (***) p 

< 0.001; (****) p < 0.0001. 

5.3.4 H2 and H3 decrease the H2O2-induced ROS and lipid peroxidation levels 

in hepatic HepG2 cells 

Considering all the results obtained by the previous assays, only H2 and H3 were 

chosen for a deeper assessment of the antioxidant properties at cellular level, 

measuring their protective effects after induction of oxidative stress using H2O2 on 

human hepatic HepG2 cells. Before cellular evaluation, however, it was necessary to 

perform MTT experiments in order to exclude any potential cytotoxic effect. Results 

suggest that H2 is safe for the hepatic cells at all the doses in the range 1 nM - 1 mM, 

whereas for H3 the highest safe dose for HepG2 cell vitality is 25 µM (Fig. 5-S3). In 

addition, any morphological variations of HepG2 cells treated w/o and with H2O2 (1 

mM) for 1 h and cells pre-treated with both H2 (100 µM) and H3 (25 µM) peptides 

and then treated with H2O2 (1 mM) was observed by inverted microscopy (Fig. 5-S4). 

Based on the MTT results and on the antioxidant activity evaluation by chemical 

assays, it was decided to test the H2 and H3 effect on HepG2 cells at the fixed 

concentrations of 100 and 25 µM, respectively. The concentration of H2 was selected 

based on its safety in the MTT assay, whereas that of H3 was the highest safe 

concentration even if it was not the most active in the antioxidant experiments 

performed employing ABTS, FRAP, ORAC, and DPPH assays, respectively. 

Fig. 5.4A shows that the treatment of HepG2 cells with H2O2 alone produces a 

significant increase of intracellular ROS levels by 51.7 ± 5.7%, which was attenuated 

by the pre-treatment with peptides H2 and H3: H2 reduced the ROS by 23.8 ± 12.5% 
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at 100 µM, whereas H3 by 23.2 ± 12.8% at 25 µM. These findings indicate that both 

peptides H2 and H3 significantly protected the HepG2 cells from the H2O2-induced 

oxidative stress. Notably, H3 appeared to be 4-fold more effective than H2. 

Other food peptides are antioxidant in cellular models. ADWGGPLPH, a wheat germ 

derived peptide, significantly reduces the intracellular ROS production deriving from 

hyperglycemia in vascular smooth muscle cells (F. Wang et al., 2020), peptides 

GPEGPMGLE, EGPFGPEG, GFIGPTE, from collagen of red-lip croaker, decreases 

intracellular ROS levels in H2O2-treated HepG2 cells (Wang, Zhao, Zhao, Chi, & 

Wang, 2020), and peptides VEGNLQVLRPR, LAGNPHQQQQN, HNLDTQTESDV, 

AGNDGFEYVTLK, QQRQQQGL, AELQVVDHLGQTV, EQEEEESTGRMK, 

WSVWEQELEDR, from defatted walnut meal, decrease ROS production in H2O2-

treated SHSY5Y cells (Sheng et al., 2019). 

Lipids of cellular membranes are susceptible to oxidative attack, typically by ROS, 

resulting in a well-defined chain reaction with the generation of end products, such as 

malondialdehyde (MDA) and related compounds, known as TBA reactive substances 

(TBARS). Based on these considerations, the capacity of H2 and H3 to modulate the 

H2O2-induced lipid peroxidation in human hepatic HepG2 cells was assessed 

measuring the reaction of MDA precursor with the TBA reagent to form fluorometric 

(λex = 532/λem = 553 nm) product, proportional to the amount of TBARS (MDA 

equivalents) present. In agreement with the observed increase of ROS after the H2O2 

treatment, a significant increase of the lipid peroxidation was observed up to 135.9 ± 

10.8% at cellular level (Fig. 5.4B). In addition, the pre-treatment of HepG2 cells with 

both peptides determined a significant reduction of lipid peroxidation even under 

basal conditions. Fig. 4B clearly shows that H2 decreases the lipid peroxidation up to 

99.5 ± 14.6% at 100 µM, whereas H3 up to 91.9 ± 13.3% at 25 µM (Fig. 5.4B). Since 

the lipid peroxidation is a validated marker of oxidative stress, these findings confirm 

the effective antioxidant property of hempseed peptides H2 and H3 and that H3 is 4-

fold more active than H2 also in reducing intracellular MDA production. VNP and 

YGD, two peptides from fermented grain (Jiupei), are able to decrease the MDA 

levels in AAPH-treated HepG2 cells (Jiang et al.,2019). In addition, QDHCH, a 
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peptide from pine nut protein, reduced MDA content in H2O2-treated HepG2 cells 

(Liang, Zhang, & Lin, 2017). Finally, IYVVDLR, IYVFVR, VVFVDRL, 

VIYVVDLR are four soybean peptides, which modulate both MDA and ROS level in 

H2O2-treated Caco-2 cells (Zhang et al., 2019). 

 

Figure 5.4 H2 and H3 peptides reduce the H2O2 (1 mM)-induced ROS levels in HepG2 cells (A). 

H2 and H3 peptides decrease the lipid peroxidation in the same cells after oxidative stress 

induction by H2O2 (B). Data represent the mean ± s.d. of six independent experiments performed 

in triplicate. All the data sets were analyzed by One-way ANOVA followed by Tukey’s post-hoc 

test. C: control sample; ns: not significant. (*) p < 0.5; (**) p < 0.01; (***) p < 0.001; (****) p < 

0.0001. 

5.3.5 H2 and H3 mediate antioxidant activity through the Nrf-2 pathway 

modulation 

Nuclear factor erythroid 2-related factor 2 (Nrf-2)/antioxidant response elements 

(ARE) signaling plays a crucial role in the protection against oxidative stress and is 

responsible for the maintenance of homeostasis and redox balance in cells and tissue. 

Indeed, the Kelch-likeECH associated protein 1 (Keap1)-Nrf2 signaling pathway is 

considered one of the plausible antioxidant mechanisms of peptides in vivo. Nrf-2 

regulates cellular responses against environmental stresses and is bound to Keap1 in 
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the cytoplasm under basal conditions. However, during oxidative stress conditions, 

Nrf-2 is released from Keap1 and translocated into the nucleus, where it binds to 

AREs and upregulates target genes, such as superoxide dismutase, catalase and 

glutathione, that are cellular antioxidant enzymes expected to protect cells from 

oxidative stress (Saha, Buttari, Panieri, Profumo, & Saso, 2020). To assess the effects 

of H2 and H3 on the Nrf-2-pathway, western blotting experiments were performed. 

Our findings indicated that after the treatment of HepG2 cells with H2O2 (1 mM), a 

significant decrease of Nrf-2 protein level by 25.3 ± 10.8% was observed versus 

control cells (Fig. 5.5A-C). The pretreatment with H2 and H3 produce antioxidant 

activity through the Nrf-2 pathway modulation in H2O2 treated HepG2 cells. In facts, 

H2 increased the Nrf-2 protein levels up to 126.1 ± 19.7% at 100 µM (Fig. 5.5A and 

5.5C), whereas H3 up to 115.4 ± 12.7% at 25 µM (Fig. 5.5 B, C). Statistical analysis 

confirms that also in this case, H3 is 4-fold more active than H2, since any difference 

was observed between both peptides (Fig. 5.5 C). Moreover, it clearly appears that at 

100 µM H2 is able to increase the Nrf-2 protein level more than basal condition (C) 

even in the presence of H2O2 (Fig. 5.5A and C). Recently, Oryza Peptide-P60 (OP60), 

a commercial rice peptide, has been reported to increase intracellular glutathione 

levels and the evaluation of the mechanisms underlying the antioxidant potential of 

this peptide in HepG2 cells suggests that OP60 reduced the oxidant stress induced by 

H2O2 via the Nrf-2 signaling pathway (Moritani et al., 2020). 
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Figure 5.5 Effect of H2 (A, C) and H3 (B, C) peptides on the H2O2 (1 mM)-induced Nrf-2 levels 

in human hepatic HepG2 cells. The data points represent the averages ± s.d. of six independent 

experiments in duplicate. All data sets were analyzed by One-way ANOVA followed by Tukey’s 

post-hoc test. C: control sample; ns: not significant; (*) p < 0.5, (**) p < 0.01, (***) p < 0.001. 

5.3.6 H2 and H3 modulate the H2O2-induced NO level production via the 

iNOS protein modulation in HepG2 cells 

Imbalanced ROS levels not only do impair the stability of intracellular 

macromolecules (such as DNA, proteins, and lipids) but also may react with NO 

leading to the production of peroxynitrite (ONOO‾), which reduces the bioavailability 

of NO, which is a potent vasorelaxant signaling messenger in vascular system 

(Beckman, 1996; Shi et al., 2004). Increased oxidative stress and its downstream 

effects can lead to various conditions such as cardiovascular diseases (D’Oria et al., 

2020). 

Based on these considerations, the effects of both H2 and H3 on NO production were 

evaluated on human hepatic HepG2 cells after oxidative stress induction. Notably, 

H2O2 (1 mM) treatment induced an oxidative stress that led to an increase of 

intracellular NO levels up to 110 ± 3.9% (Fig. 5.6A). Pre-treatment with H2 and H3 

reduced the H2O2-induced NO overproduction, reducing their values closer than the 

basal levels (Fig. 5.6A). In particular, H2 reduced the NO overproduction up to 96.2 ± 



173 

0.8%, whereas H3 up to 105.1 ± 1.2%. 

iNOS, is an enzyme expressed in different cell types (Soski  ́c et al., 2011) and it is 

usually induced during inflammatory events (Habib & Ali, 2011). The generation of 

NO by iNOS is associated with the alteration of NO homeostasis, which is linked to 

many pathophysiological conditions. In this study, the effect of H2 and H3 on iNOS 

protein levels was assessed after oxidative stress induction by western blot 

experiments, in which the iNOS protein band at 130 kDa was detected and quantified 

(Fig. 5.6B-D). Results suggest that after H2O2 treatment (1 mM), the iNOS protein 

increased up to 147.8 ± 18.6% in HepG2 cells. In agreement with the modulation of 

NO production, pre-treatment of HepG2 cells with both peptides reduced the H2O2-

induced iNOS protein, bringing their levels close to basal conditions. In particular, H2 

reduced the iNOS levels up to 100.9 ± 13.3% at 100 µM (Fig. 5.6B, D), whereas H3 

reduced up to 98.3 ± 13.6% at 25 µM (Fig. 5.6C, D). 

Recent pieces of evidence suggest that many bioactive peptides from different food 

sources exert both antioxidants and anti-inflammatory activities through the 

modulation of NO levels via iNOS pathway regulation after oxidative stress induction 

(Zhu et al., 2020), suggesting a potential interplay of both antioxidant and anti-

inflammatory activities exerted by these two peptides. 

 

 

Figure 5.6 Effect of H2 and H3 peptides on the H2O2 (1 mM)-induced NO production (A) and 

inducible nitric oxide synthase (iNOS) protein levels (B–D) in human hepatic HepG2 cells. The 

data points represent the averages ± s.d. of six independent experiments in duplicate. All data sets 
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were analyzed by One-way ANOVA followed by Tukey’s post-hoc test. C: control sample; ns: not 

significant; (**) p < 0.01. 

5.4 Conclusions 

Antioxidant peptides are considered new useful tools for the prevention and treatment 

of multifactorial disease in which oxidative stress plays a relevant role. Whereas most 

published studies on antioxidant peptides restrain the evaluation to the application of 

chemical assays, here an integrated approach was applied that allowed the 

identification of two bioavailable hempseed peptides that are able to exert their 

antioxidant activity also in HepG2 cells where the oxidative stress had been induced 

by a H2O2 treatment (Fig. 5.7). Overall, our strategy focuses on the use of 

differentiated Caco-2 monolayer as a “natural sieve of bioavailable species”, which 

permits to identify few hempseeds absorbable peptides, whose antioxidant activity 

was investigated in vitro by using chemical and cell-based techniques. Indeed, this 

strategy permits to overcome the very crucial issue of bioavailability and the 

combination of in vitro biochemical and cellular assays represents a suitable approach 

for reducing the in vivo assays, which involve high costs and arise ethical issues for 

the excessive use of animals for routine research. 
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Figure 5.7 Flow chart which summarizes the strategy of the work.  
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5.5 Supporting information 

HPLC-Chip-MS/MS analysis and data elaboration 

The HP hydrolysate after the incubation on Caco-2 cells was collect from AP and BL 

chambers (500 µL and 700 µL, respectively), then both AP and BL samples were 

freeze-dried and residues were solubilized in HPLC water (100 µL). Samples were 

purified by ultrafiltration, using membranes with a 3 kDa molecular weight cutoff 

(MWCO) (Millipore, USA). Filtered peptide mixtures were analyzed on a SL IT mass 

spectrometer interfaced with a HPLC- Chip Cube source (Agilent Technologies, Palo 

Alto, CA, USA). The peptides were enriched on 40 nL enrichment column (Zorbax 

300SB-C18, 5 µm pore size), and separated on a 43 mm × 75 µm analytical column 

(Zorbax 300SB-C18, 5 µm pore size). The samples (5 µL), acidified with formic acid, 

were loaded onto the enrichment column at a flow rate 3 µL/min using isocratic 100% 

C solvent phase (99% water, 1% ACN and 0.1% formic acid). AP and BL peptides 

were eluted at the constant flow rate of 300 nL/ min. The LC solvent A was 95% 

water, 5% ACN, 0.1% formic acid; solvent B was 5% water, 95% ACN, 0.1% formic 

acid. The nano- pump gradient program was as follows: 5% solvent B (0 min), 50% 

solvent B (0–50 min), 95% solvent B (50–60 min) and back to 5% in 10 min. The 

drying gas temperature was 300 °C, flow rate 3 L/min (nitrogen). Data were acquired 

in positive ionization mode, by applying a capillary voltage at −1950 V, and by 

acquiring the MS spectra in the mass range from m/z 300–2200, with target mass 700 

m/z, average of 2 spectra, ICC target 30,000, and maximum accumulation time 150 

ms. LC/MS analysis was performed in data dependent acquisition Auto MS(n) mode. 
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Figure 5-S1: HPLC-MS/MS analyses of the basolateral and apical solutions. Total Ion current 

chromatograms of the hempseed peptides identified in the basolateral (BL) and apical (AP) 

solutions. 
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Figure 5-S2 Antioxidant scavenger activity of H1, H4, and H5 by ABTS, ORAC, and FRAP. Bars 

represent the mean ± s.d. of three independent experiments performed in triplicate. 

 

 

Figure 5-S3 Effect of H2 (A) and H3 (B) on the HepG2 cell viability evaluated by MTT 

experiments. Bars represent the mean ± s.d. of three independent experiments performed in 

triplicate and stastically analysed by One-way Anova followed by Tukey’s post-hoc test. (****, p 

< 0.0001). 
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Figure 5-S4 Morphological investigation by inverted microscope (Zeiss, 10 ×) of HepG2 cells 

treated w/o (A) and with H2O2 (1mM) for 1 h (B) and pre-treated with both H2 (100 µM, C) and 

H3 (25 µM, D) for 24 h and then treated with H2O2 (1mM) for 1h.  
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6. Abstract 

WVSPLAGRT (H2) and IGFLIIWV (H3) are two transepithelial transported 

intestinal peptides obtained from the hydrolysis of hempseed protein with pepsin, 

which exert antioxidant activity in HepG2 cells. Notably, both peptides reduce the 

H2O2-induced reactive oxygen species, lipid peroxidation, and nitric oxide (NO) 

production levels in HepG2 cells via the modulation of the nuclear factor erythroid 2-

related factor 2 and the inducible nitric oxide synthase (iNOS) pathways, respectively. 

Due to the close link between inflammation and oxidative stress and with the 

objective of fostering the multifunctional behavior of bioactive peptides, in this study, 

the molecular characterization of the anti-inflammatory and immunomodulatory 

properties of H2 and H3 was carried out in HepG2 cells. In fact, both peptides were 

shown to modulate the production of pro (IFN-γ: −33.0 ± 6.7% H2, p = 0.011; −13.1 

± 2.0% H3, p = <0.0001; TNF: −17.6 ± 1.7% H2, p = 0.0004; −20.3 ± 1.7% H3, p = 

<0.0001; and IL-6: −15.1 ± 6.5% H3, p = 0.010)- and anti (IL-10: +9.6 ± 3.1% H2, p 

= 0.010; +26.0 ± 2.3% H3, p = < 0.0001)-inflammatory cytokines and NO (−9.0 ± 0.7% 

H2, p = <0.0001; −7.2 ± 1.8% H3, p = <0.0001) through regulation of the NF-κB and 

iNOS pathways, respectively, in HepG2 cells stimulated by lipopolysaccharides. 
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6.1 Introduction 

Cannabis sativa L. is a plant belonging to the Cannabis genus that has been used for 

medicinal purposes for hundreds of years (Hartsel, Eades, Hickory, & Makriyannis, 

2016; Thomas & ElSohly, 2016). Its species present different levels of Δ9-

tetrahydrocannabinol, the main psychoactive component that causes cognitive effects 

and euphoria (Cascini & Boschi, 2017). The non-drug variety (also called “hemp”) is 

successfully used for industrial food industrial applications (i.e., nutritional 

supplements, fiber, and oil production) due to its quality nutritional composition 

(Farag & Kayser, 2017; Farinon, Molinari, Costantini, & Merendino, 2020). The 

hempseed is characterized by its high protein (20−25%) and oil content (more than 

30%) as well as a complete profile of vitamins and minerals. 4 Furthermore, its 

proteins (principally edestin and albumin) are easily digested and rich in essential 

amino acids, making hempseed an important source of bioactive peptides (Aiello, 

Lammi, Boschin, Zanoni, & Arnoldi, 2017; X.-S. Wang, Tang, Yang, & Gao, 2008). 

Indeed, extensive studies have been carried out in order to investigate the 

multifunctional bioactive properties of hempseed peptides (Farinon, Molinari, 

Costantini, & Merendino, 2020), demonstrating their antioxidant (Girgih, He, 

Malomo, Offengenden, Wu, & Aluko, 2014; Girgih, Udenigwe, & Aluko, 2011, 2013; 

Tang, Wang, & Yang, 2009; Teh, Bekhit, Carne, & Birch, 2016; X.-S. Wang, Tang, 

Chen, Yang, & Biotechnology, 2009), hypotensive (Malomo & Aluko, 2016; Orio, 

Boschin, Recca, Morelli, Ragona, Francescato, et al., 2017; Teh, Bekhit, Carne, & 

Birch, 2016), antiproliferative (Logarušić, Slivac, Radošević, Bagović, Redovniković, 

& Srček, 2019), anti-inflammatory (Rodriguez-Martin, Montserrat-de la Paz, Toscano, 

Grao-Cruces, Villanueva, Pedroche, et al., 2020; S. Wang, Luo, & Fan, 2019), and 

neuroprotective properties (Rodriguez-Martin, Toscano, Villanueva, Pedroche, Millan, 

Montserrat-de la Paz, et al., 2019). Recently, our group has shown that hempseed 

hydrolysates (HP) produced to digest total protein with pepsin have a 

hypocholesterolemic effect through the direct ability to reduce the activity of the 3-

hydroxy-3-methylglutaryl-coenzyme A reductase enzyme (Lammi, Bollati, Gelain, 
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Arnoldi, & Pugliese, 2019; Zanoni, Aiello, Arnoldi, & Lammi, 2017), which in turn 

leads to the activation of the low-density lipoprotein (LDL) receptor with the 

following improvement in the hepatic cells’ ability to absorb extracellular LDL 

(Zanoni, Aiello, Arnoldi, & Lammi, 2017). In addition, HP reduces the activity of the 

dipeptidyl peptidase-IV (DPP-IV) in vitro and in human intestinal Caco-2 cells, 

suggesting a potential anti-diabetic effect (Lammi, Bollati, Gelain, Arnoldi, & 

Pugliese, 2019). Recent experiments using intestinal trans-epithelial transport 

revealed that among the peptides contained within HP able to pass through the mature 

Caco-2 cell barrier, H2 (WVSPLAGRT) and H3 (IGFLIIWV) exert antioxidant 

activity in HepG2 cells. Specifically, we observed that H2 and H3 reduce the level of 

reactive oxygen species (ROS), lipid peroxidation, and nitric oxide (NO) production. 

Furthermore, H2 and H3 modulate the nuclear factor erythroid 2-related factor 2 (Nrf-

2) and inducible nitric oxide synthase (iNOS) pathways in H2O2-stimulated HepG2 

cells (Bollati, Cruz-Chamorro, Aiello, Li, Bartolomei, Santos-Sánchez, et al., 2022). 

In light of these observations and considering that there is a close link between 

inflammation and oxidative stress, the main objective of the present study was the 

evaluation of the anti-inflammatory effect of peptides H2 and H3 in HepG2 cells. 

Therefore, since the nuclear factor-κB (NF-κB) pathway is the main component 

implicated in the pro-inflammatory response (Liu, Zhang, Joo, & Sun, 2017), the 

effects of H2 and H3 on the NF-κB and its more active phosphorylated form 

(p(Ser276)NF-κB) protein levels in lipopolysaccharide (LPS)-stimulated HepG2 cells 

were characterized at a deeper level. Hence, the effect of both peptides on the 

modulation of the cellular pro (IFN-γ, TNF, and IL-6)- and anti (IL-10)-inflammatory 

cytokine production was evaluated. Finally, in parallel, the effects of H2 and H3 on 

the NO pathway, which plays a central role in inflammatory disorders (Zamora, 

Vodovotz, & Billiar, 2000), were investigated. 
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6.2 Material and methods 

6.2.1 Chemicals and Reagents 

All reagents and solvents were purchased from commercial sources and used without 

further purification. For further details, see theSupporting Information. The peptides 

were purchased from GenScript Biotech Corporation (Piscataway, NJ, USA). The 

purity of lyophilized peptides (>95%) was tested using a binary high-performance 

liquid chromatograph and an Agilent 6520 LCMS mass spectrometer (Figure 6-S1). 

6.2.2 Cell Culture and Western Blot 

A total of 1.5 × 105 HepG2 cells/well were seeded in 24-well plates and incubated at 

37 °C under a 5% CO2 atmosphere. The following day, the cells were stimulated with 

1 μg/mL LPS or vehicle (H2O) and treated with 100 μM H2 or 25 μM H3 peptides in 

a complete growth medium (10% fetal bovine serum, 100 U/mL penicillin, and 100 

μg/mL streptomycin) for another 48 h. Finally, the supernatant was collected and 

stored at −20 °C for subsequent cytokine and NO quantification. 

The cells were scraped in 40 μL of ice-cold lysis buffer (RIPA buffer + protease 

inhibitor cocktail (Roche, Base, Swiss) + 1:100 PMSF + 1:100 Na-orthovanadate + 

1:1000 β-mercaptoethanol) and transferred to ice-cold microcentrifuge tubes. After 

centrifugation at 13,300 g for 15 min, the supernatants were recovered for Western 

Blot analysis. The total protein concentration was determined by Bradford’s method. 

50 μg of proteins was separated on a precast 7.5% sodium dodecyl sulfate-

polyacrylamide gel in the presence of a reducing agent (β-mercaptoethanol), 

transferred to a nitrocellulose membrane (Mini nitrocellulose Transfer Packs, Biorad, 

Hercules, CA, USA), and stained with Ponceau red solution. Later, milk/BSA blocked 

membranes were incubated with primary antibodies against iNOS, NF-κB, 

phosphor(Ser276)-NF-κB (p(Ser276)NF-κB), and β-actin (more details in Supporting 

Information Table 6-S1). Membranes were incubated overnight at 4 °C and 

consequently with the horseradish peroxidase-conjugated secondary antibody. Finally, 

target proteins were detected with enhanced chemiluminescence (Euro-clone, Milan, 
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Italy), and densitometric analysis was performed using Image Lab Software (Biorad). 

6.2.3 Cytokine Quantification 

Cytokine quantification was performed using a human Quantikine ELISA kit (R&D 

Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. 

Briefly, the supernatant was incubated in 96-well microplates coated with a 

monoclonal antibody for 2 h. After washing the wells, the human polyclonal antibody 

conjugated with horseradish peroxidase was added for another 2 h. The wells were 

washed, and then a substrate solution was added to obtain a color. The reaction was 

stopped by a stop solution (2 N sulfuric acid), and then the microplate was read to 

wavelength 450 nm and 540 nm with a Synergy H1 microplate reader (Biotek 

Instruments, Winooski, VT, USA). 

6.2.4 Nitric Oxide Quantification 

NO determination was quantified in the supernatants by the Griess test (Sigma-

Aldrich, Milan, Italy) according to the manufacturer’s instructions. Briefly, 50 μL of 

the Griess reagent was incubated with 50 μL of the culture supernatants for 15 min at 

room temperature in the dark. Absorbance at 540 nm was then measured using a 

Synergy H1 microplate reader (Biotek). 

6.2.5 Statistical Analysis 

The data were presented as the mean ± the standard deviation (SD) of at least three 

independent experiments assayed for triplicate. 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 one-way 

ANOVA, followed by Tukey’s post-hoc tests and using GraphPad Prism 8 (San 

Diego, CA, USA). 
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6.3 Results 

6.3.1 H2 and H3 Modulate the LPS-Activated NF-κB Pathway in HepG2 Cells 

To investigate the effects of H2 and H3 on the NF-κB pathway, NF-κB and 

p(Ser276)NF-κB were quantified in LPS-stimulated HepG2 cells. As shown in Figure 

6.1, the LPS stimulation confirmed the NF-κB pathway activation, increasing the 

protein levels of NF-κB (Figure 6.1A−C) and p(Ser276)NF-κB (Figure 6.1D−F) in 

HepG2 cells up to 150.9 ± 20.7% (p < 0.0001) and 138.0 ± 24.1% (p = 0.0008), 

respectively. Treatment with H2 and H3 mitigated these effects. In detail, H2 (violet 

bars) significantly reduced the NF-κB protein levels by 28.1 ± 5.5% (p = 0.034) at 

100 μM, with respect to LPS-stimulated cells (Figure 6.1A,C). Peptide H3 

(aquamarine bar) showed a similar effect, reducing the NF-κB levels by up to 44.3 ± 

11.2% (p = 0.002) at 25 μM (Figure 6.1B,C). In addition, both peptides were able to 

decrease the more active phosphorylated form of NF-κB (Figure 6.1D−F). H2 was 

able to reduce the p(Ser276)NF-κB levels by 34.1 ± 8.5% (p = 0.013) at 100 μM 

(Figure 6.1D,F), while H3 decreased the levels by 57.2 ± 13.0% (p = 0.0002) at 25 

μM (Figure 6.1E,F). As shown in Figure 6.2, LPS treatment increased the 

p(Ser276)NF-κB/NF-κB ratio up to 137 ± 37.7% (p = 0.039), underlining more 

activation of NF-κB, while both peptides were able to decrease this ratio, confirming 

that these peptides promoted less activation of this pathway. Specifically, H2 

decreased the p(Ser276)NF-κB/NF-κB ratio by 42.9 ± 14.0% (p = 0.046) at 100 μM, 

while H3 reduced this ratio by 54.7 ± 0.7% (p = 0.014) at 25 μM (Figure 6.2). 
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Figure 6.1 NF-κB and p(Ser276)NF-κB protein levels in LPS-stimulated HepG2 cells. Upper 

panel: representative Western Blots of NF-κB in H2 (A) and H3 (B) assays. Densitometric 

analyses of NF-κB (C). Bottom panel: representative Western Blots of p(Ser276)NF-κB in H2 (D) 

and H3 (E) assays. Densitometric analyses of p(Ser276)NF-κB (F). The data points represent the 

averages ± SD of three independent experiments in triplicate. All data sets were analyzed by one-

way ANOVA, followed by Tukey’s post-hoc test. Different letters indicate statistically significant 

differences. ****, p ≤ 0.0001. C, unstimulated control group; LPS, lipopolysaccharide-stimulated 

cells; NF-κB, nuclear factor-κB; p(Ser276)NF-κB, phosphor(Ser276)-nuclear factor-κB. 
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Figure 6.2 p(Ser276)NF-κB/NF-κB ratio. The histogram represents the averages ± SD of the 

p(Ser276)NF-κB/NF-κB ratios of three independent experiments in triplicate. All data sets were 

analyzed by one-way ANOVA, followed by Tukey’s post-hoc test. Different letters indicate 

statistically significant differences. **, p ≤ 0.01. C, unstimulated control group; LPS, 

lipopolysaccharide-stimulated cells; NF-κB, nuclear factor-κB; p(Ser276)NF-κB, phosphor 

(Ser276)-nuclear factor-κB. 

6.3.2 H2 and H3 Decrease the LPS-Induced Cytokine Production in Hepatic 

HepG2 Cells 

To verify the possible immune effect of the two peptides, the influence of treatment 

with H2 (100 μM) or H3 (25 μM) on the production of pro-inflammatory (IFN-γ, TNF, 

IL-6) and anti-inflammatory (IL-10) cytokines was determined in LPS-stimulated 

HepG2 cell culture supernatants. As shown in Figure 6.3, the LPS stimulation 

increased the production of the pro-inflammatory cytokines (Figure 6.3A−C, E−G), 

without affecting the IL-10 production (Figure 6.3D, H), compared with LPS-

unstimulated and untreated cells (control, C). Indeed, H2 successfully restored the 

normal concentrations of IFN-γ and TNF. In detail, H2 reduced by 33.0 ± 6.7% (p = 

0.011) and 17.6 ± 1.7% (p = 0.0004) the LPS-induced IFN-γ and TNF production at 
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100 μM (Figure 6.3A, B), respectively. Despite this reduction, H2 was not able to 

alter the LPS-induced IL-6 production at the same concentration of 100 μM (p = 

0.581) (Figure 6.3C). However, H2 increased the IL-10 production by 9.6 ± 3.1% at 

100 μM (p = 0.010) compared to the LPS-stimulated cells (Figure 6.3D). 

A similar scenario was also observed for the H3 peptide. In this case, anti-

inflammatory effects were already observed at 25 μM (Figure 6.3E−H). In particular, 

H3 reduced IFN-γ and TNF production by 13.1 ± 2.0% (p = <0.0001) and 20.3 ± 1.7% 

(p = <0.0001), respectively, compared to LPS-stimulated cells (Figure 6.3E, F). In 

addition, unlike H2, H3 decreased IL-6 production by 15.1 ± 6.5% (p = 0.010) 

(Figure 6.3G), restoring the normal values as in LPS-unstimulated and untreated 

HepG2 cells (C). Surprisingly, H3 also increased the IL-10 production by 26.0 ± 2.3% 

(p = <0.0001) in comparison to the LPS-stimulated cells (Figure 6.3H). 

Absolute values (mean ± SD) of the cytokine production are reported in Supporting 

Information Table 6-S2. 

 

 

Figure 6.3 Cytokine production in HepG2 cells. Pro-inflammatory (A−C, E−G) and anti-

inflammatory (D, H) cytokines. Data presented as mean ± SD of three independent experiments 

performed in triplicate. All data sets were analyzed by one-way ANOVA, followed by Tukey’s 

post-hoc test. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001. Different letters indicate 

statistically significant differences. C, unstimulated control group; IFN-γ, interferon-γ; IL, 
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interleukin; LPS, lipopolysaccharide-stimulated cells; TNF, tumor necrosis factor. 

6.3.3 H2 and H3 Promote an Anti-inflammatory Microenvironment 

In order to verify whether the peptides H2 and H3 were able to promote a more anti-

inflammatory microenvironment, the anti- and pro-inflammatory cytokines’ ratio was 

calculated. As shown in Table 6.1, H2 was able to increase the anti-inflammatory 

microenvironment (IL-10/IFN-γ: 100 μM, p = 0.002; or IL-10/TNF: 100 μM, p = 

0.0006), skewing this ratio to a higher IL-10 content, in comparison with the LPS-

stimulated cells. Also, in this case, when the ratio of IL-10 with IL-6 was calculated, a 

significant alteration in their proportion was observed (H2 100 μM, p = 0.336). 

In line with cytokine quantification, H3 showed an improvement in the proportion of 

IL-10 with respect to IFN-γ (p ≤ 0.0001), TNF (p ≤ 0.0001), and IL-6 (p ≤ 0.0001) at 

25 μM, with respect to the LPS-stimulated cells’ group. 

Since the differences in the IL-10/IL6 ratio were not detected with H2 treatment, we 

decided to verify if there existed a correlation between the IL-10 and IL-6 production 

under the different experimental conditions; thus, Pearson correlation was performed. 

As shown in Table 6.2, the negative correlation between these two cytokines in the 

LPS-stimulated condition was lost. On the contrary, H2 treatment restored a negative 

correlation between the anti-inflammatory IL-10 and pro-inflammatory IL-6 cytokine, 

as in the unstimulated and untreated control group (C).  
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Table 6.1 Anti-/Pro-inflammatory Cytokines’ Ratioa. 

aRatios between anti-inflammatory (IL-10) and pro-inflammatory (IFN-γ, TNF, and IL-6) 

cytokines quantified in HepG2 cells stimulated or not with LPS and treated with H2 (100 μM) or 

H3 (25 μM). Data are presented as mean ± SD and were analyzed by one-way ANOVA, followed 

by Tukey’s post-hoc test. Different letters indicate statistically significant differences (p ≤ 0.05). C, 

unstimulated control group; IFN-γ, interferon-γ; IL, interleukin; LPS, lipopolysaccharide-

stimulated cells; TNF, tumor necrosis factor. 

Table 6.2 Pearson Correlation between IL-10 and IL-6 Productiona. 

aData represent the Pearson r value obtained by the correlation between IL-10 and IL-6 production 

under the different experimental conditions. 

6.3.4 H2 and H3 Modulate the LPS-Activated iNOS Pathway in HepG2 Cells 

As shown in Figure 4, LPS stimulation induced an inflammatory state in HepG2 cells, 

increasing the iNOS and NO levels’ production up to 119.6 ± 6.4% (p ≤ 0.0001) 

(Figure 6.4A−C) and 108.1 ± 2.7% (p ≤ 0.0001) (Figure 6.4D), respectively. The 

treatment with H2 or H3 showed a significant reduction in iNOS and NO production, 

whose values were close to the baseline values. Specifically, H2 reduced the iNOS 

protein by 34.4 ± 9.9% (p ≤ 0.0001) (Figure 6.4A, B) and NO production by 9.0 ± 

0.7% (p ≤ 0.0001) at 100 μM (Figure 6.4D). Furthermore, H3 was able to reduce the 

 C  LPS H2 [100 μM] 

IL10/IFN-γ 1.05 ± 0.14a 0.75 ± 0.15b 1.10 ± 0.19 a 

IL10/TNF  0.99 ± 0.07a 0.88 ± 0.05a 1.14 ± 0.11b 

IL10/IL-6 1.01 ± 0.10a 0.90 ± 0.03a 0.96 ± 0.07a 

 C  LPS H3 [25 μM] 

IL10/IFN-γ 1.00 ± 0.03a 0.93 ± 0.05a 1.34 ± 0.06b 

IL10/TNF  1.00 ± 0.02a 0.92± 0.02a 1.44 ± 0.12b 

IL10/IL-6 1.01 ± 0.10a 0.90 ± 0.01a 1.32 ± 0.13b 

Pearson 

correlation 
C  p-value LPS p-value 

H2 

[100 μM] 
p-value 

IL-10 vs 

IL-6 
−0.9239 0.025 −0.4795 0.414 −0.9628 0.009 
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iNOS protein by 25.3 ± 4.4% (p ≤ 0.0001) (Figure 6.4A, C) and NO production by 

7.2 ± 1.8% (p ≤ 0.0001) 25 μM (Figure 6.4D). 

 

 

Figure 6.4 iNOS and NO production in HepG2 cells treated with H2 or H3. Densitometric 

analyses of iNOS protein levels (A); representative Western Blots of iNOS in H2 (B) and H3 (C) 

assays; NO production (D). The data points represent the averages ± SD of three independent 

experiments in triplicate. All data sets were analyzed by one-way ANOVA, followed by Tukey’s 

post-hoc test. Different letters indicate statistically significant differences. ****, p < 0.0001. C, 

unstimulated control group; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide-

stimulated cells; NO, nitric oxide. 

6.4 Discussion 

Recently, we demonstrated that peptides H2 and H3 exert antioxidant activity in 

HepG2 cells, modulating both the Nrf-2 and iNOS pathways, which led to the 

reduction of cellular H2O2-induced ROS, NO, and lipid peroxidation levels (Bollati, et 

al., 2022). Since an increase in oxidative stress is always accompanied by an 

inflammatory process, it was interesting to study the immunomodulatory capacity of 

these two hempseed peptides in the same cellular system. Notably, HepG2 cells have 

been widely used as a model for characterizing the anti-inflammatory activity of many 

food-active compounds (Al-Bakheit & Abu-Qatouseh, 2020; Kanmani & Kim, 2018; 

Panahi, Pasalar, Zare, Rizzuto, & Meshkani, 2018; Wehmeier, Onstead-Haas, Wong, 

Mooradian, & Haas, 2016). To achieve this objective, we decided to perform tests 
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under the same conditions and study the same concentration of each peptide H2 (100 

μM) and H3 (25 μM), which was previously demonstrated to be safe from a cytotoxic 

point of view and also effective for antioxidant activity (Bollati, et al., 2022). In 

particular, HepG2 cells were stimulated with LPS, a generic and commonly used pro-

inflammatory stimulus. Therefore, the LPS stimulation activates the NF-κB and iNOS 

pathways (Li, Yan, Brauner, & Tullus, 2002). NF-κB is the main transcription factor 

involved in all pro-inflammatory processes of the mammalian organism, and it 

mediates the pro-inflammatory cytokine transcription, such as IFN-γ, TNF, and IL-6 

(Liu, Zhang, Joo, & Sun, 2017). On the other hand, iNOS is involved in the immune 

response, producing NO, a free radical involved in the immune defense mechanism 

(Suschek, Schnorr, & Kolb-Bachofen, 2004). 

In this work, we showed that hempseed hydrolysates can turn off pro-inflammatory 

signaling by modulating the NF-κB and iNOS pathways’ modulation. In fact, both H2 

and H3 were able to decrease the NF-κB protein as well as its more active form 

phospho(Ser276)NF-κB. The p65 subunit of NF-κB contains the transactivation 

domain, which is involved in the driving of transcription (Lecoq, Raiola, Chabot, Cyr, 

Arseneault, Legault, et al., 2017). There are several mechanisms involved in the 

modulation of the NF-κB activity; therefore, the crosstalk with other signaling 

pathways allows one to act on the transactivating ability of NF-κB. For example, the 

NF-κB activity is favored by p38 mitogen-activated protein kinase, which 

phosphorylates the p65 subunit in the residue 276 serine (Baeza-Raja & Muñoz-

Cánoves, 2004; Vermeulen, De Wilde, Van Damme, Vanden Berghe, & Haegeman, 

2003). This phosphorylation allows interaction with other transcriptional co-activators, 

thus increasing the NF-κB activity. Thus, the decrease of phospho-Ser276-p65 

observed with H2 and H3 treatment demonstrated their NF-κB activity inhibition 

capacity. In addition, both hydrolysates favored an anti-inflammatory 

microenvironment, skewing the ratio to the less active NF-κB form. To confirm this 

NF-κB inhibitory ability, the cytokine profile was studied. The results obtained 

showed that the NF-κB pathway was inhibited since a decrease in pro-inflammatory 

cytokines was observed. Moreover, a major proportion of anti-inflammatory IL-10 
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cytokine was observed with respect to the pro-inflammatory cytokines. IL-10 exerts 

many anti-inflammatory functions, and it is the principal cytokine involved in 

finishing the inflammation processes, such as inhibiting the NF-κB pathway, among 

others (Iyer & Cheng, 2012). Therefore, the increase in IL-10 production mediated by 

H2 and H3 is strongly related to the NF-κB pathway inhibition. 

Although H2 was not able to alter the LPS-induced IL-6 production and the IL-10/IL-

6 ratio, a negative correlation was observed. In fact, LPS stimulation altered the 

correlation between IL-10 and IL-6, while H2 treatment re-establishes this negative 

correlation, demonstrating that a major IL-10 concentration corresponds to less IL-6 

production. These effects can be explained by the negative modulation of the NF-κB 

activity and then a less IL-6 production, although we did not observe significant 

differences by performing an ELISA assay. 

Recently, hempseed hydrolysates obtained with Alcalase alone or in combination with 

Flavourzyme were shown to reduce the gene expression of TNF and IL-6, as well as 

increase IL-10 mRNA, in the LPS-stimulated BV2 microglia cell line (Rodriguez-

Martin, et al., 2019). In addition, these same protein hydrolysates have been shown to 

reduce the production of inflammatory cytokines TNF, IL-6, and IL-1β as well as 

increase the anti-inflammatory cytokine IL-10 in primary human monocytes 

(Rodriguez-Martin, et al., 2020). However, no specific peptides were singled out as 

being responsible for this biological effect. Recently, it was demonstrated that two 

egg tripeptides (IRW and IQW) from ovotransferrin are effective in the down-

regulation of cytokine-induced inflammatory protein expression in vascular 

endothelium, at least partially through the modulation of the NF-κB pathway (Huang, 

Chakrabarti, Majumder, Jiang, Davidge, & Wu, 2010; Majumder, Chakrabarti, 

Davidge, & Wu, 2013). These two peptides are shorter than both H2 and H3; however, 

comparing their sequences with H2 and H3, it is feasible to consider that the Tryp and 

Ile presence may be positively correlated not only with the antioxidant but also with 

the anti-inflammatory effects, reinforcing the strong cross-linking between these two 

activities (Bollati, et al., 2022; Huang, Chakrabarti, Majumder, Jiang, Davidge, & Wu, 

2010). Interestingly, the IRW and IQW beneficial effects require the presence of an 
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intact tripeptide as the corresponding dipeptides and constituent amino acids alone 

failed to replicate the anti-inflammatory functions, indicating a structure−function 

relationship between the tripeptide structure and blockade of inflammation. A very 

interesting feature of both H2 and H3 is that despite IRW and IQW, they are 

transported by intestinal cells and they are stable toward intestinal protease activity 

when they are within the hempseed hydrolysate (Bollati, et al., 2022). 

Another interesting feature of our work is related to the ability evaluation of both H2 

and H3 to modulate the iNOS pathway, which is known to be involved in immune 

response, producing NO, a free radical implicated in the immune defense mechanism 

(Suschek, Schnorr, & Kolb-Bachofen, 2004). 

NO acts as a cytotoxic agent in pathological processes, specifically in inflammatory 

disorders (Silpak, Rintu, & Ena Ray, 2017). In this sense, numerous scientific articles 

have shown that NO production is elevated in chronic inflammatory diseases, such as 

diabetes (Soskić, Dobutović, Sudar, Obradović, Nikolić, Djordjevic, et al., 2011), 

atherosclerosis (Förstermann, Xia, & Li, 2017), or multiple sclerosis (Bagasra, 

Michaels, Zheng, Bobroski, Spitsin, Fu, et al., 1995). The iNOS protein is mainly 

responsible for the production of cellular NO (Zamora, Vodovotz, & Billiar, 2000); in 

fact, its inhibition may be a therapeutic target in inflammatory diseases (Lind, Hayes, 

Caprnda, Petrovic, Rodrigo, Kruzliak, et al., 2017). In our study, we observed that H2 

and H3 peptides reduced NO and iNOS production in LPS-stimulated HepG2 cells. In 

addition, the reduction of NF-κB by peptides is also confirmed by the observed results 

in the NO pathways. NF-κB plays an important role in the regulation of iNOS 

production, inducing its expression (Jia, Liu, Zhang, Liu, & Qi, 2013), and, at the 

same time, it is well known that NO, in turn, can induce NF-κB activation (Soskić, et 

al., 2011). Our findings suggest, together with those that we have previously observed, 

a potential interplay of both antioxidant and anti-inflammatory activities exerted by 

H2 and H3 peptides. Moreover, the present study confirms that H3 is fourfold more 

active than H2 not only as an antioxidant but also as an anti-inflammatory peptide. 

Taking together all the results and on the basis on our knowledge, this study is the 

first to observe the role of two specific peptides in the regulation of the NO pathway 
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in hepatic cells. In addition, although many food protein hydrolysates have 

demonstrated anti-inflammatory effects (Chakrabarti, Jahandideh, & Wu, 2014), our 

study is the pioneer in the identification of anti-inflammatory peptides that can be 

absorbed by the human intestinal barrier from the hempseed source (Bollati, et al., 

2022). 

In conclusion, all these findings demonstrate that H2 and H3 peptides possess great 

anti-inflammatory capacity in the HepG2 cells. Both antioxidant and anti-

inflammatory effects in HepG2 cells point out the useful employment of H2 and H3 

how possible strategies to prevent liver diseases, such as non-alcoholic steatohepatitis, 

characterized by inflammation and oxidative stress in the early stages of the disease 

(Buzzetti, Pinzani, & Tsochatzis, 2016), even though dedicated in vivo study is 

necessary to confirm this important feature. 
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6.5 Supporting information 

Reagents 

Dulbecco's modified Eagle's medium (DMEM), L-glutamine, fetal bovine serum 

(FBS), phosphate buffered saline (PBS), penicillin/streptomycin, chemiluminescent 

reagent, and 24 or 96-well plates were purchased from Euroclone (Milan, Italy). 

Bovine serum albumin (BSA), RIPA buffer was bought from Sigma-Aldrich (St. 

Louis, MO, USA). Phenylmethanesulfonyl fluoride (PMSF), Na-orthovanadate 

inhibitors were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, 

USA). The inhibitor cocktail Complete Midi from Roche (Basel, Swiss). Mini protean 

TGX pre-cast gel 7.5%, and Mini nitrocellulose Transfer Packs were purchased from 

BioRad (Hercules, CA, USA).  

Table 6-S1. Antibodies used in the Western Blot assays. 

Name of antibody, dilution used, and supplier. iNOS, inducible nitric oxide synthase; NF-kappaB, 

nuclear factor-κB. 

 

Name product Dilution Supplier 

Anti-iNOS 1:1000 
Cell Signaling Technology 

(D6B6S) 

Anti-NF-kappaB, p65 subunit, active 

subunit, clone 12H11 
1:1000 Sigma-Aldrich (MAB3026) 

Anti-phospho-NF-kappaB p65 (pSer276) 1:1000 Sigma-Aldrich (SAB4504488) 

Anti-β-actin 1:16000 Sigma-Aldrich (A5441) 
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Figure 6-S1 Chromatogram and Mass Spectrum of H2 (A and C) and H3 (B and D) 
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Table 6-S2 Absolute values of cytokine production. 

Mean ± standard deviation (SD) of the cytokines production. C, unstimulated control group; LPS, lipopolysaccharide-stimulated cells; H, hempseed peptide; IFN-γ, 

interferon-γ; TNF, tumor necrosis factor; IL, interleukin. 

 

 

 

 

Cytokine C  LPS H2 [100 µM] C LPS H3 [25 µM] 

IFN-γ (pg/mL) 25.50 ± 5.04 34.12 ± 5.94 26.00 ± 1.41 28.28 ± 1.28 30.35 ± 0.35 26.50 ± 0.58 

TNF (pg/mL) 33.71 ± 1.21 38.00 ± 2.94 32.00 ± 1.41 33.89 ± 0.75 36.68 ± 0.43 29.83 ± 1.17 

IL-6 (ng/mL) 1329 ± 8.60 1448 ± 1.23 1470 ± 5.02 603.8 ± 1.71 672.5 ± 2.38 584.8 ± 19.16 

IL-10 (pg/mL) 21.68 ± 0.22 20.98 ± 1.32 23.25 ± 0.13 48.90 ± 0.36 49.74 ± 1.43 61.88 ± 0.17 
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7. 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 (HNF) -1α. 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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7.1 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 (Go & Mani, 2012). 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 (Mattiuzzi, Sanchis-Gomar, & Lippi, 2020). 

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 

(Goldstein & Brown, 1990). 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 

(Hardie, 2014). 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-
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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) (Brown & Goldstein, 1997; Shimano, 

2001). The increase of LDLR determines an enhanced clearance of plasmatic LDL-

cholesterol with an improvement of dyslipidemia (Xiao, Dash, Morgantini, Hegele, & 

Lewis, 2016). 

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 (Cho, 

Juillerat, & Lee, 2007), 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 (Leonard, Zhang, Ying, & Fang, 2020; Wang & Xiong, 2019). 

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 (Aiello, Lammi, Boschin, Zanoni, & Arnoldi, 2017; Wang & 

Xiong, 2019). This fact has stimulated a great interest especially for research on 

multifunctional bioactive peptides. 

In some of our preceding publications (Aiello, Lammi, Boschin, Zanoni, & Arnoldi, 

2017; Zanoni, Aiello, Arnoldi, & Lammi, 2017a), 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 (Hartmann & Meisel, 2007). Indeed, 
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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 (Wenshuang Sun, 

Meng, Wang, Yuan, Qian, Chen, et al., 2017), leading to the decrease of cellular 

H2O2-induced ROS, NO, and lipid peroxidation levels (Bollati, Cruz-Chamorro, 

Aiello, Li, Bartolomei, Santos-Sánchez, et al., 2022). 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 (Sarkar, Saha, 

Gamre, Bhattacharjee, Hariharan, Ganguly, et al., 2008), exerting an effective anti-

inflammatory capacity (Cruz-Chamorro, Santos-Sánchez, Bollati, Bartolomei, Li, 

Arnoldi, et al., 2022). 

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 (Thr 172), HNF-1α, and PCSK9; and (3) to evaluate the 

capacity of HepG2 cells treated with peptide H3 to absorb extracellular LDL 

cholesterol. 

7.2 Material and methods 

7.2.1 Chemicals 

Dulbecco’s modified Eagle’s medium (DMEM), stable L-glutamine, fetal bovine 

serum (FBS), phosphate buffered saline (PBS), penicillin/streptomycin, 

chemiluminescent reagent, and 96-well plates were purchased from Euroclone (Milan, 

Italy). The HMGCoAR assay kit, bovine serum albumin (BSA), Janus Green B, 

formaldehyde, HCl and H2SO4 were from Sigma-Aldrich (St. Louis, MO, USA). The 

antibody against LDLR and the 3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) substrate were 

bought from Thermo Fisher Scientific (Waltham, MA, USA). The Quantikine ELISA 

kit was bought from R&D Systems (Minnneapolis, MN, USA). The LDL-DyLightTM 
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550 was from Cayman Chemical (Ann Arbor, MI, USA). The CircuLex PCSK9 in 

vitro binding Assay Kit was from CircuLex (CycLex Co., Nagano, Japan). The 

peptides H3 was synthesized by the company GeneScript (Piscataway, NJ, USA) at > 

95% purity. The antibody against HMGCoAR was bought from Abcam (Cambridge, 

UK). Phenylmethanesulfonyl fluoride (PMSF), Na-orthovanadate inhibitors, and the 

antibodies against rabbit Ig-horseradish peroxidase (HRP), mouse Ig-HRP, and 

SREBP-2 (which recognizes epitope located in a region between 833–1141 and bands 

at about 132 kDa) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, 

CA, USA). The inhibitor cocktail Complete Midi was from Roche (Basel, 

Switzerland). Mini protean TGX pre-cast gel 7.5% and Mini nitrocellulose Transfer 

Packs were purchased from BioRad (Hercules, CA, USA). 

7.2.2 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. 

7.2.3 HMGCoAR Activity Assay 

The experiments were carried out following the manufacturer instructions and 

optimized protocol (Zanoni, Aiello, Arnoldi, & Lammi, 2017b). The assay buffer, 

NADPH, substrate solution, and HMGCoAR were provided in the HMGCoAR Assay 

Kit (Sigma Aldrich SRL, Milan, Italy). The experiments were carried out following 

the manufacturer instructions at 37 °C. In particular, each reaction (200 µL) was 

prepared adding the reagents in the following order: 1 X assay buffer, a 10–1000 µM 

doses of H3 or vehicle (C), the NADPH (4 µL), the substrate solution (12 µL), and 

finally the HMGCoAR (catalytic domain) (2 µL). Subsequently, the samples were 

mixed and the absorbance at 340 nm read by the microplate reader Synergy H1 

(Winooski, VT, USA) at time 0 and 10 min. The HMGCoAR-dependent oxidation of 

NADPH and the inhibition properties of peptides were measured by absorbance 
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reduction, which is directly proportional to enzyme activity. 

7.2.4 MTT Assay 

A total of 3 × 104 HepG2 cells/well were seeded in 96-well plates and treated with 

0.00001, 0.0001, 0.001, 0.01, 0.1 and 1.0 mM of peptide H3, respectively, or vehicle 

(H2O) in complete growth media for at 37 °C under 5% CO2 atmosphere for 48 h. 

Subsequently, the treatment solvent was aspirated, and 100 μL/well of 3-(4,5 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) filtered solution was 

added. After 2 h of incubation at 37 °C under 5% CO2 atmosphere, the 0.5 mg/mL 

solution was aspirated, and 100 μL/well of the lysis buffer (8 mM HCl + 0.5% NP-40 

in DMSO) was added. After 5 min of slow shaking, the absorbance at 575 nm was 

read on the Synergy H1 fluorescence plate reader (Biotek, Bad Friedrichshall, 

Germany). 

7.2.5 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, cells were washed with PBS and then starved overnight (O/N) in 

DMEM without FBS and 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. 

Subsequently, they were fixed in 4% paraformaldehyde for 20 min at room 

temperature (RT). Cells were washed 5 times with 100 µL of PBS/well (each wash 

was for 5 min at RT) and the endogenous peroxides activity quenched adding 3% 

H2O2 for 20 min at RT. Non-specific sites were blocked with 100 µL/well of 5% 

bovine serum albumin (BSA, Sigma) in PBS for 1.5 h at RT. LDLR primary antibody 

solution (1:3000 in 5% BSA in PBS, 25 µL/well) was incubated overnight (O/N) at + 

4 °C. Subsequently, the primary antibody solution was discarded and each sample 

was washed 5 times with 100 µL/well of PBS. Goat anti-rabbit Ig-HRP secondary 

antibody solution (Santa Cruz) (1:6000 in 5% BSA in PBS, 50 µL/well), was added 

and incubated 1 h at RT. The secondary antibody solution was washed 5 times with 

100 µL/well of PBS. Freshly prepared TMB substrate (Pierce, 100 µL/well) was 
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added and the plate was incubated at RT until desired color was developed. The 

reaction was stopped with 2 M H2SO4 and then the absorbance at 450 nm was 

measured using the microplate reader Synergy H1 (Winooski, VT, USA). After the 

read, cells were stained by adding 1 X Janus Green stain, incubating for 5 min at RT. 

The dye was removed and the sample washed 5 times with water. Afterward 100 µL 

0.5 M HCl for well were added and incubated for 10 min. After 10 min shaking, the 

OD at 595 nm was measured using the microplate reader Synergy H1 (Winooski, VT, 

USA). 

7.2.6 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. The third day, cells were washed with PBS and 

then starved overnight (O/N) in DMEM without FBS and antibiotics. After starvation, 

they were treated with peptide H3 (25.0 µM), and vehicle (H2O) for 24 h with at 

37 °C under 5% CO2 atmosphere. At the end of the treatment, the culture medium was 

replaced with 50 µL/well LDL-DyLight™ 550 working solution (Cayman Chemical 

Company, Ann Arbor, MI, USA) prepared in DMEM without FBS and antibiotics. 

The cells were additionally incubated for 2 h at 37 °C and then the culture medium 

was aspirated and replaced with PBS (100 µL/well). The degree of LDL uptake was 

measured using the Synergy H1 fluorescent plate reader (Winooski, VT, USA) 

(excitation and emission wavelengths 540 and 570 nm, respectively). Fluorescent 

LDL-uptake was finally assessed following optimized protocol (Zanoni, Aiello, 

Arnoldi, & Lammi, 2017b). 

7.2.7 Western Blot Analysis 

Immunoblotting experiments were performed using optimized protocol (Zanoni, 

Aiello, Arnoldi, & Lammi, 2017b). A total of 1.5 × 105 HepG2 cells/well (24-well 

plate) were treated with 25.0 µM of H3 for 24 h. After each treatment, the 

supernatants were collected and stored at -20 °C; cells were scraped in 40 µL ice-cold 

lysis buffer (RIPA buffer + inhibitor cocktail + 1:100 PMSF + 1:100 Na-



218 

orthovanadate + 1:1000 β-mercaptoethanol) and transferred in ice-cold 

microcentrifuge tubes. After centrifugation at 13,300 g for 15 min at 4 °C, the 

supernatants were recovered and transferred into new ice-cold tubes. Total proteins 

were quantified by the Bradford’s method and 50 µg of total proteins loaded on a pre-

cast 7.5% Sodium Dodecyl Sulfate-Polyacrylamide (SDS-PAGE) gel at 130 V for 45 

min. Subsequently, the gel was pre-equilibrated in H2O for 5 min at room 

temperature (RT) and transferred to a nitrocellulose membrane (Mini nitrocellulose 

Transfer Packs,) using a Trans-Blot Turbo at 1.3 A, 25 V for 7 min. Target proteins, 

on milk or BSA blocked membrane, were detected by primary antibodies as follows: 

anti-SREBP-2, anti-LDLR, anti-HMGCoAR, anti-PCSK9, anti HNF-1α, anti-p-

HMGCoAR (Ser 872), anti-p-AMPK (Thr 172) and anti-β-actin. Secondary 

antibodies conjugated with HRP and a chemiluminescent reagent were used to 

visualize target proteins and their signal was quantified using the Image Lab Software 

(Biorad, Hercules, CA, USA). The internal control β-actin was used to normalize 

loading variations. 

7.2.8 Quantification through ELISA of PCSK9 Secreted by HepG2 Cells 

The supernatants collected from treated HepG2 cells (25.0 μM of H3) were 

centrifuged at 600 × g for 10 min at 4 °C and ELISA assay performed using protocol 

already optimized (Zanoni, Aiello, Arnoldi, & Lammi, 2017b). They were recovered 

and diluted to the ratio 1:10 with DMEM in a new ice-cold tube. PCSK9 was 

quantified by ELISA (R&D System, Minneapolis, MN, USA). Briefly, the 

experiments were carried out at 37 °C, following the manufacturer’s instructions. 

Before starting the assay, human PCSK9 standard curve (20.0, 10.0, 5.0, 2.5, 1.25, 

and 0.625 ng/mL) was prepared by serial dilutions from a 40 ng/mL stock. 100 μL of 

the Assay Diluent RD1-9 (provided into the kit) were placed in each well, before 

adding the standards and the samples (50 μL) and incubating the ELISA plate for 2 h 

at RT. Subsequently, wells were washed 4 times with the wash buffer, and 200 μL of 

human PCSK9-conjugate (HRP-labelled anti-PCSK9) was added to each well for 2 h 

at RT. Following aspiration, wells was washed 4 times with the kit wash buffer. After 
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the last wash, 200 μL of substrate solution were added to the wells and allowed to 

incubate for 30 min at RT. The reaction was stopped with 50 μL of the stop solution 

(2 M sulfuric acid) and the absorbance at 450 nm was measured using Synergy H1 

microplate (Winooski, VT, USA). 

7.2.9 Computational Methods 

Docking simulations were performed by using the already-published computational 

procedure (Lammi, Sgrignani, Roda, Arnoldi, & Grazioso, 2019). Briefly, the H3 

peptide was built by using the VEGA program and its conformational profile was 

explored by quenched MonteCarlo analysis (Pedretti, Mazzolari, Gervasoni, 

Fumagalli, & Vistoli, 2021). 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 (Korb, Stützle, & Exner, 2009). The so-obtained complexes 

were finally minimized and rescored, as implemented in ReScore+ (Vistoli, Mazzolari, 

Testa, & Pedretti, 2017). 

7.2.10 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. 

7.3 Results 

7.3.1 Peptide H3 Drops HMGCoAR Activity In Vitro 

HMGCoAR is the known target of statins, the main drugs used for the therapy of 

hypercholesterolemia (Brown & Goldstein, 1997; Istvan & Deisenhofer, 2001). 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 
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HMGCoAR, testing concentrations ranging from 10 to 1000 µM. As shown in Figure 

7.1A, 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 (Mosley, Kalinowski, 

Schafer, & Tanaka, 1989). Pravastatin is, thus, at least 100-fold more potent than H3 

(Figure 7.1A). 

 

 

Figure 7.1 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). 

To obtain further insight in the interaction of peptide H3 and HMGCoAR, a docking 

study was undertaken. Figure 7.1B reports the computed putative complex between 
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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 7.1B also indicates that Phe-3 is nicely inserted within a narrow 

sub-pocket, 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 7.1C 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 (Zuckerkandl & Pauling, 1965) 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). 

7.3.2 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 7-S1). These results are in line with previous evidences (Bollati, et 

al., 2022; Cruz-Chamorro, et al., 2022). 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. 
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7.3.3 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 7.2). 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 7.2A). In addition, H3 increased the mature nuclear SREBP-2 

protein levels (65 KDa) up to 147.0 ± 13.8% (p < 0.001, Figure 7.2B). 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 7.2C). 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 7-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 7-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 7-2D). 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 7.2A) and 152.3 ± 8.2% (p < 0.0001, 

Figure 7.2B), 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 7.2C). 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 
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KDa) SREBP-2 protein level ratio up to 122.4 ± 2.6% (p < 0.01) (Figure 7-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 7.2D) versus the control cells. 

 

 

 

Figure 7.2 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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7.3.4 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 7.3A) versus the 

control, while pravastatin (1.0 µM) increased the enzyme protein by 129.3 ± 9.33% (p 

< 0.01, Figure 7.3A). 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 (Athyros, Boutari, Stavropoulos, 

Anagnostis, Imprialos, Doumas, et al., 2018; Dehnavi, Kiani, Sadeghi, Biregani, 

Banach, Atkin, et al., 2021; Izumi, Shiota, Kusakabe, Hikita, Nakao, Nakamura, et al., 

2009), which in turn produces an inhibition of HMGCoAR activity through its 

phosphorylation on Ser872 residue (Viollet, Foretz, Guigas, Horman, Dentin, 

Bertrand, et al., 2006), 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 (serine872, AMPK phosphorylation site) were 

detected up to 171.2 ± 25.71% versus the control (p < 0.001, Figure 7.3B) 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 7.3C). 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 ated 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 7.3D), 

respectively. 
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Figure 7.3 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. 

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 7.3D) and 121.3 ± 2.17% (p < 0.05, Figure 7.3D), respectively. 
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7.3.5 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 (Lammi, Zanoni, & Arnoldi, 2015b). 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 7.4A). As reference compound, 

pravastatin (1.0 µM) also increased the LDLR protein levels by 127.3 ± 14.31% (p < 

0.0001, Figure 7.4A). 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 7.4B). 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 7.4B). The statin 

increases the LDL uptake more efficiently than the peptide, whereas H3 is more 

efficient in increasing the LDLR levels. This apparet 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. 
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Figure 7.4 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. 

7.3.6 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 

(Zanoni, Aiello, Arnoldi, & Lammi, 2017a). 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 HNF-1α. 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 7.5A), playing an opposite 

effect on PCSK9 compared with HP. As expected, this finding agrees with the ability 

of peptide H3 to reduce the HNF-1α transcription factor levels by 19.40 ± 5.18% 
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compared to the untreated cells (p < 0.0001, Figure 7.5B). In contrast, after treatment 

with pravastatin (1.0 µM), the direct activation of HNF-1α was up to 116.9 ± 3.21% 

(p < 0.0001, Figure 7.5B), resulting in the increase of PCSK9 protein levels up to 

118.8 ± 6.11% (p < 0.0001, Figure 7.5A). 

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 7.5C), while pravastatin (1.0 µM) improved the 

release of PCSK9 up to 119.6 ± 1.18% (p < 0.001, Figure 7.5C). 

 

Figure 7.5 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 HNF-1α 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. 

7.4 Discussion 

CVD is a multifactorial pathology in which oxidative and inflammatory status as well 

as hypercholesterolemia are among the main risk factors (Bays, Taub, Epstein, 
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Michos, Ferraro, Bailey, et al., 2021). Peptide H3 is a multifunctional octapeptide, 

obtained from the hydrolysis of hempseed proteins using pepsin (Bollati, et al., 2022), 

that is transported intact by differentiated Caco-2 and is able to exert both antioxidant 

and anti-inflammatory activity in HepG2 cells (Bollati, et al., 2022; Cruz-Chamorro, 

et al., 2022). 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 7.1). 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 (Soares, 

Mendonça, De Castro, Menezes, & Arêas, 2015). On the contrary, peptide H3 is about 

2.5-fold more potent than LILPKHSDAD (from lupin protein hydrolysis with pepsin) 

(Zanoni, Aiello, Arnoldi, & Lammi, 2017b). 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 (Lammi, Zanoni, & Arnoldi, 2015a) and 150, and 200 µM (Lammi, 

Zanoni, Arnoldi, & Vistoli, 2015), 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 (Zhang, Lagace, Garuti, Zhao, McDonald, Horton, et al., 2007). Indeed, 

HepG2 cells are globally considered a reliable model for investigating the cholesterol-
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lowering effects of bioactive agents from different sources (Donato, Tolosa, & 

Gómez-Lechón, 2015; Ho & Pal, 2005; Lammi, Zanoni, Calabresi, & Arnoldi, 2016; 

Lammi, Zanoni, Ferruzza, Ranaldi, Sambuy, & Arnoldi, 2016; Shin, Park, Sung, 

Chung, & Hwang, 2016). 

Preliminary MTT experiments were carried out to exclude any potential dose 

impacting on cell viability. In line with previous evidences (Bollati, et al., 2022; Cruz-

Chamorro, et al., 2022), the results confirmed that H3 is safe for HepG2 cells up to 

100 µM (Figure 7-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 7.2, Figure 7.3 and Figure 7-S2). Notably, 

HMGCoAR is a highly regulated enzyme (Goldstein & Brown, 1990): it can be 

regulated long-term by the control of its synthesis and its degradation or short-term 

through phosphorylation or dephosphorylation (Pallottini, Martini, Pascolini, 

Cavallini, Gori, Bergamini, et al., 2005). In particular, its regulation is achieved 

through phosphorylation of Ser872 by AMPK, which decreases the enzyme activity 

(Ching, Davies, & Hardie, 1996). 

The literature reports that some natural compounds such as policosanols are able to 

increase the phosphorylation of AMPK with the direct inhibition of HMGCoAR 

(Oliaro-Bosso, Calcio Gaudino, Mantegna, Giraudo, Meda, Viola, et al., 2009). 

Furthermore, it is also known that statins are able to activate AMPK (Wei Sun, Lee, 

Zhu, Gu, Wang, Zhu, et al., 2006) with the consequence of a synergistic inhibition of 

HMGCoAR activity, its direct target (Viollet, et al., 2006). In agreement with these 

evidences, our results provide a clear indication that, similarly to statins (Athyros, et 

al., 2018; Dehnavi, et al., 2021; Izumi, et al., 2009), 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 (Viollet, et al., 2006), which is the phosphorylation site of AMPK 

(Figure 7.3). In line with these findings, an improvement of the p-
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HMGCoAR/HMGCoAR protein ratio with the consequence of a diminished enzyme 

activity was observed, in agreement with the literature (Levy, Ouadda, Spahis, Sane, 

Garofalo, Grenier, et al., 2013) (Figure 7.3). Other plant peptides share the same 

mechanism of HMGCoAR inhibition, in particular IAVPGEVA, IAVPTGVA, and 

LPYP, deriving from soybean protein (Lammi, Zanoni, Ferruzza, Ranaldi, Sambuy, & 

Arnoldi, 2016), and LTFPGSAED and LILPHKSDAD from lupin proteins (Zanoni, 

Aiello, Arnoldi, & Lammi, 2017b). 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 7.4). 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 (Dubuc, Chamberland, 

Wassef, Davignon, Seidah, Bernier, et al., 2004; Maxwell, Fisher, & Breslow, 2005). 

However, since the HNF-1α binding site is unique to the PCSK9 promoter, and is not 

present in the LDLR promoter, the modulation of the PCSK9 transcription through 

HNF-1α does not affect the LDLR pathway. Thus, the co-regulation of PCSK9 from 

LDLR and other SREBP target genes is disconnected by the HNF-1α binding site 

(Dong, Li, Singh, Cao, & Liu, 2015; Maxwell, Fisher, & Breslow, 2005). In this 

context, it is known that statins increase the protein levels of PCSK9, which quench 

any effective LDL clearance by promoting LDLR degradation (Chaudhary, Garg, 

Shah, & Sumner, 2017), thereby counteracting the therapeutic effects of these drugs 

(Dubuc, et al., 2004). 

Indeed, our results confirm that pravastatin improves the mature PCSK9 protein levels 

through HNF-1α enhancement; on the contrary, peptide H3 reduces both HNF-1α 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 
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lupin hydrolysate (Lammi, Zanoni, Calabresi, & Arnoldi, 2016; Lammi, Zanoni, 

Ferruzza, Ranaldi, Sambuy, & Arnoldi, 2016) but different from the behavior of the 

hempseed hydrolysates (Zanoni, Aiello, Arnoldi, & Lammi, 2017a). 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 (Zanoni, Aiello, Arnoldi, & Lammi, 2017a). 

7.5 Conclusins 

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.  
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7.6 Supporting information 

 

 

Figure 7-S1. Effect of H3 on HepG2 cell viability. The bar graphs indicating the results of cell 

viability assay of HepG2 cells after peptide H3 (0.00001 – 1 mM) treatment for 48 h. The data 

points represent the averages ± S.D. of three experiments in triplicate. (****) p < 0.0001 vs 

control (C). 

 

Figure 7-S2. Effect of peptide H3 and pravastatin on the modulation of precursor SREBP-2 levels 

in cytoplasmatic fraction (A) and mature (nuclear 65 KDa)/precursor (125 KDa) SREBP-2 ratio 

(B). C: control; (* p< 0.5), (** p<0.01)
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GENERAL CONCLUSIONS AND PERSPECTIVES 

The present thesis provides a comprehensive evaluation of the in vitro 

hypocholesterolemic activity of plant derived peptides targeting HMGCoAR and 

PCSK9. 

In the present study, the peptides derived from lupin (Lupinus albus) and hempseed 

(Cannabis sativa) generally presented significant cholesterol-lowering activity. In 

detail, peptides derived from lupin showed PCSK9 inhibitory activity. Among these, 

the most active peptide, known as P5 (LILPHKSDAD), reduced the protein-protein 

interaction between PCSK9 and LDLR with an IC50 equals to 1.6 µM and showed a 

dual hypocholesterolemic activity, since it shows complementary inhibition of the 

HMGCoAR. Moreover, P5 was successfully transported by differentiated human 

intestinal Caco-2 cells through transcytosis, and, during transport, it was partially 

metabolized in a breakdown fragment (LPKHSDAD, P5-met), which retained the 

biological activity of the parent peptide. Based on these observations, P5 analogs, 

including P5-Best (LYLPKHSDRD), P5-H6A (LILPKASDAD) and P5-S7A 

(LILPKHADAD), were computationally designed to target both PCSK9 and 

HMGCoAR, displaying an improved and dual hypocholesterolemic activity evaluated 

by biochemical assays (Table 1).  
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Table 1. Effect of lupin (Lupinus albus) peptides on the modulation of targets protein leves in 

HepG2 cells. 

 

 Protein leves (%)  

Peptides  

(50 µM) 
SREBP-2 HMGCoAR LDLR HNF-1α PCSK9 

P5 124.7 ± 9.57 117.3 ± 9.06 133.4 ± 15.57 89.5 ± 1.79 69.2 ± 8.04 

P5-Met 130.4 ± 16.42 117.9 ± 12.13 150.4 ± 29.21 89.2 ± 3.57 71.0 ± 8.16 

P5-Best 118.6 ± 17.76 86.5 ± 22.8 148.4 ± 23.37 99.17 ± 15.45 78.3 ± 11.80 

P5-H6A 115.5 ± 10.11 94.1 ± 12.19 143.5 ± 24.00 89.7 ± 2.37 71.8 ± 17.50 

P5-S7A 96.9 ± 16.12 71.5 ± 15.53 126.5 ± 13.61 81.38 ± 7.66 74.2 ± 17.94 

HepG2 cells were treated with lupin peptides, respectively. The percentage of targets protein 

levels were measured by western blot versus with untreated cells. The data points represent the 

means ± s.d. of three experiments in triplicate. 

In addition, hydrolysates derived from hempseed were shown to have a 

hypocholesterolaemia effect by dropping the activity of the HMGCoAR, showing a 

similar cholesterol-lowering activity of statins. Since proteins are hydrolysed 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. Hence, 

further experiments using intestinal trans-epithelial transport revealed that among the 

peptides contained within hempseed hydrolysates are able to pass through the mature 

Caco-2 cell barrier. Particularly, peptide H3 (IGFLIIWV) possess antioxidant activity 

in HepG2 cells by modulating the Nrf-2 and iNOS pathways, leading to the decrease 

of cellular H2O2-induced ROS, NO, and lipid peroxidation levels. Meanwhile, since 

there is a link between inflammation and oxidative stress, the evaluation of the anti-

inflammatory effect of peptide H3 in HepG2 cells was carried out. As expected, 

peptide H3 was shown to modulate the production of pro (IFN-γ, TNF and IL-6)- and 

anti (IL-10)-inflammatory cytokines and NO through regulation of the NF-κB and 

iNOS pathways, exerting an anti-inflammatory capacity in the HepG2 cells. 

Furthermore, a deeper mechanistic investigation of peptide H3 was also performed in 

HepG2 cells. Peptide H3 can modulate the activity of the key targets involved in 
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cholesterol metabolism, i.e., LDLR, SREBP-2, HMGCoAR, p-AMPK (Thr 172), 

HNF-1α, and PCSK9, and improve the capacity of HepG2 cells treated with peptide 

H3 to absorb extracellular LDL cholesterol (Figure 1). 

 

 

 

Figure 1. The flowchart summarizes the investigation strategy for hempseed (Cannabis sativa) 

peptides. 

In conclusion, the investigation of bioactive peptides holds significant promise in 

developing novel molecular entities with hypocholesterolemic activity. This study 

provides valuable insights into the potential of lupin peptides (P5 and its derivatives) 

and hempseed peptide (H3) as peptide-based inhibitors targeting PCSK9 and 

HMGCoAR, making them viable candidates for hypocholesterolemic interventions. 

However, it is important to acknowledge that in cases where the condition's severity 

leads to significant pathology, food- or food-supplement-based interventions may not 

be effective. Additionally, it is crucial to recognize that the current evidence is 

primarily derived from in vitro studies, highlighting the need for further research to 

validate these findings in animal models and human clinical trials. Conducting 

rigorous clinical trials in the future will provide a more comprehensive understanding 

of the efficacy and safety of bioactive peptides, ultimately enhancing cholesterol 
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management strategies and improving overall health outcomes. 

In summary, this study underscores the promise of investigating bioactive peptides for 

hypocholesterolemic interventions. Nevertheless, it is imperative to conduct 

additional research to validate these findings and consider the limitations of food- or 

food-supplement-based approaches in cases involving severe pathology. By 

addressing these knowledge gaps, we can advance our understanding of bioactive 

peptides, optimize cholesterol management strategies, and ultimately improve overall 

health outcomes. 
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Appendix 

In addition to the main research focused on lupin and hempseed bioactive peptides, 

another project is dedicated to evaluating the multifunctional angiotensin-converting 

enzyme (ACE) and dipeptidyl-dipeptidases (DPP)-IV inhibitory effect of protein 

hydrolysates generated from soybean protein, pea protein, and casein, respectively. 

ACE and DPP-IV are important enzymes involved in regulating blood pressure and 

blood glucose levels, respectively. Inhibition of these enzymes has been shown to be a 

potential strategy for the management of hypertension and diabetes. 

This project employed mass spectrometry techniques to identify the compositions of 

peptides derived from soybean protein hydrolysate, pea protein hydrolysate and 

casein hydrolysate, respectively. Then, their potential hypotensive and anti-diabetic 

activities were evaluated by initially measuring the ability of these hydrolysates to 

inhibit, in vitro ACE and DPP-IV activity and, afterward, by carrying out experiments 

using Caco-2 cells that express both enzymes on their membrane surfaces.
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I. Abstract 

Nowadays, notwithstanding their nutritional and technological properties, food 

bioactive peptides from plant sources garner increasing attention for their ability to 

impart more than one beneficial effect on human health. Legumes, which stand out 

thanks to their high protein content, represent valuable sources of bioactive peptides. 

In this context, this study focused on the characterization of the potential pleotropic 

activity of two commercially available soybean (SH) and pea (PH) protein 

hydrolysates, respectively. Since the biological activity of a specific protein 

hydrolysate is strictly correlated with its chemical composition, the first aim of the 

study was to identify the compositions of the SH and PH peptides. Peptidomic 

analysis revealed that most of the identified peptides within both mixtures belong to 

storage proteins. Interestingly, according to the BIOPEP-UWM database, all the 

peptides contain more than one active motive with known inhibitory angiotensin 

converting enzyme (ACE) and dipeptidyl-dipeptidases (DPP)-IV sequences. Indeed, 

the results indicated that both SH and PH inhibit DPP-IV and ACE activity with a 

dose-response trend and IC50 values equal to 1.15 ± 0.004 and 1.33 ± 0.004 mg/mL, 

and 0.33 ± 0.01 and 0.61 ± 0.05 mg/mL, respectively. In addition, both hydrolysates 

reduced the activity of DPP-IV and ACE enzymes which are expressed on the surface 

of human intestinal Caco-2 cells. These findings clearly support that notion that SH 

and PH may represent new ingredients with anti-diabetic and hypotensive effects for 

the development of innovative multifunctional foods and/or nutraceuticals for the 

prevention of metabolic syndrome. 

I-1 Introduction 

Food bioactive peptides are short protein fragments (2–20 amino acid residues in 

length) that, in addition to their known nutritional value, are able to modulate 

physiological pathways, thereby exerting a positive impact on human health (Lammi, 

Aiello, Boschin, & Arnoldi, 2019). Hence, both animal and plant foods or by-products 

with high protein content represent valuable sources of functional bioactive peptides, 



247 

which can be produced either by enzymatic hydrolysis (using proteolytic enzymes 

from either plants or microbes), hydrolysis with digestive enzymes (simulated 

gastrointestinal digestion), or by fermentation. Some studies also used a combination 

of these methods to produce peptides with a biological activity (Akbarian, Khani, 

Eghbalpour, & Uversky, 2022). Legumes, pseudocereals, and hempseed are among 

the plant foods which can be considered good sources of bioactive peptides (Aguchem, 

Okagu, Okagu, Ndefo, & Udenigwe, 2022; Cruz-Chamorro, Santos-Sánchez, Bollati, 

Bartolomei, Li, Arnoldi, et al., 2022; Fukui, Tachibana, Wanezaki, Tsuzaki, 

Takamatsu, Yamamoto, et al., 2002; Udenigwe & Aluko, 2012). 

In this panorama, legumes, which stand out thanks to their high protein content, are a 

cheap, sustainable, and a healthy source of nutrition. Notably, soybeans (Glycine max) 

are on average composed of ~35–40% protein (Arnoldi, Zanoni, Lammi, & Boschin, 

2015). Clinical studies have linked the consumption of soy-based food with a reduced 

risk of developing a number of chronic diseases, such as obesity, 

hypercholesterolemia, and insulin-resistance/type II diabetes. As for the active 

substance in soy foods, protein plays a role in cardiovascular disease prevention 

(Fukui, et al., 2002; Liu, Ho, Chen, Ho, To, Tomlinson, et al., 2014), and some 

cholesterol-lowering and anti-diabetic peptides have already been singled out in 

glycinin and β-conglycinin sequences, respectively (Lammi, Zanoni, & Arnoldi, 

2015). 

In addition to soybean, pea (Pisum sativum L.) represents one of the major legumes in 

the world and it is composed of ~26% protein (Arnoldi, Zanoni, Lammi, & Boschin, 

2015). Thanks to its excellent yields, availability, and its low production costs, pea is 

most widely used as a source of commercial proteins for different purpose (Sun & 

Arntfield, 2011). Many studies have highlighted the health benefits associated with 

the consumption of pea protein. In particular, pea protein and its hydrolysates exert 

antioxidant, antihypertensive, and hypocholesterolemic activities (Aluko, Girgih, He, 

Malomo, Li, Offengenden, et al., 2015; Ge, Sun, Corke, Gul, Gan, & Fang, 2020; H. 

Li & Aluko, 2010; H. Li, Prairie, Udenigwe, Adebiyi, Tappia, Aukema, et al., 2011). 

In general, most previous studies in this area have focused on the consumption of pea 
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and soybean proteins, but the health-promoting activity does not lie in the protein but 

in the peptides, which are encrypted within the protein and released upon 

digestion/hydrolysis. Hence, with a more mature perception of the phenomenon, 

owing to the presence of numerous bioactive peptides, these protein hydrolysates may 

provide more than one biological activity, therefore eliciting multiple health benefits 

(Bollati, Cruz-Chamorro, Aiello, Li, Bartolomei, Santos-Sánchez, et al., 2022; Lammi, 

Aiello, Dellafiora, Bollati, Boschin, Ranaldi, et al., 2020; Lammi, Arnoldi, & Aiello, 

2019; Lammi, Zanoni, Ferruzza, Ranaldi, Sambuy, & Arnoldi, 2016). For this reason, 

the production of hydrolysates with multifunctional behavior represents a valid 

strategy in the development of new generations of functional foods and nutraceuticals 

(Chakrabarti, Guha, & Majumder, 2018). 

Indeed, this study focused on the deep characterization of the potential pleotropic 

health-promoting behavior of two commercially available soybean (SH) and pea (PH) 

protein hydrolysates, respectively. Both SH and PH are obtained by industrial 

processes, beginning with the selection of soybean and pea protein sources (isolated 

proteins or enriched protein flours) in combination with a hydrolysis process which is 

able to deliver an optimized performance in term of structure and, thanks to the 

resulting taste being almost neutral, allows for a nutritional contribution to food and 

beverage formulations. SH and PH are then filtered and concentrated before spray 

drying to obtain a purified product for different food applications. 

In addition to, and in part thanks to, their nutritional and technological properties (as a 

smoothing and whipping agent), SH and PH are successfully used in every 

formulation to replace nutritional content of animal origin, and they may also be 

exploited as new valuable and pleotropic ingredients for making innovative 

multifunctional foods and/or 

nutraceuticals. 

Thus, since the biological activity of a specific protein hydrolysate is strictly 

correlated with its chemical composition, the first aim of this study was to identify the 

compositions of SH and PH peptides by peptidomic analysis. Then, their potential 

hypotensive and anti-diabetic activities were evaluated by initially measuring the 
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ability of both hydrolysates to inhibit, in vitro, angiotensin converting enzyme (ACE) 

and dipeptidyl-dipeptidases (DPP)-IV activity and, afterwards, by carrying out 

experiments using Caco-2 cells that express both enzymes on their membrane 

surfaces. 

I-2 Material and methods 

I-2.1 Chemicals 

Dulbecco's modified Eagle's medium (DMEM), L-glutamine, fetal bovine serum 

(FBS), phosphate buffered saline (PBS), penicillin/streptomycin and 96-well plates 

were purchased from Euroclone (Milan, Italy).  Sitagliptin, Gly-Pro-amido-4-

methylcoumarin hydrobromide (Gly-Pro-AMC) and ACE from porcine kidney were 

from Sigma-Aldrich (St. Louis, MO, USA). ACE1 Activity Assay Kit come from 

Biovision (Milpitas Blvd., Milpitias, CA, USA). Caco-2 cells were obtained from 

INSERM (Paris, France). 

SH and PH sample descriptions: A. Costantino S.R.L. (Italy), supplies the soybean 

and pea hydrolysates as spray dried samples (Soy Peptone FM batch 221/00351, 100 

g; Pea Protein Hydrolysate GT Plus batch 221F0001, 100 g) directly from the 

production process. See Supplementary Material for the technical data sheet of both 

samples. 

I-2.2 SH and PH Ultrafiltration 

Before proceeding to the assessment of biological activity, SH and PH were passed 

through ultrafiltration (UF) membranes with a 3 kDa cut-off, using a Millipore UF 

system (Millipore, Bedford, MA, USA). The recovered peptides solution was 

lyophilized and store -80 °C until use. 

I-2.3 Mass Spectrometry Analysis (HPLC Chip ESI-MS/MS) 

Samples were dissolved with 50 μL of a solution of 99% water and 1% ACN 

containing 0.1% formic acid. 2 μL of each sample were injected in a nano-

chromatographic system, HPLC-Chip (Agilent Palo Alto, CA, USA). The analysis 
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was conducted on a SLIT mass spectrometer. LC-MS/MS analysis were performed in 

data-dependent acquisition AutoMS(n)mode. To increase the number of identified 

peptides, three replicates (LC-MS/MS runs) were run. Spectrum Mill Proteomics 

Workbench (Rev B.04.00, Agilent), consulting database downloaded from the Uniprot 

was used for the automated peptide identification from tandem mass spectra. The 

mass tolerance was set at 1.0 Da and 0.8 Da for MS1 and MS2, respectively.  

I-2.4 Biochemical Investigation of DPP-IV and ACE Inhibitory Activity of SH 

and PH Peptides 

I-2.4.1 In Vitro DPP-IV Activity Assay 

The experiments were carried out in triplicate in a half volume 96 well solid plate 

(white). Each reaction (50 µL) was prepared adding the reagents in the following 

order in a microcentrifuge tube: 1 X assay buffer [20 mM Tris-HCl, pH 8.0, 

containing 100 mM NaCl, and 1 mM EDTA] (30 µL), SH and PH at final 

concentration range of 0.01-2.0 mg/mL (10 µL) or Sitagliptin 1mM (10 µL) or vehicle 

(10 µL) and finally the DPP IV enzyme (10 µL). Subsequently, the samples were 

mixed and 50 µL of each reaction were transferred in each well of the plate. The 

reactions were started by adding 50 µL of substrate solution to each well and 

incubated at 37 °C for 30 minutes. Fluorescence signals were measured using the 

Synergy H1 fluorescent plate reader from Biotek (excitation and emission 

wavelengths 360 and 465 nm, respectively). 

I-2.4.2 In Vitro Measurement of ACE Inhibitory Activity 

ACE inhibitory activity was tested by measuring with HPLC the formation of 

hippuric acid (HA) from hippuryl-histidyl-leucine (HHL), used as mimic substrate for 

ACE I. Tests were performed in 100 mM Tris-HCOOH, 300 mM NaCl pH 8.3 buffer, 

and using ACE from porcine kidney (Sigma-Aldrich, Milan, Italy). SH and PH 

hydrolysates were tested at 0.08, 0.17, 0.35, 0.7 and 1.0 mg/mL. All experimental 

details of samples preparation and analyses conditions have been published elsewhere 

(Boschin, Scigliuolo, Resta, & Arnoldi, 2014a, 2014b). 
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I-2.5 Cellular Measurement of SH and PH Inhibitory Effect of DPP-IV and ACE 

Activities 

I-2.5.1 Cell Culture Conditions 

Caco-2 cells were routinely sub-cultured at 50% density and maintained at 37 °C in a 

90% air/10% CO2 atmosphere in DMEM containing 25 mM of glucose, 3.7 g/L of 

NaHCO3, 4 mM of stable L-glutamine, 1% nonessential amino acids, 100 U/L of 

penicillin, and 100 µg/L of streptomycin (complete medium), supplemented with 10% 

heat-inactivated fetal bovine serum. 

I-2.5.2 Evaluation of Caco-2 Cell Viability by MTT Experiments 

A total of 3 × 104 Caco-2 cells/well were seeded in 96-well plates and, the day after, 

they were treated with 1.0, 2.5 and 5 mg/mL of SH and PH hydrolysates or vehicle 

(H2O) in complete growth media for 48 h at 37 °C under 5% CO2 atmosphere. 

Subsequently, the treatment solvent was aspirated and 100 µL/well of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) filtered solution added. 

After 2 h of incubation at 37 °C under 5% CO2 atmosphere, 0.5 mg/mL solution was 

aspirated and 100 µL/well of the lysis buffer (8 mM HCl + 0.5% NP-40 in DMSO) 

added. After 10 min of slow shaking, the absorbance at 575 nm was read on the 

Synergy H1 fluorescence plate reader (Biotek, Bad Friedrichshall, Germany). 

I-2.5.3 Evaluation of the inhibitory effect of SH and PH on cellular DPP-IV 

activity 

For the experiments, Caco-2 cells were seeded on black 96-well plates with clear 

bottoms at a density of 5 × 104 cells/well. After one day, cells were treated with 1.0, 

2.5 and 5.0 mg/mL of  SH and PH for 1, 3 and 6 h; at the end of the incubation, cells 

were washed once with 100 µL of PBS, then, 50 µL of Gly-Pro-AMC substrate at 

concentrations of 25 µM in PBS were added and the fluorescence signals 

(excitation/emission wavelengths 350/450 nm) in each well were measured using a 

Synergy H1 (BioTek Instruments, Winooski, VT, USA) every 1 min, for up to 10 min. 



252 

I-2.5.4 Evaluation of the inhibitory effect of SH and PH on cellular ACE1 activity 

Caco-2 cells were seeded on 96-well plates at a density of 5 × 104 cells/well for 24 h. 

The following day, cells were treated with SH and PH (from 0.1 to 5.0 mg/mL) or 

vehicle in growth medium for 6 h at 37 °C, then cells were scraped in 30 μL of ice-

cold ACE1 lysis buffer and transferred in an ice-cold microcentrifuge tube. After 

centrifugation at 13 300g for 15 min at 4 °C, the supernatant was recovered and 

transferred into a new ice-cold tube. Total proteins were quantified by Bradford 

method, and 2 μg of total proteins (the equivalent of 2 μL) were added to 18 μL of 

ACE1 lysis buffer in each well in a black 96-well plates with clear bottoms. For the 

background control, 20 μL of ACE1 lysis buffer were added to 20 μL of ACE1 assay 

buffer. Subsequently, 20 μL of 4% of ACE1 substrate (prepared in assay buffer) was 

added in each well except the background one and the fluorescence (Ex/Em 330/430 

nm) was measured in a kinetic mode for 10 min at 37°C.  

I-2.6 Statistical Analysis 

Statistical analyses were carried out by one-way ANOVA (Graphpad Prism 9, 

GraphPad Software, La Jolla, CA, USA) followed by Dunnett or Tukey’s multiple 

comparison test. For each assay at least four independent experiments were performed, 

and each experiment were performed in triplicate. Values were expressed as means ± 

SD; p-values < 0.05 were considered to be significant. 

I-3 Results 

I-3.1 Peptidomic Characterization of SH and PH 

The compositions of the peptides of SH and PH hydrolysates were analyzed by 

HPLC-ESI-MS/MS. Figure I-1 reports the total ion current (TIC) of the MS/MS of 

eluted peptides, while Table I-1 shows the peptide molecular weight distribution of 

each sample, and the overall peptides, which were identified, are reported in Table I-

S1. 
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Figure I-1 The total ion chromatogram (TIC) of the soybean (SH, (A)) and pea (PH, (B)) 

hydrolysates, respectively. The mass spectrometer ran for 70 min. Most of the SH sample peptides 

were eluted between 20 and 40 min, while the PH peptides were mostly eluted in 30–40 min. 

Table I-1. Molecular weight distribution of SH and PH peptides. 

Hydrolysate MW > 3 kDa (%) MW < 3 kDa (%) 

SH 53.6 46.4 

PH 57.15 42.85 

 

Table I-2 lists the identified peptides from the most abundant proteins. Among these, 

six and nine peptides were identified in the SH and PH samples, respectively. The 

length of those peptides ranged from 9 to 25 amino acids with a molecular weight in 

the range 1055 –2422.3 KDa, and in both samples, most of the identified peptides 

belong to storage proteins. Indeed, 50% of the identified soybean peptides belong to 

Glycinin G1, whereas in the case of the pea derived peptides, 55% and 33% belong to 

the Vicilin and Legumin A2 proteins, respectively. Interestingly, according to 
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BIOPEP-UWM database (https://biochemia.uwm.edu.pl/biopep-uwm/, accessed on 

20 May 2022), all the peptides contain more than one active motive with both known 

inhibitory ACE and DPP-IV sequences. 
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Table I-2. SH and PH peptides from the most abundant protein, with ACE and DPP-IV inhibitory activity. 

Hydrolysate Protein name Peptide sequence 
Spectrum 

Intensity 
ACE inhibitor sequence a DPP-IV inhibitor sequence a 

SH 

Ankyrin repeat domain-

containing protein 52 
IRSWIVQVMS 5.11E+07 IVQ, VQV, VM WI, IR, QV, SW, VM, VQ 

Glycinin G1 VSIIDTNSLENQLDQ 4.56E+07  SL, DQ, II, NQ, QL, SI, TN, VS 

 IIDTNSLENQLDQMPR 2.07E+07 PR 
MP, SL, DQ, II, NQ, QL 

TN 

 ANSLLNALPEEVIQ 1.75E+07 EV, LN, ALP, LP 
LP, LL, AL, 

SL, EV, IQ, LN, NA, VI 

Hydrolase_4 domain-containing 

protein 

AAEGGGFSDPAPAPPRL

AIPEV 
1.45E+07 

PR, AIP, IP, AP, LA, AA, GF, 

GG, AI, EG, PAP, EV, PP 

PP, LA, AP PA, IP, AA 

AE, DP, EG EV, GF, GG, RL 

DNA-directed RNA polymerase 

(Fragment) 

FDIYRVMRPGEPPTMDS

AEAMFNA 
1.48E+07 

IY, MF, GEP, RP, GE, EA, PG, 

PT, PP, VM 

PP, RP, EP, AE, FN, GE, MF, 

MR, NA, PG, PT, TM, VM, YR 

PH 

Vicilin 47k EITPEKNQQLQDLDIFVN 2.26E+07 
IF, EI, LQ EK, TP TP, EK, EI NQ, QD, QL, QQ, 

VN 
 NQQLQDLDIFVN 2.80E+07 IF, LQ NQ, QD, QL, QQ, VN 

 KNQQLQDLDIFVN 7.09E+07 
IF, LQ NQ, QD, QL, QQ 

VN 

Vicilin ITPEKNPQLQDLDIFVN 1.58E+07 IF, LQ, PQ, EK, TP TP, NP, EK, PQ, QD, QL, VN 

 KNPQLQDLDIFVN 5.13E+07 IF, LQ, PQ NP, PQ, QD, QL, VN 

AsmA family protein 
GGLSFDRKAAKTTASGG

LTLSKADA 
2.73E+07 

AA, GL, DA, GG, SG, SF, KA, 

TLS, DR 

KA, TA, TT, GL, AA, AD, AS, 

DR, GG, KT, LT, RK, SF, SK, TL 

Legumin A2 
LFGQAGLDPLPVDVGA

NGRL 
1.80E+07 

PLP, RL, LF, PL, VG, GA, GL, 

AG, GR, FG, GQ, NG, LP 

LP, GA, GL, PL, AG, DP, NG, 

PV, QA, RL, VD, VG 

  ALEPDNRIE 1.53E+07 IE, ALEP EP, AL, DN, NR, RI 

  SVINNLPLDVVA 4.96E+07 
PL, LPL, LP VA, LP, VV, LPL, PL, IN, NL, 

NN, SV, VI 

aAccording to the BIOPEP-UWM database; https://biochemia.uwm.edu.pl/biopep-uwm/ accessed on 20 May 2022. 
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I-3.2 SH and PH Peptides: Biochemical Investigation of DPP-IV and ACE 

Inhibitory Activities 

I-3.2.1 SH and PH Inhibit In Vitro DPP-IV Activity 

In order to assess the ability of SH and PH to modulate DPP-IV activity, preliminary 

in vitro experiments were performed using the purified recombinant DPP-IV enzyme. 

Figure I-2A shows that SH drops in vitro DPP-IV activity by 10.18 ± 7.0%, 40.0 ± 

1.6%, 58.22 ± 2.57%, and 82.48 ± 1.41% at 0.1, 0.5, 1.0, and 2.5 mg/mL respectively. 

Figure I-2B indicates that PH decreases DPP-IV activity in vitro by 0.11 ± 0.21%, 

31.0 ± 3.9%, 52.05 ± 2.31%, and 79.1 ± 1.04% at 0.1, 0.5, 1.0, and 2.5 mg/mL, 

respectively. Both SH and PH inhibit the enzyme with a dose-response trend and 

calculated IC50 values equal to 1.15 ± 0.004 and 1.33 ± 0.004, respectively. 

 

 

Figure I-2. Evaluation of the in vitro inhibitory effects of SH (A) and PH (B) hydrolysates on 

human recombinant DPP-IV. Bars represent the average ± SD of three independent experiments in 

duplicates. **** p < 0.0001, ** p < 0.01, versus control (C) sample (activity), non-significant (ns) 

is not shown. 
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In parallel, the in vitro DPP-IV activity inhibition of both hydrolysates was confirmed 

by the experiments conducted on the low molecular weight fractions (<3 kDa) of SH 

(F3) and PH (F3), as reported in Figure S1. Notably, SH (F3) inhibits DPP-IV activity 

in vitro by 12.7 ± 4.9%, 23.9 ± 4.56%, 41.9 ± 2.56%, 57.3 ± 2.3%, and 79.5 ± 2.5% at 

0.01, 0.1, 0.5, 1.0, and 2.0 mg/mL, respectively (Figure I-S1A), and PH (F3) reduced 

the enzymatic activity by 8.5 ± 2.01%, 15.1 ± 4.21%, 41.6 ± 3.4%, 56.8 ± 4.4%, and 

79.1 ± 1.70% at the same concentrations (Figure I-S1B). Indeed, both SH (F3) and 

PH (F3) decreased DPP-IV activity with a dose-response trend and IC50 values equal 

to 0.82 ± 0.01 and 1.0 ± 0.01 mg/mL, respectively. Comparing the IC50 values 

obtained by analyzing the total SH and PH hydrolysates with the those obtained by 

testing the <3 kDa fractions of SH and PH, it is evident that the short peptides which 

are contained within SH and PH hydrolysates, respectively, are those responsible of 

DPP-IV inhibitory activity. 

I-3.2.2 SH and PH Peptides Inhibit In Vitro ACE Activity 

Both SH and PH efficiently inhibited ACE activity with a dose-response trend and 

calculated IC 50 values that were 0.33 ± 0.01 and 0.61 ± 0.05 mg/mL, respectively 

(Figure I-3A, B). More specifically, SH inhibited ACE activity by 19.88 ± 1.21%, 

32.74 ± 0.57%, 53.01 ± 0.43% , 72.35 ± 0.16%, and 83.38 ± 0.06% at 0.08, 0.17, 0.35, 

0.7, and 1.0 mg/mL, respectively (Figure I-3A), whereas PH reduced ACE activity 

by 3.55 ± 0.07%, 12.92 ± 0.11%, 35.40 ± 0.01%, 53.51 ± 0.11%, and 62.23 ± 0.15% 

at the same concentrations (Figure I-3B). 
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Figure I-3. Assessment of the in vitro ACE-inhibitory effects of SH (A) and PH (B) hydrolysates. 

Bars represent the sd of three independent experiments in duplicate. **** p < 0.0001 versus 

control sample (C). 

In parallel, the in vitro ACE activity inhibition of both hydrolysates was confirmed by 

the experiments conducted on the low molecular weight fractions (< 3 kDa) of both 

SH (F3) and PH (F3), as shown in Figure I-S2. In particular, SH (F3) inhibits ACE 

activity in vitro by 9.15 ± 0.07%, 24.62 ± 0.13%, 48.39 ± 0.02%, 63.29 ± 0.02%, and 

74.09 ± 0.08% at 0.08, 0.17, 0.35, 0.7, and 1.0 mg/mL, respectively (Figure I-S2A), 

whereas PH (F3) reduced the enzymatic activity by 17.21 ± 0.10%, 26.74 ± 0.25%, 

44.26 ± 0.02%, 63.96 ± 0.01%, and 74.64 ± 0.08% at the same concentrations (Figure 

I-S2B). Indeed, both SH (F3) and PH (F3) reduced the ACE activity with a dose-

response trend and IC50 values equal to 0.40 ± 0.01 and 0.43 ± 0.01 mg/mL, 

respectively, clearly suggesting that the short peptides which are contained within SH 

and PH hydrolysates are those responsible for ACE inhibitory activity. 

Finally, Table I-3 summarizes the comparison of IC50 values of both samples against 
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DPP-IV and ACE. 

Table I-3. IC50 values obtained testing SH, PH and their corresponding low molecular fractions 

(<3 kDa) against DPP-IV and ACE targets. 

 

Interestingly, whereas P5-met was abundant and was produced in both conditions, P5-

frag was detected only when P5 was tested in combination with P3 and P7 and, based 

on the spectral intensity, was a minor metabolite. This suggests that the 

transformation of P5-frag into P5-met may be such a fast process that only the 

concomitant presence of very easily cleavable peptides (like P7) permitted its 

detection, by protecting it from 

degradation. However, we cannot exclude those other smaller fragments, such as 

tripeptides and dipeptides, were also generated in these conditions, since they are 

intrinsically difficult to detect. 

I-3.3 Cellular Assessment of DPP-IV and ACE Inhibition by SH and PH Peptides 

I-3.3.1 Effect of SH and PH Peptides on Caco-2 Cell Viability 

The MTT assay was used for assessing the safe range of concentrations of the SH and 

PH hydrolysates on Caco-2 cells. After a 48 h treatment, any effect on the Caco-2 cell 

viability was observed in the range of 1.0–5.0 mg/mL versus untreated cells (C) 

(Figure I-4). 

 IC50 (mg/mL) DPP-IV IC50 (mg/mL) ACE 

SH  1.15 ± 0.004  0.33 ± 0.01 

PH 1.33 ± 0.004 0.61 ± 0.05 

SH <3 kDa (F3) 0.82 ± 0.01 0.40 ± 0.01 

PH <3 kDa (F3) 1.0 ± 0.003 0.43 ± 0.01 
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Figure I-4. MTT assay. Effect of SH (A) and PH (B) hydrolysates on Caco-2 cells viability. Data 

represent the averages ± S.D. of four independent experiments performed in triplicate. 

The ability of SH and PH to inhibit DPP-IV was then investigated in cell-based 

conditions using Caco-2 cells, which express high levels of this protease on their 

membranes. Briefly, these cells were treated with SH and PH (1.0- 5.0 mg/mL) and 

their DPP-IV inhibitory effects were assessed in a kinetic mode after 1, 3, and 6 h 

(Figure I-S3A, C). Figure I-S3A shows that, after 1 h, SH inhibited cellular DPP-IV 

activity by 25.07 ± 8.07%, 36.91 ± 2.37%, and 40.32 ± 2.46 at 1.0, 2.5, and 5 mg/mL, 

respectively, and by 25.07 ± 6.78%, 42.46 ± 6.49%, and 48.69 ± 7.29% at the same 

concentrations after 3 h. The maximum reductions in DPP-IV activity were observed 

at 6 h (Figure I-S3A and Figure I-5A), where SH inhibited cellular DPP-IV activity 

by 37.9 ± 10.0%, 56.6 ± 3.6%, and 59.4 ± 2.4% at 1.0, 2.5, and 5 mg/mL, respectively, 

versus untreated cells, following a dose-response trend, confirming the in vitro results. 

As indicated in Figure I-S3C, after 1 h, the PH sample inhibited cellular DPP-IV 

activity by 19.9 ± 8.2%, 40.9 ± 3.6%, and 47.4 ± 3.3% at 1.0, 2.5, and 5 mg/mL, 

respectively, and by 22.6 ± 5.4%, 47.9 ± 2.79%, and 53.6 ± 2.3% at the same 

concentrations after 3 h (Figure I-S3C). The maximum inhibition of DPP-IV activity 

was observed after 6 h (Figure I-S3C, Figure I-5B), where PH inhibited cellular 

DPP-IV activity by 27.9 ± 5.3%, 52.8 ± 2.2%, and 60.7 ± 1.6% at 1.0, 2.5 and 5 
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mg/mL, respectively, versus untreated cells, supporting the in vitro results. 

In parallel, the in situ DPP-IV activity inhibition of both hydrolysates was confirmed 

by the experiments carried out on the low molecular weight fractions (< 3 kDa) of 

both SH (F3) and PH (F3), as shown in Figure I-S3B, D. In particular, Figure I-S3B 

shows that, after 1 h, SH (F3) inhibited cellular DPP-IV activity by 10.4 ± 8.3%, 37.2 

± 4.1%, and 42.3 ± 3.10% at 1.0, 2.5, and 5 mg/mL, respectively, and by 13.62 ± 

6.88%, 43.1 ± 5.91%, and 47.9 ± 4.4% at the same concentrations after 3 h. The 

highest decreases in DPP-IV activity were observed at 6 h (Figure I-S3B), where SH 

(F3) inhibited cellular DPP-IV activity by 17.7 ± 4.9%, 54 ± 1.6%, and 61.5 ± 3.9% at 

1.0, 2.5, and 5 mg/mL, respectively, versus untreated cells, in a dose-dependent 

manner, supporting the in vitro results. 

 

 

Figure I-5 Effect of SH (A) and PH (B) on the cellular DPP-IV activity. The data points represent 

the averages ± S.D. of four independent experiments performed in triplicate. All data sets were 

analyzed by one-way ANOVA followed by Tukey’s post-hoc test; C: control sample (H2O), **** 

p < 0.0001, *** p < 0.001, non-significant (ns) is not shown. 

Similarly, as shown in Figure I-S3D, PH (F3) inhibited cellular DPP-IV activity by 
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6.8 ± 6.5%, 31.6 ± 5.5%, and 45.5 ± 4.9% at 1.0, 2.5, and 5 mg/mL, respectively, 

after 1 h, and by 7.25 ± 4.03%, 48.67 ± 2.42%, and 54.11 ± 3.09% at the same 

concentrations after 3 h. The highest inhibition of DPP-IV activity was observed at 6 

h (Figure I-S3D), where PH (F3) inhibited cellular enzymatic activity by 14.4 ± 3.9%, 

60.2 ± 1.5%, and 61.8 ± 2.7% at 1.0, 2.5, and 5 mg/mL, respectively, versus untreated 

cells, confirming the in vitro results. 

I-3.3 SH and PH Inhibit ACE Activity Expressed on Human Intestinal Caco-2 

Cells 

Human intestinal Caco-2 cells were treated with SH and PH (1.0–5.0 mg/mL) for 6 h. 

The ACE activity was measured in the presence of a fluorescent substrate using cell 

lysates. The results indicated that both hydrolysates reduced cellular ACE activity 

with a dose-response trend. In more detail, SH reduced the enzyme activity by 29.9 ± 

1.8%, 57.9 ± 12.6%, 67.5 ± 8.1%, and 74.6 ± 4.9% at 0.1, 0.5, 1.0, and 5.0 mg/mL, 

respectively (Figure I-6A), whereas PH hydrolysate reduced it by 39.6 ± 14.6%, 52.2 

± 10.6%, 64.7 ± 5.2, and 82.3 ± 4.2%, respectively, at the same concentrations 

(Figure I-6B). In parallel, the cellular ACE activity inhibition of both hydrolysates 

was confirmed by the experiments performed on the low molecular fractions (3 kDa) 

of both SH and PH (Figure I-S4). Notably, SH (F3) inhibited cellular ACE activity 

by 10.1 ± 4.5%, 47.6 ± 2.7%, 61.0 ± 7.5%, and 76.2 ± 2.3% at 0.1, 0.5, 1.0, and 5.0 

mg/mL, respectively (Figure I-S4A), whereas PH (F3) reduced the cellular enzymatic 

activity by 32.0 ± 13.7%, 42.7 ± 11.3%, 60.5 ± 13.5%, and 69.5 ± 11.3% at the same 

concentrations (Figure I-S4B). 
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Figure I-6 ACE inhibitory effects of SH (A) and PH (B) hydrolysates in cell-based conditions. 

Bars represent the SD of three independent experiments in triplicate. **** p < 0.0001, *** p < 

0.001, ** p < 0.01, * p < 0.05 versus control sample (C), non-significant (ns) is not shown. 

I-4 Discussion 

In recent decades, many studies have clearly demonstrated the ability of food protein 

hydrolysates to modulate ACE or DPP-IV activity (Daskaya-Dikmen, Yucetepe, 

Karbancioglu-Guler, Daskaya, & Ozcelik, 2017; Lammi, Zanoni, Arnoldi, & Vistoli, 

2016; Nongonierma & FitzGerald, 2019). In particular, hydrophobic medium-length 

and/or shorter peptides from different food sources are considered to be mostly 

responsible for the inhibition of both enzymes (Daskaya-Dikmen, Yucetepe, 

Karbancioglu-Guler, Daskaya, & Ozcelik, 2017; Nongonierma & FitzGerald, 2019). 

In this panorama, the main limitation of most of previous studies lies in the fact that 

the characterization of the DPP-IV or ACE inhibitory property of food hydrolysates 

was performed by analyzing each bioactivity without taking into account that the 

same hydrolysate may be endowed with both activities. In addition, most works 

available in the literature rely exclusively on in vitro tests for assessing the biological 
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activity: this is particularly true in the case of the inhibition of DPP-IV and ACE 

activity. In light of these observations, a standout feature of this study is that the 

multifunctional DPP-IV and ACE inhibitory activities of two commercially available 

soybean (SH) and pea (PH) protein hydrolysates were evaluated together using in 

vitro tests which were implemented by cellular assays that permitted deeper insights 

into the mechanism of action and, contextually, a consideration of other relevant 

issues, such as metabolism (this is particularly true when Caco-2 cells were 

employed). 

Overall, the present study demonstrates that SH and PH are effective at reducing 

DPP-IV and ACE activity in both cell-free and cell-based conditions. More 

specifically, as indicated in the Table I-3, when comparing the calculated IC50 values, 

it is clear that SH and PH display the same ability to reduce DPP-IV activity, with SH 

being about 2-fold more potent than PH in terms of ACE inhibition (***, p < 0.001). 

In addition, the results indicated that SH and PH are 3- and 2-fold more potent as 

ACE than DPP-IV inhibitors, respectively (****, p < 0.0001). Moreover, comparing 

the IC50 values of each total hydrolysate with those corresponding to each low 

molecular weight fraction (<3 kDa) (Table I-3), it is clear that the medium-length and 

shorter peptides, which are abundant in each total hydrolysate (Table I-1), are 

responsible for the biological activities, even though, in the case of SH and SH (F3), 

the same IC50 values were observed against ACE enzyme. Interestingly, Table I-2 

indicates that all the most abundant peptides identified within both SH and PH 

contained at least one motive with DPP-IV and ACE inhibitory activity that has 

already been demonstrated, explaining why these hydrolysates are active on two 

different targets, such as ACE and DPP-IV. 

As reported in the Table I-3, in the case of PH, the low molecular weight fractions 

(<3 kDa) are about 0.8- and 1,5-fold more potent than total PH as DPP-IV and ACE 

inhibitors, respectively (****, p < 0.0001). This result might be explained considering 

that the bioactivity of total hydrolysate depends strictly on its total composition, 

including the inactive and active species and possible synergistic or antagonist effects 

(Aiello, Lammi, Boschin, Zanoni, & Arnoldi, 2017; Zanoni, Aiello, Arnoldi, & 
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Lammi, 2017). Therefore, it is reasonable to conclude that longer peptides of PH 

(57.2%) may affect the activity exerted by the medium-length and shorter ones 

(42.8%) when present in PH hydrolysate. A similar trend was observed for SH. In fact, 

the SH (F3) is more active than the total hydrolysate against DPP-IV (***, p < 0.001), 

whereas a similar IC50 value against the ACE target was calculated (Table I-3). 

Recently, it was demonstrated that soybean hydrolysates obtained using pepsin and 

trypsin reduced in vitro DPP-IV activity by 16.3% and 31.4%, and by 15.3% and 

11.0%, respectively, at 1.0 and 2.5 mg/mL (Lammi, Arnoldi, & Aiello, 2019). Other 

recent studies demonstrated that the protein hydrolysates from germinated and non-

germinated soybean, obtained after simulated gastrointestinal digestion, show a 

modest ability to inhibit the DPP-IV (González-Montoya, Hernández-Ledesma, Mora-

Escobedo, & Martínez-Villaluenga, 2018; Nongonierma & FitzGerald, 2015). In 

addition, soybean hydrolysates obtained using Corolase L10, Promod 144 MG, or 

Protamex reduced the enzyme, with IC50 values of 2.5, 0.86, and 0.96 mg/mL, 

respectively (Nongonierma & FitzGerald, 2015). Indeed, SH is more active than 

hydrolysates obtained using pepsin, trypsin, and Corolase, whereas its activity is very 

similar to those of peptide mixtures obtained using both Promod and Protamex. 

Pea proteins digested with Corolase L10 and Promod 144 MG inhibited DPP-IV 

activity with IC50 values higher than 2.5 mg/mL, whereas the pea hydrolysate 

obtained using Protamex dropped the enzyme activity with an IC50 value of 0.96 

mg/mL (Nongonierma & FitzGerald, 2015). In this case, PH displays a DPP-IV 

activity totally in line with those of hydrolysates obtained using Protamex, whereas it 

is more active than the peptide mixtures obtained using Corolase and Promod. 

Soybean proteins extracted with microwave-assisted technology and hydrolysate 

using Alcalase inhibited the ACE enzyme, and peptides belonging to the low 

molecular weight fraction were responsible for the biological activities. Moreover, it 

was also demonstrated that pea proteins digested using a thermolysin-generated 

peptide mixture exerted ACE inhibitory properties in a spontaneous hypertensive rat 

(SHR) model and in a clinical study (Aluko, et al., 2015; H. Li, et al., 2011). 

Interestingly, among the peptides belonging to the low molecular weight fraction (<3 
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kDa) of pea hydrolysate, peptide LTFPG was isolated, whose hypotensive activity has 

been demonstrated both in vitro and in vivo in the SHR model (Aluko, et al., 2015). 

Notably, LTFPG is a conserved active peptide that has also been identified and 

characterized in a lupin sample (Lammi, et al., 2020). 

DPP-IV and ACE are important membrane peptidases which are physiological 

expressed by many tissues, i.e., intestine (Howell, Kenny, & Turner, 1992; Mentlein, 

2004). Indeed, human intestinal Caco-2 cells represent a reliable model which has 

been already developed and validated for the study of peptides with DPP-IV or ACE 

inhibitory properties (Lammi, Bollati, Gelain, Arnoldi, & Pugliese, 2019; Lammi, 

Boschin, Bollati, Arnoldi, Galaverna, & Dellafiora, 2021; Y. Li, Aiello, Fassi, 

Boschin, Bartolomei, Bollati, et al., 2021). In this study, it was clearly demonstrated 

that both SH and PH maintain their ability to reduce the activity of both DPP-IV and 

ACE on Caco-2 cells, even though both hydrolysates are active at a concentration 

ranging between 0.1 and 5 mg/mL, indicating that SH and PH are less active in cell-

based than in cell-free conditions, respectively. Similar results have been previously 

obtained on peptic and tryptic hydrolysates of spirulina and chlorella proteins, 

respectively (Aiello, Li, Boschin, Bollati, Arnoldi, & Lammi, 2019; Y. Li, Aiello, 

Bollati, Bartolomei, Arnoldi, & Lammi, 2020; Y. Li, et al., 2021). Also, in those cases, 

it was observed that all the tested hydrolysates were more active in cell-free than in 

cell-based assays, respectively. The reduced activity in the cellular assays may be 

explained considering the metabolic ability of Caco-2 cells (Y. Li, et al., 2021). 

Indeed, the intestinal brush border expresses many active proteases and peptidases 

that might actively hydrolyze food peptides modulating their bioactivity through the 

production of new breakdown fragments. Therefore, the intestine plays an important 

role not only in the process of valuable nutrient absorption, but also in actively 

modulating the physico-chemical and biological profiles of food protein hydrolysates. 

All these biochemical and cellular results represent an important starting point for 

future investigations of SH and PH through in vivo and clinical studies on suitable 

animal models and human volunteers in order to obtain a “proof of concept” with 

respect to their multifunctional and pleotropic behavior. 
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I-5 Conclusions 

In conclusion, our results indicate that SH and PH are multifunctional hydrolysates 

endowed with both anti-diabetic and hypotensive activity. It is doubtless that they are 

among the most potent DPP-IV and ACE inhibitor hydrolysates reported in the 

literature, suggesting that they may be successfully used as new valuable ingredients 

for the development of innovative functional foods and or dietary supplements for the 

prevention of cardiovascular disease and metabolic syndrome. Therefore, future in 

vivo and clinical studies need to be undertaken for their benefits to be better exploited 

in the nutraceutical sector.  



268 

I-6 Supporting information 

Table I-S1: LC-MS/MS based identification of SH and PH peptides. 

Hydrolysate Protein name 
Peptide 

sequence 

Spectrum 

Intensity 

SH Uncharacterized protein (W)FNIVGQWAVTT(S) 5,19E+07 

 
Ankyrin repeat domain-

containing protein 52 
(A)IRSWIVQVMS(Q) 5,11E+07 

 Uncharacterized protein (I)GKQASIIEDPRPGQGKN(L) 2,34E+07 

 Uncharacterized protein (A)GMPVHSVEDLPGAPFGDA(G) 2,57E+07 

 Glycinin G1 (A)VSIIDTNSLENQLDQ(M) 4,56E+07 

  (S)IIDTNSLENQLDQMPR(R) 2,07E+07 

 

 

 
(G)ANSLLNALPEEVIQ(H) 2,25E+07 

Hydrolase_4 domain-containing 

protein 
(A)AAEGGGFSDPAPAPPRLAIPEV(P) 1,45E+07 

DNA-directed RNA polymerase 

(Fragment) 

(L)FDIYRVMRPGEPPTMDSAEAMFNA(

L) 
1,48E+07 

Heterokaryon incompatibility 

protein 

(L)GGLVQPIQMSKSARADGGDVSAQL

ANLDLS(A) 
1,64E+07 

Uncharacterized protein 
(Q)HGLGLEVIELGNCMVDGFYLSSR(S

) 
4,81E+07 

Phosphatidylinositol-specific 

phospholipase C 
(H)DNDIATALSNLGIFTFSEQ(F) 1,15E+07 

Uncharacterized protein (P)LQRIGVGLVFSILAMVSAALI(E) 2,57E+07 

 Uncharacterized protein (K)HKYVVPIPVIAMATGESG(E) 5,83E+07 

 
C-x8-C-x5-C-x3-H type zinc 

finger protein 
(N)TAVDRTLADFGRGFGRG(Q) 2,12E+07 

 
PRONE domain-containing 

protein 
(S)PQVPKSGLS(D) 1,34E+07 

 PH domain-containing protein (P)PSISSQSRASSDSSSK(E) 9,54E+06 

 
GMC_OxRdtase_N domain-

containing protein 
(N)AGFYSRADADFFARS(G) 2,08E+07 

PH Vicilin (E)ITPEKNPQLQDLDIFVN(S) 3,14E+07 

  (E)KNPQLQDLDIFVN(S) 5,96E+07 

 Vicilin 47k (F)EITPEKNQQLQDLDIFVN(S) 2,26E+07 

  (E)KNQQLQDLDIFVN(S) 7,09E+07 

  (K)NQQLQDLDIFVN(S) 4,01E+07 

 Legumin A2 (N)ALEPDNRIE(S) 1,53E+07 

  (S)SVINNLPLDVVA(A) 4,96E+07 

 Mannonate dehydratase (T)GATNIVSSLHQVPIGRAWT(E) 3,28E+07 

 

LysR family transcriptional 

regulator 

 

(K)HLFILGGLGWGGLPASVVKDDL(A) 1,04E+08 

 Aldehyde dehydrogenase (T)GATAQWAAINCGLGADILREAA(A) 1,70E+07 
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Leucine-rich repeat receptor-like 

protein 

(F)GIDLSNNLLHGEIPRGLFGLAGLE(Y

) 
3,11E+07 

 
 

AsmA family protein 
 

(S)GGLSFDRKAAKTTASGGLTLSKAD

A(G) 
2,73E+07 

  (I)LFGQAGLDPLPVDVGANGRL(T) 1,80E+07 

 TP-binding protein (L)DRMFCGIIDRDGGAPGTDRIF(P) 3,23E+07 

 

 

Putative aromatic 

aminotransferase protein 
 

(A)TFIQAAVPRIIT(Q) 3,03E+07 

 
 

Argonaute 2 
 

(Q)WPCLQVGNPQRPNYLPMEVCKIVE

G(Q) 
2,95E+07 

 
ABC transporter substrate-

binding protein 

(G)WAGAAFGFEESPELKALVDAGKLP

PVE(K) 
6,51E+07 

 
ABC transporter substrate-

binding protein 

(S)GGGTWEAAQKKAFFDPFTRDTGIK

VV(L) 
5,85E+07 

 
 

Mannonate dehydratase 
 

(I)RGGKLSFMETFPDEGDMDMVRS(V) 5,80E+07 

 
LysR family transcriptional 

regulator 

(K)HLFILGGLGWGGLPASVVKDDL(A) 
2,92E+07 

 Clink (F)SQLPEELKEKIMNEHLKEI(K) 2,79E+07 

 
 

Peptidoglycan-associated protein 
 

(K)KPPNSAGDLGLGTGAGGAATPGSA

QDFTVNV(G) 
6,60E+07 

 Sporulation protein (P)ITPAPQQVAAVSPRPAPVFA(P) 1,82E+07 

 Dioxygenase RAMOSUS5 
(P)KPVPAPAPIPTTDVVIPGRILQPVQPF

I(D) 
1,36E+07 

 

Putative DNA 

modification/repair radical SAM 

protein 

(L)NIELPTDSGITRF(A) 2,14E+07 

 

 

Hydantoinase/oxoprolinase 

family protein 
 

(Y)EGDVLVSTSIGGCNQISDVISKPIQL

AK(S) 
3,06E+07 

 
Aspartate/tyrosine/aromatic 

aminotransferase 
(F)IDLAYQGLGDGLEQDAAPARM(V) 1,59E+07 

 
DNA replication licensing factor 

MCM3 
(G)THLRGDINMMMVGDPSVAKS(Q) 2,79E+07 

  L-threonine 3-dehydrogenase (V)PMVVGHEFSGEIAEIGSAVTRY(H) 4,36E+06 
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Figure I-S1: Evaluation of the in vitro inhibitory effects of SH (F3) (A) and PH (F3) (B) 

hydrolysates on human recombinant DPP-IV. Bars represent the average ± s.d. of three 

independent experiments in duplicates. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 

versus control (C) sample (Activity). 
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Figure I-S2: Evaluation of the in vitro inhibitory effects of SH (F3) (A) and PH (F3) (B) 

hydrolysates on ACE. Bars represent the means ± sd of three independent experiments in duplicate. 

**** p < 0.0001 versus Control sample (C). 
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Figure I-S3: The kinetics of the inhibition of cellular DPP-IV activity after incubating Caco-2 

cells with the SH (A), SH (F3) (B), PH (C) and PH (F3) (D) hydrolysates for 1, 3 and 6 hours at 

different concentrations. The data are represented as the means ± s.d. of four independent 

experiments, performed in triplicate. 
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Figure I-S4: Evaluation of the inhibitory effects of SH (F3) (A) and PH (F3) (B) hydrolysates on 

ACE expressed on Caco-2 cells membranes. Bars represent the SD of three independent 

experiments in triplicate. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 versus Control 

sample (C), non-significant (ns) is not shown.  
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II. Abstract 

The objective of the study was the evaluation of the potential pleiotropic effect of a 

commercial casein hydrolysate (CH). After an analysis of the composition, the 

BIOPEP-UWM database suggested that these peptides contained numerous sequences 

with potential inhibitory activities on angiotensin converting enzyme (ACE) and 

dipeptidyl-peptidase IV (DPP-IV). The anti-diabetic and anti-hypertensive effects of 

these peptides were thus assessed using either cell-free or cell-based assays. In the 

cell-free system, CH displayed inhibitory properties against DPP-IV (IC50 value equal 

to 0.38 ± 0.01 mg/mL) and ACE (IC50 value equal to 0.39 ± 0.01 mg/mL). Further, CH 

reduced the DPP-IV and ACE activities expressed by human intestinal Caco-2 cells 

by 61.10 ± 1.70% and 76.90 ± 4.47%, respectively, versus untreated cells, after 6 h of 

treatment at the concentration of 5 mg/mL. This first demonstration of the 

multifunctional behavior of this material suggests that it may become an anti-diabetic 

and/or anti-hypertensive ingredient to be included in the formulation of different 

functional food or nutraceutics. 

II-1 Introduction 

Type II diabetes is a chronic disease, which affects millions of people worldwide: the 

inadequate secretion of insulin by β-cells and/or insulin resistance in tissues are its 

main characteristics (1). Dipeptidyl-peptidase IV (DPP-IV) is known for its 

inactivation of two intestinal hormones, including glucagon-like peptide-1 (GLP-1) 

and glucose-dependent insulinotropic polypeptide (GIP), which possess potent 

insulin-secretory activity, and consequently lower prandial plasma glucose (Eizirik et 

al., 2020). Due to the short half-life (< 2 min) of the degradation of GLP-1 and GIP by 

DPP-IV, the inhibition of DPP-IV is an attractive therapeutic strategy to maintain the 

insulinotropic activity of GLP-1 and GIP, resulting in an improved homeostasis of 

glucose in type II diabetes (Holst & Deacon, 1998). Interestingly, a number of studies 

indicate that most people with diabetes will eventually develop hypertension and 

other blood circulation complications, especially showing a close association between 
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Type II diabetes and hypertension (de Boer et al., 2017; Schutta, 2007). There are 

many factors associated with the development of hypertension, one of them is related 

to the conversion of angiotensin I, an active decapeptide, into angiotensin II, a potent 

vasoconstrictor octapeptide, by the angiotensin-converting enzyme (ACE) system. 

Meanwhile, the inactivation of bradykinin, which shows a significant vasodilator 

activity, is caused by ACE. Therefore, inhibition of ACE is considered an effective 

treatment for lowering blood pressure in hypertensive subjects (Bernstein et al., 2018). 

Inhibitors of DPP-IV and/or ACE are regularly applied in therapy to lower morbidity 

and mortality of patients with type II diabetes and/ or hypertension. Synthetic 

inhibitors of DPP-IV and/or ACE are the first-line option for the treatment of these 

events (Juillerat-Jeanneret, 2014), however, inevitable and evitable side effects of 

them, such as coughing, skin rashes, taste disturbances, angioedema, hyperkalaemia 

(ACE inhibitors) (Kostis et al., 2018; Sica, 2005), and nasopharyngitis, headache, 

diarrhea, joint pain, urinary tract infection (DPP-IV inhibitors) (Gallwitz, 2019; 

Kshirsagar et al., 2011), highlight the importance of developing new natural, 

innovative side-effect free compounds to prevent and/or alleviate diabetes and 

hypertension. Over the past few decades, many evidences have underlined that protein 

hydrolysates obtained from both plant (soybean, pea, rice bran, lupin, wheat, and 

many others) and/or animal (milk, egg yolk, beef, pork, chicken, sardine, salmon, and 

many others) foods may be useful for the prevention of these pathologies and several 

food derived peptides with potent DPP-IV-inhibitory and/or ACE-inhibitory activities 

have been successfully identified and characterized (Bollati et al., 2022; Guang & 

Phillips, 2009; Lee & Hur, 2017; Liu et al., 2019; Murray & FitzGerald, 2007; 

Zambrowicz et al., 2015). These peptides are encrypted within the protein sequences 

and are released by the hydrolysis (Bhandari et al., 2020). They may be obtained with 

digestive enzymes (i.e., pepsin and trypsin), mimicking the action of in vivo 

gastrointestinal digestion, or produced using plant (i.e., Bromelin) or microbial (i.e., 

Alcalase® and Flavourzyme®) food grade enzymes, as well as during some food 

manufacture processes, such fermentation (Hernández-Ledesma et al., 2011; Maestri 

et al., 2016). 
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It has been clearly demonstrated (Samtiya et al., 2022) that milk protein derived 

peptides possess different biological properties, including antimicrobial (Singh et al., 

2023), antioxidant (Perpetuo et al., 2003), anti-inflammatory (Brück et al., 2003), 

antithrombotic, hypocholesterolemic (Nagaoka et al., 2001) and anti-hypertensive 

(Perpetuo et al., 2003) activities useful for cardiovascular risk prevention. Moreover, 

they are active in preventing nervous system and bone diseases (Bu et al., 2021; 

Mohanty et al., 2016). Most of these bioactive peptides are generated from the 

degradation of casein, which makes up around 80% of the protein in cow milk and it 

is composed by α-, β- and κ-caseins (Goulding et al., 2020). 

In light with these considerations, this study had the goal of assessing the pleiotropic 

health-promoting effects of a commercial casein hydrolysate (CH), obtained by an 

industrial process. Since casein is an excellent source of biologically active peptides, 

it was hypothesized that this industrial product may possess a dual biological behavior, 

including DPP-IV-inhibitory and/or ACE-inhibitory activity. The first objective of the 

study was the characterization of the chemical composition of CH for identifying 

sequences that may be responsible for its biological activity. The second aim was the 

evaluation of the potential anti-diabetic and hypotensive effects of CH by measuring 

its inhibitory activities toward both DPP-IV and ACE. This was achieved by using 

either cell-free tests or cell assays based on human intestinal Caco-2 cells. Finally, the 

same experimental procedures were employed to evaluate the activities of the fraction 

with a molecular weight lower than 3 kDa [CH (F3)]. 

II-2 Material and methods 

II-2.1 Chemicals 

Dulbecco's modified Eagle's medium (DMEM), L-glutamine, fetal bovine serum 

(FBS), phosphate buffered saline (PBS), penicillin/streptomycin and 96-well plates 

were purchased from Euroclone (Milan, Italy). Sitagliptin, Gly-Pro-amido-4-

methylcoumarin hydrobromide (Gly-Pro-AMC) and ACE from porcine kidney were 

from Sigma-Aldrich (St. Louis, MO, USA). ACE1 Activity Assay Kits come from 
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Biovision (Milpitas Blvd., Milpitias, CA, USA). Caco-2 cells were obtained from 

INSERM (Paris, France). Casein hydrolysates (CH), which is spray dried samples 

from the production process, was supplied by A. Costantino S.R.L. (Italy). (Casein 

hydrolysate sport/health batch 218F0004, 100 g). 

II-2.2 Ultrafiltration of CH 

Before proceeding to the assessment of biological activity, CH was passed through 

ultrafiltration (UF) membranes with a 3 kDa cut-off, using a Millipore UF system 

(Millipore, Bedford, MA, USA). The recovered peptides solution was lyophilized 

(lyophilizer LIO5P, Cinquepascal S.r.l., Milan, Italy) and store -80 °C until use. 

II-2.3 Analysis of mass spectrometry 

Samples were dissolved with 50 μL of a solution of 99% water and 1% ACN 

containing 0.1% formic acid. All samples have been analyzed at UNITECH OMICs 

(University of Milano, Italy) using: Dionex Ultimate 3000 nano-LC system 

(Sunnyvale CA, USA) connected to Orbitrap Fusion™ Tribrid™ Mass Spectrometer 

(Thermo Scientific, Bremen, Germany) equipped with nanoelectrospray ion source. 

Peptide mixtures were pre-concentrated onto an Acclaim PepMap 100 – 100 µm × 2 

cm C18 (Thermo Scientific) and separated on EASY-Spray column ES900, 25 cm × 

75 µm ID packed with Thermo Scientific Acclaim PepMap RSLC C18, 3 µm, 100 Å 

using mobile phase A (0.1 % formic acid in water) and mobile phase B (0.1% formic 

acid in acetonitrile 20/80, v/v) at a flow rate of 0.300 µL/min. The following gradient 

profile was used: 0.00 min, 4 % B; 3.00 min, 4 % B; 103.00 min, 28 % B; 113.00 min, 

95 % B; 120.00 min, 4 % B; 126.00 min, 95 % B; 135.00 min, 4% B; 138 min, 95% B; 

144.00 min, 4% B. The temperature was set to 35 °C and the sample were injected in 

triplicates. MS spectra were collected over an m/z range of 375 – 1500 Da at 120,000 

resolutions (m/z 200), operating in the data-dependent mode, cycle time of 3 sec 

between masters scans. HCD was performed with collision energy set at 35 eV. 

Polarity: positive. MS data were analyzed by Proteome Discoverer 2.5 by using Bos 

taurus (sp_incl_isoforms TaxID=9913_and_subtaxonomies) (v2022-12-14) senza 
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without any specific enzymatic cut. Carbamidomethylation of cysteine was defined as 

fixed modification, while oxidation of methionine and acetylation at the protein N-

terminus were specified as variable modifications. 

II-2.4 Characterization of the inhibitory effects of CH on DPP-IV and ACE 

through biochemical assays 

II-2.4.1 In vitro assessment of DPP-IV-inhibitory activity 

The in vitro assessment of DPP-IV-inhibitory activity was performed following the 

manufacturer instructions (DPP-IV inhibitor screening assay kit–Cayman Chemical) 

and previously reported methods (Aiello et al., 2019; Lammi et al., 2019). The 

experiments were carried out in triplicate in a half volume 96 well solid plate (white). 

Each reaction (50 µL) was prepared adding the reagents in the following order in a 

microcentrifuge tube: 1 X assay buffer [20 mM Tris-HCl, pH 8.0, containing 100 mM 

NaCl, and 1 mM EDTA] (30 µL), CH at final concentration range of 0.01-2.0 mg/mL 

(10 µL) or vehicle (10 µL) and finally the DPP-IV enzyme (10 µL). Subsequently, the 

samples were mixed and 50 µL of each reaction were transferred in each well of the 

plate. The reactions were started by adding 50 µL of substrate solution to each well 

and incubated at 37 °C for 30 minutes. Fluorescence signals were measured using the 

Synergy H1 fluorescent plate reader from Biotek (excitation and emission 

wavelengths 360 and 465 nm, respectively).  

II-2.4.2 In vitro assessment of ACE-inhibitory activity 

The ACE-inhibitory activity of the CH was evaluated following previously reported 

methods (Boschin et al., 2014a; Boschin et al., 2014b) and tested by measuring with 

HPLC the formation of hippuric acid (HA) from hippuryl-histidyl-leucine (HHL), 

used as mimic substrate for ACE. Tests were performed in 100 mM Tris-HCOOH, 

300 mM NaCl pH 8.3 buffer, and using ACE from porcine kidney (Sigma-Aldrich, 

Milan, Italy). CH hydrolysate was tested at 0.08, 0.17, 0.35, 0.7 and 1.0 mg/mL. 
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II-2.5 Assessment of the inhibitory effects of CH on DPP-IV and ACE activities 

using cellular assays 

II-2.5.1 Culture of Caco-2 cells 

Caco-2 cells were routinely sub-cultured at 50% density and maintained at 37 °C in 5% 

CO2 atmosphere in Dulbecco’s modified Eagle’s medium (DMEM) containing 25 mM 

of glucose, 3.7 g/L of NaHCO3, 4 mM of stable L-glutamine, 1% nonessential amino 

acids, 100 U/L of penicillin, and 100 μg/L of streptomycin (complete medium), 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), as reported 

elsewhere (Lammi et al., 2016). The cells were used for no more than 20 passages. 

II-2.5.2 MTT Assay 

A total of 3 × 104 Caco-2 cells/well were seeded in 96-well plates and, the day after, 

they were treated with 1.0, 2.5 and 5 mg/mL of CH or CH (F3) or vehicle (H2O) in 

complete growth media for 48 h at 37 °C under 5% CO2 atmosphere. Subsequently, 

the treatment solvent was aspirated and 100 µL/well of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) filtered solution added. After 2 h of 

incubation at 37 °C under 5% CO2 atmosphere, 0.5 mg/mL solution was aspirated and 

100 µL/well of the lysis buffer (8 mM HCl + 0.5% NP-40 in DMSO) added. After 10 

min of slow shaking, the absorbance at 575 nm was read on the Synergy H1 

fluorescence plate reader (Biotek, Bad Friedrichshall, Germany). 

II-2.5.3 Assessment of the inhibitory activity of CH on cellular DPP-IV activity 

Caco-2 cells were seeded on black 96-well plates with clear bottoms at a density of 3 

× 104 cells/well. After one day, cells were treated with 1.0, 2.5 and 5.0 mg/mL of CH 

or CH (F3) for 1, 3 and 6 h; at the end of the incubation, cells were washed once with 

100 µL of PBS, then, 50 µL of Gly-Pro-AMC substrate at concentrations of 25 µM in 

PBS were added and the fluorescence signals (excitation/emission wavelengths 

350/450 nm) in each well were measured using a Synergy H1 (BioTek Instruments, 

Winooski, VT, USA) every 1 min, for up to 10 min. 
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II-2.5.4 Assessment of the inhibitory activity of CH on cellular cellular ACE1 

activity 

The inhibitory activity of CH on cellular ACE1 activity was evaluated following a 

previously reported method (Lammi et al., 2020). Caco-2 cells were seeded on 96-

well plates at a densityII of 3 × 104 cells/well for 24 h. The following day, cells were 

treated with CH or CH (F3) (0.1 - 5.0 mg/mL) or vehicle in growth medium for 6 h at 

37 °C, then cells were scraped in 30 μL of ice-cold ACE1 lysis buffer and transferred 

in an ice-cold eppendorf tube. After centrifugation at 13300 g for 15 min at 4 °C, the 

supernatant was recovered and transferred into a new ice-cold tube. Total proteins 

were quantified by Bradford method, and 2 μg of total proteins (the equivalent of 2 

μL) were added to 18 μL of ACE1 lysis buffer in each well in a black 96-well plates 

with clear bottoms. For the background control, 20 μL of ACE1 lysis buffer were 

added to 20 μL of ACE1 assay buffer. Subsequently, 20 μL of 4% of ACE1 substrate 

(prepared in assay buffer) was added in each well except the background one and the 

fluorescence (Ex/Em 330/430 nm) was measured in a kinetic mode for 10 min at 

37 °C. 

II-2.6 Statistical analysis 

The statistical analysis was conducted through one-way ANOVA (GraphPad Prism 

9.1, GraphPad Software, La Jolla, CA, USA), and Tukey's multiple comparison test 

was used for post-hoc analysis. The assays were performed independently at least four 

times, and each experiment was conducted in triplicate. The data were expressed as 

mean ± standard deviation (s.d.), and statistical significance was set at p < 0.05. 

II-3 Results 

II-3.1 Peptidomic characterization of CH 

The peptide composition of CH was analyzed by using HPLC-ESI-MS/MS. Figure 

II-1 displays the total ion current (TIC) of the MS/MS of eluted peptides. The 

percentage of peptides with MW > 3 kDa was 37.95%, whereas the percentage of 
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peptides with MW < 3 kDa was 62.05%. In addition, CH was ultra-filtered using a 3 

kDa cutoff obtaining the low molecular peptide fraction, named CH (F3), which was 

investigated in parallel with total CH sample. 

 

 

Figure II-1. The total ion chromatogram (TIC) of CH. 

As shown in Table II-1, 37 identified peptides belong to caseins: in particular, 18 

belong to α-S1-casein, whereas 19 belong to β-casein. The lengths of those peptides 

range from 6 to 18 amino acids, whereas their isoelectric points (pI) and 

hydrophobicity range from 2.87 to 11.13 (pH) and from +4.41 to +23.87 (kcal × 

mol−1), respectively. Additionally, as reported by the BIOPEP-UWM database 

(accessed on 16 Feb 2023), all peptides contain one or more motives including known 

sequences of either ACE or DPP-IV inhibitors. 
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Table II-1. Identified peptides belonging to caseins, with inhibitory activity against both ACE and DPP-IV. 

Protein 

Name 
Peptide Sequence Modifications 

Theo. MH+ 

[Da] 

Isoelectric 

point (pI) 

Hydrophobicity 

(Kcal*mol−1) a 

ACE Inhibitor 

Sequenceb 

DPP-IV Inhibitor 

Sequenceb 

α-S1-casein  

[OS=Bos 

taurus] 

DIPNPIGSE  941,45745 2.87 +15.67 IP, IG, GS IP, NP, PI, PN 

DIPNPIGSEN  1055,50038 2.89 +16.52 IP, IG, GS IP, NP, PI, PN 

DIPNPIGSENSEK  1399,66996 3.73 +23.41 IP, IG, GS, EK IP, NP, EK, PI, PN 

 EDVPSER  831,38429 3.72 +20.75 VP, ER VP, PS 

 IPNPIGSE  826,43051 3.09 +12.03 IP, IG, GS IP, NP, PI, PN 

 IPNPIGSENSEK  1284,64302 4.08 +19.77 IP, IG, GS, EK IP, NP, EK, PI, PN 

 IPNPIGSENSEKTTMP 1xOxidation 

[M15] 

1730,82654 4.08 +19.74 IP, IG, GS, EK MP, IP, NP, EK, KT, PI, 

PN, TM, TT 

 KEDVPSERY  1122,54258 4.33 +22.84 RY, VP, KE, KEDVPSE, 

ER 

VP, KE, PS 

 KEPMIGVN 1xOxidation 

[M4] 

903,46043 6.53 +14.22 IG, GV, KE EP, GV, KE, MI, PM, 

VN 

 LEQILR  771,47231 6.84 +10.49 IL, LR IL, QI 

 SDIPNPIGSE  1028,48948 2.87 +16.13 IP, IG, GS IP, NP, PI, PN 

 SDIPNPIGSEN  1142,53241 2.89 +16.98 IP, IG, GS IP, NP, PI, PN 

 SDIPNPIGSENS  1229,56444 2.92 +17.44 IP, IG, GS IP, NP, PI, PN 

 SDIPNPIGSENSE  1358,60703 2.79 +21.07 IP, IG, GS IP, NP, PI, PN 

 SDIPNPIGSENSEK  1486,70199 3.73 +23.87 IP, IG, GS, EK IP, NP, EK, PI, PN 

 SDIPNPIGSENSEKTT  1688,79735 3.73 +24.37 IP, IG, GS, EK IP, NP, EK, KT, PI, PN, 

TT 

 SDIPNPIGSENSEKTT

MP 

1xOxidation 

[M17] 

1932,88551 3.73 +23.84 IP, IG, GS, EK MP, IP, NP, EK, KT, PI, 

PN, TM, TT 

 VPNSAEER 1xPhospho 

[S4] 

981,40372 4.08 +18.46 VP, ER VP, AE, PN 
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β-casein 

[OS=Bos 

taurus] 

EMPFPKYP 1xOxidation 

[M2] 

1024,48083 6.67 +11.66 FP, EMPFPK, YP, KY, 

PFP 

MP, FP, YP, KY, PF, 

PK, MPF 

 EMPFPKYPVEP 1xOxidation 

[M2] 

1349,64460 4.08 +14.97 FP, EMPFPK, YP, KY, 

VE, PFP 

MP, FP, YP, EP, KY, 

PF, PK, PV, VE, MPF 

 EPVLGPVRGPFP  1264,70483 6.72 +12.32 FP, LGP, GP, GPV, LG, 

VR, RG, LGPVRGPFP, 

VRGP, PFP 

GP, FP, EP, VLGP, VR, 

PF, PV, RG, VL, GPV, 

GPF 

 FPKYPVE  879,46108 6.61 +11.73 FP, YP, KY, VE FP, YP, KY, PK, PV, VE 

 FPKYPVEP  976,51384 6.61 +11.87 FP, YP, KY, VE FP, YP, EP, KY, PK, 

PV, VE 

 GPVRGPFP  826,45700 11.13 +10.26 FP, GP, GPV, VR, RG, 

VRGP, PFP 

GP, FP, VR, PF, PV, 

RG, GPV, GPF 

 GPVRGPFPII  1052,62513 11.13 +8.02 FP, GP, GPV, VR, 

GPVRGPFPII, RG, 

VRGP, PFP 

GP, FP, VR, II, PF, PI, 

PV, RG, GPV, GPF 

 GPVRGPFPIIV  1151,69354 11.03 +7.56 FP, GP, GPV, 

VRGPFPIIV, VR, 

GPFPIIV, RGPFPIIV, 

GPVRGPFPII, FPIIV, 

RG, VRGP, PFP 

GP, FP, VR, II, PF, PI, 

PV, RG, GPV, GPF 

 IPPLTQTPVVVP  1260,75620 5.23 +5.98 IPP, PL, IP, VP, TQ, PP, 

TP, PPL, IPPLTQTPV 

PP, VP, VV, IP, TP, PL, 

PPL, IPPLTQTPV, LT, 

PV, QT, TQ 

 IPPLTQTPVVVPP  1357,80896 5.23 +6.12 IPP, VPP, PL, IP, VP, 

TQ, PP, VVPP, TP, PPL, 

IPPLTQTPV 

PP, VP, VV, IP, TP, PL, 

PPL, IPPLTQTPV, LT, 

PV, QT, TQ 

 IPPLTQTPVVVPPF  1504,87738 5.46 +4.41 IPP, VPP, PL, IP, VP, 

TQ, PP, VVPP, TP, 

LTQTPVVVPPF, 

VVVPPF, PPL, 

PP, VP, VV, IP, TP, PL, 

PPL, IPPLTQTPV, LT, 

PF, PV, QT, TQ 
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IPPLTQTPV 

 MPFPKYPVE 1xOxidation 

[M1] 

1123,54924 6.60 +11.20 FP, YP, KY, VE, PFP MP, FP, YP, KY, PF, 

PK, PV, VE, MPF 

 MPFPKYPVEP  1204,60709 6.60 +11.34 FP, YP, KY, VE, PFP MP, FP, YP, EP, KY, 

PF, PK, PV, VE, MPF 

 MPFPKYPVEP 1xOxidation 

[M1] 

1220,60201 6.60 +11.34 FP, YP, KY, VE, PFP MP, FP, YP, EP, KY, 

PF, PK, PV, VE, MPF 

 NIPPLTQTPVVVPP  1471,85189 5.09 +6.97 IPP, VPP, 

NIPPLTQTPV, PL, IP, 

VP, TQ, PP, VVPP, TP, 

PPL, IPPLTQTPV 

PP, VP, VV, IP, TP, PL, 

PPL, IPPLTQTPV, LT, 

PV, QT, TQ 

 PLTQTPVVVPP  1147,67214 5.25 +7.10 VPP, PL, VP, TQ, PP, 

VVPP, TP 

PP, VP, VV, TP, PL, LT, 

PV, QT, TQ 

 QEPVLGPVRGPFP  1392,76341 6.57 +13.09 FP, LGP, GP, GPV, LG, 

VR, RG, 

QEPVLGPVRGPFP, 

LGPVRGPFP, VRGP, 

PFP 

GP, FP, EP, VLGP, VR, 

PF, PV, QE, RG, VL, 

GPV, GPF 

 VLGPVRGPFP  1038,60948 11.11 +8.55 FP, LGP, GP, GPV, LG, 

VR, RG, LGPVRGPFP, 

VRGP, PFP 

GP, FP, VLGP, VR, PF, 

PV, RG, VL, GPV, GPF 

 YQEPVLGPVRGPFP  1555,82674 6.58 +12.38 FP, LGP, GP, GPV, LG, 

VR, RG, YQEPVL, 

QEPVLGPVRGPFP, 

LGPVRGPFP, VRGP,  

PFP 

GP, FP, EP, VLGP, VR, 

PF, PV, QE, RG, VL, 

YQ, GPV, GPF 

aAccroding to PepDraw (http://pepdraw.com). 

bAccording to the BIOPEP-UWM database; https://biochemia.uwm.edu.pl/biopep-uwm/ accessed on 16 Feb 2023. 
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II-3.2 Biochemical study of the DPP-IV and ACE inhibitory activities of CH 

II-3.2.1 The inhibition of in vitro DPP-IV activity by CH and CH (F3) 

The assessment of CH ability to regulate the DPP-IV activity was carried out using 

the purified recombinant DPP-IV enzyme. Results clearly demonstrated that CH 

decreased the DPP-IV activity in vitro with a dose–response trend in the concentration 

range of 0.1, 0.5, 1.0, and 2.5 mg/mL, displaying an IC50 value of 0.38 ± 0.01 mg/mL 

(Figure II-2A). To investigate if the medium and short/sized peptides are responsible 

of the bioactivity of CH sample, the experiments were carried out on the low 

molecular weight fraction (<3 kDa), named CH (F3), in the same experimental 

conditions (Figure II-2B). This low molecular weight fraction dropped the DPP-IV 

activity in vitro too, showing a dose–response trend and an IC50 value of 0.31 ± 0.05 

mg/mL (Figure II-2B).  

 

 

Figure II-2. Examining the in vitro inhibitory properties of CH (A) and CH (F3) (B) against 

human recombinant dipeptidyl peptidase-IV (DPP-IV), obtained using cell-free assay. The bars 

show the mean ± s.d. of three independent experiments carried out in duplicate. Different 

lowercase letters indicate a significant difference (p < 0.05) between different concentrations. C 

(H2O): control cells. 
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A comparison of the IC50 value of the total CH hydrolysate with that of CH (F3) 

suggests that short-sized peptides are mainly responsible for the DPP-IV inhibitory 

activity (Table II-2). 

Table II-2. IC50 values obtained testing CH and its fractions (molecular weight: < 3 

kDa) against in vitro DPP-IV and ACE. 

Hydrolysate 
IC50 (mg/mL) 

DPP-IV 

IC50 (mg/mL) 

ACE 

CH 0.38 ± 0.01 0.39 ± 0.01 

CH < 3 kDa (F3) 0.31 ± 0.05 0.24 ± 0.01 

II-3.2.2 Effect of CH and CH (F3) on in vitro ACE activity 

The inhibitory effects of CH on the in vitro ACE activity were tested at 0.08–1.0 

mg/mL concentration range. As shown in Figure II-3A, CH efficiently inhibited the 

in vitro ACE activity with a dose–response trend and a calculated IC50 value of 0.39 ± 

0.01 mg/mL, whereas CH (F3) displayed an IC50 value of 0.24 ± 0.01 mg/mL (Figure 

II-3B). Interestingly, the inhibitory activities of CH (F3) were slightly higher than that 

of CH at the same concentrations, indicating that short peptides are probably 

responsible for the in vitro ACE inhibitory activity. 

Finally, Table II-2 summarizes a comparison of the in vitro IC50 values of CH and CH 

(F3) against DPP-IV and ACE. 
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Figure II-3. The inhibitory effects of CH (A) and CH (F3) (B) on angiotensin converting enzyme 

(ACE) were evaluated in vitro, using cell-free assay. The bars representing the mean ± s.d. of three 

independent experiments performed in duplicate. Different lowercase letters indicate a significant 

difference (p < 0.05) between different concentrations. C (H2O): control cells. 

II-3.3 The examination of DPP-IV and ACE inhibition by CH and CH (F3) at the 

cellular level 

II-3.3.1 CH and CH (F3) inhibit DPP-IV activity expressed by Caco-2 cells 

No effects of CH and CH (F3) on human intestinal Caco-2 cells viability was 

observed by performing MTT after 48-h treatment within the concentration range of 

1.0–5.0 mg/mL compared with control cells (C) (Figure II-4), suggesting that both 

samples are safe in the range of doses tested. 
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Figure II-4: Effect of CH (A) and CH (F3) (B) on the Caco-2 cells viability. Data represents the 

mean ± s.d. of four independent experiments carried out in duplicate. ns: no significance, C: 

control cells (H2O). 

The CH inhibitory effect of DPP-IV expressed on Caco-2 cellular membranes was 

then investigated. In detail, the inhibitory effect of CH and CH (F3) on cellular DPP-

IV activity was measured in a kinetic mode after 1, 3, and 6 h of incubation with CH 

or CH (F3) in the range of concentrations 1.0–5.0 mg/mL. As shown in Figure II-5A, 

CH dropped the cellular DPP-IV activity by 28.20 ± 7.11%, 45.11 ± 5.38%, and 47.04 

± 8.73% at 1.0, 2.5 and 5 mg/mL, respectively (after 1 h), and by 23.46 ± 5.79%, 

41.73 ± 2.88% and 51.68 ± 4.71% at the same concentrations (after 3 h). However, 

the maximal inhibition of cellular DPP-IV activity was observed after 6 h (Figure II-

5A, B), when CH inhibited the cellular enzyme activity by 29.23 ± 9.98%, 57.26 ± 

2.69%, and 61.10 ± 1.70% at 1.0, 2.5 and 5 mg/mL, respectively, compared with 

untreated cells, displaying a dose–response trend and confirming the in vitro results. 

In parallel, the evaluation of CH (F3) inhibitory activity of cellular DPP-IV was 

carried. Notably, CH (F3) reduced the cellular DPP-IV activity by 23.55 ± 4.31%, 

43.82 ± 3.98%, and 55.35 ± 2.55% at 1.0, 2.5 and 5 mg/mL (1 h), respectively, and by 

11.63 ± 7.27%, 43.50 ± 3.59%, and 54.07 ± 1.87% at 3 h (Figure II-5C). In line with 

CH, the best inhibition of cellular DPP-IV activity by CH (F3) was detected at 6 h 

(Figure II-5C, D), when it dropped the cellular activity by 11.54 ± 5.39%, 51.22 ± 
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8.74%, and 60.53 ± 6.68% at 1.0, 2.5, and 5 mg/mL, respectively, versus untreated 

cells. 

 

 

 

Figure II-5: The effect of CH (A, B) and CH (F3) (C, D) on cellular dipeptidyl peptidase-IV 

(DPP-IV) activity was determined, and the mean ± s.d. of four independent experiments performed 

in triplicate are displayed as data points. Different lowercase letters indicate a significant 

difference (p < 0.05) between different concentrations. ns: no significance; C (H2O): control cells. 

II-3.3.2 CH and CH (F3) inhibit ACE activity expressed by Caco-2 cells 

The CH inhibitory effect on the ACE expressed on the membranes of Caco-2 cells 

was evaluated treating cells with CH at 1.0–5.0 mg/mL for 6 h. Results indicated that 

CH inhibited the cellular ACE activity with a dose–response manner, reducing the 

enzyme activity by 25.04 ± 0.49%, 52.36 ± 3.53%, 56.10 ± 3.78%, and 76.90 ± 4.47%, 

respectively, at 0.1, 0.5, 1.0 and 5.0 mg/mL (Figure II-6A). Meanwhile, CH (F3) is 

able to decrease the cellular ACE activity by 31.42 ± 11.19%, 50.75 ± 8.75%, 63.63 ± 
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6.08%, and 81.39 ± 5.05% at 0.1, 0.5, 1.0, and 5.0 mg/mL after 6 h, respectively 

(Figure II-6B). 

 

 

Figure II-6: Evaluation of the inhibitory effect of CH (A) and CH (F3) (B) on angiotensin 

converting enzyme (ACE) expressed on Caco-2 cells membranes. Bars represent the mean ± s.d. 

of three independent experiments in triplicate. Different lowercase letters indicate a significant 

difference (p < 0.05) between different concentrations. ns: no significance; C (H2O): control cells. 

II-4. Discussion 

Undoubtedly, casein is among the most studied sources of bioactive peptides with 

health promoting activities. Indeed, several literatures evidences report that casein 

acts as a precursor of a diversity of bioactive peptides with anti-hypertensive, 

immunological, antioxidant, antithrombotic and anti-diabetic effects (Aguilar-Toalá et 

al., 2017; Elfahri et al., 2014; Nongonierma et al., 2017). In this context, the ACE-

inhibitory activity was the most investigated, andnumerous ACE-inhibitory peptides 

have been identified, for instance, VPP (Nakamura et al., 1995), IPP (Manso & 

López-Fandiño, 2003), NMAINPSKENLCSTFCK (Tu et al., 2018), RYPSYG and 

DERF (Jiang et al., 2010). In addition, also DPP-IV-inhibitory peptides have also 

been identified from casein and characterized, such as LPQNIPPL (Uenishi et al., 

2012) and VPYPQ (Zheng et al., 2019). In this panorama, the main limitation of most 

previous studies on casein hydrolysate consists on the fact that the characterizationof 
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DPP-IV or ACE inhibitory activities has been carried out independently without 

taking into account that the same hydrolysate may be endowed with a multifunctional 

behavior exerting, therefore, both activities. Moreover, great part of published papers 

is based exclusively on cell-free assays (i.e., pure enzyme inhibition), whereas a main 

peculiarity of the present study is that the in vitro tests were implemented and 

substantiated by cellular assays that permitted either to get a deeper insight in the 

mechanism of action or to contextually consider other relevant issues, such as 

metabolism (this is particularly true while employing Caco-2 cells). 

Overall, our findings suggested that CH is able to modulate the DPP-IV and ACE 

activities both in cell-free and cell-based conditions. More in details, CH displayed 

potent inhibitory properties against DPP-IV (IC50 value of 0.38 ± 0.01 mg/mL) and 

ACE (IC50 value of 0.39 ± 0.01 mg/mL) in cell-free condition, respectively. 

Furthermore, a comparison of the IC50 values of complete hydrolysate with those of 

the low molecular weight fraction (<3 kDa) (Table II-2), showed that medium and 

short-sized peptides, which account for about two thirds of the hydrolysate (62.05%), 

are mainly responsible of the observed biological activities. 

Literature suggests that a camel total casein hydrolysate is less efficient than CH in 

reducing the ACE activity being its effect not observed up to 0.6 mg/mL. Whereas, 

the <3 kDa fraction of the same material displays an IC50 equal to 91 ± 20 μg/mL 

(Rahimi et al., 2016). In addition, the IC50 values of a thermolysin casein hydrolysate 

was 45–83 μg/mL (Otte et al., 2007). As regards the DPP-IV inhibitory activity, 

previous evidences suggest that casein hydrolysates showed IC50 values in the range 

0.88–1.1 mg/mL (Nongonierma & FitzGerald, 2013), suggesting that CH is slightly 

more active. In addition, as reported by Zhang et al., using different proteases, casein 

proteins released peptides that determined the 50% of DPP-IV inhibition at 1.25 

μg/mL, clearly suggesting that CH is more active (Zhang et al., 2016). Notably, recent 

evidences suggest that both soybean hydrolysate and pea hydrolysate inhibit DPP-IV 

and ACE activity with a dose–response trend and IC50 values equal to 1.15 ± 0.004 

and 1.33 ± 0.004 mg/mL, and 0.33 ± 0.01 and 0.61 ± 0.05 mg/mL, respectively 

(Bollati et al., 2022). 
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In principle, the bioactivity of a food derived hydrolysate depends strictly on its total 

composition, including inactive and active species and possible synergistic or 

antagonist effects (Aiello et al., 2017; Zanoni et al., 2017). In light with this 

observation, Table II-1 reveals that all the major identified peptides derived from CH 

included at least one motif with established DPP-IV and ACE inhibitory activity, 

which clarifies the reason why this peptide mixture is effective against both targets. 

Being the composition of casein hydrolysate naturally heterogeneous, it is feasible to 

consider that some peptides may be active against one of the two targets, but we 

cannot exclude that some specific peptides may be contemporary endowed by the dual 

ability to target both ACE and DPP-IV. In addition, some peptides with post-

translational modifications were also identified. Notably, it was observed that peptide 

VPNSAEER displays a phosphorylation on serine residue in position 4, whereas 6 

different peptides (IPNPIGSENSEKTTMP, KEPMIGVN, SDIPNPIGSENSEKTTMP, 

EMPFPKYP, EMPFPKYPVEP, and MPFPKYPVEP) contain within their sequences 

oxidized methionine residue. 

These results are in line with a previous work which focused on two commercially 

available soybean (SH) and pea (PH) protein hydrolysates (Bollati et al., 2022). In 

particular, as regards the ACE inhibitory activity, CH displayed comparable IC50 

values with those obtained of both SH and PH, whereas as regards DPP-IV activity, 

CH hydrolysates is about 3.5-fold more potent than both SH and PH (Bollati et al., 

2022).  

DPP-IV and ACE are vital membrane peptidases expressed physiologically by many 

tissues, such as the intestine (Howell et al., 1992; Mentlein, 2004). As a matter of fact, 

human intestinal Caco-2 cells offer a dependable model that has already been 

established and confirmed for the investigation of peptides possessing DPP-IV or 

ACE inhibitory characteristics (Lammi et al., 2019; Lammi et al., 2021; Li et al., 

2021). Our findings indicated that CH maintains its ability to modulate the activity of 

both DPP-IV and ACE on Caco-2 cells, even though both hydrolysates are active in 

the range of concentration between 0.1 and 5 mg/mL as a function of the time (Figure 

II-5A, C). In particular, CH inhibits both enzymes activity by 61.10 ± 1.70% and 
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76.90 ± 4.47% at the concentration of 5 mg/mL after 6 h of treatment (Figure II-5, 6), 

versus untreated cells, respectively, indicating that CH is less active in cell-based than 

in cell-free conditions. Similar results have been previously obtained on SH, PH, and 

peptic and tryptic hydrolysates of Arthrospira platensis (Spirulina) and Chlorella 

pyrenoidosa proteins, respectively (Aiello et al., 2019; Bollati et al., 2022; Lammi et 

al., 2021; Li et al., 2020; Li et al., 2021). Also in these cases, the tested hydrolysates 

showed greater activity in cell-free assays than in cell-based assays. More in details, 

PH and SH inhibited the cellular DPP-IV activity by 53.6 ± 2.3% and 48.69 ± 7.29%, 

respectively, and the cellular ACE activity by 82.3 ± 4.2% and 74.6 ± 4.9%, 

respectively, at 5 mg/mL after 3 h (Bollati et al., 2022). In addition, C. pyrenoidosa 

hydrolysates obtained using pepsin (CP) and trypsin (CT) inhibited the cellular ACE 

activity by 61.5 ± 7.7% and 69.9 ± 0.8%, respectively, at 5 mg/mL. When tested at the 

same concentration, they reduced the cellular DPP-IV activity by 38.4 and 42.5%, 

respectively (Li et al., 2021). 

This discrepancy in efficacy may be explained by the metabolic capabilities of Caco-2 

cells, which express active proteases and peptidases that can actively metabolize 

peptides and impact their bioactivity (Li et al., 2021). Thus, the intestine performs a 

dynamic function, not only in the process of vital nutrient absorption but also in 

actively modulating the physicochemical and biological profiles of food protein 

hydrolysates. Moreover, the peptides composition of CH here investigated results in 

line with a recent research dealing with the identification of novel casein-derived 

bioactive peptides and their potential (ACE)-inhibitory, antioxidant, and DPP-IV 

inhibitory activity when casein were fermented with Lactobacillus helveticus (Fan et 

al., 2019). Some of the identified peptides, i.e., DIPNPIGSE, EDVPSER, FPKYPVE 

are common to those generated by the fermentation. 

II-5 Conclusions 

For the first time, we have characterized the multifunctional behavior of a commercial 

casein hydrolysate, demonstrating its dual inhibitory properties on DPP-IV and ACE, 

using both cell-free and cell-based assays. Indeed, the active intestinal peptidases, 
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which are expressed on cellular membrane, modulate peptide profile without impair 

their pleotropic activity. Hence, our findings constitute a significant foundation for 

future investigation of CH by in vivo and clinical studies for confirming its 

multifunctional and pleotropic behavior. With its ability to confer both hypotensive 

and antidiabetic benefits, CH may be a highly promising ingredient for use in the 

development of functional foods and dietary supplements aimed at preventing 

cardiovascular disease and metabolic syndrome. 
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