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Phenolamides: Plant specialized metabolites with a wide range of promising pharmacological and health-promoting interests
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Phenolamides constitute a family of metabolites, widely represented in the plant kingdom, that can be found in all plant organs with a predominance in flowers and pollen grains. They represent a large and structurally diverse family, resulting from the association of phenolic acids with aliphatic or aromatic amines. Initially revealed as active compounds in several medicinal plant extracts, phenolamides have been extensively studied for their healthpromoting and pharmacological properties. Indeed, phenolamides have been shown to exhibit antioxidant, anti-inflammatory, anti-cancer and antimicrobial properties, but also

Introduction

Phenolamides, also known as hydroxycinnamic acid amines (HCAA) or phenylamides, are plant specialized metabolites widely distributed in the plant kingdom [START_REF] Martin-Tanguy | The distribution of 320 hydroxycinnamic acid amides in flowering plants[END_REF][START_REF] Herrmann | Occurrence and content of hydroxycinnamic and 176 hydroxybenzoic acid compounds in foods[END_REF][START_REF] Bienz | Polyamine alkaloids[END_REF][START_REF] Bassard | Phenolamides: Bridging 45 polyamines to the phenolic metabolism[END_REF]. The phenolamide structure is characterised by the association of at least one hydroxycinnamic acid derivative which is linked through an amide bond to an aromatic monoamine or an aliphatic polyamine (Fig. 1). In nature, the most common hydroxycinnamic acid derivatives are p-coumaric, ferulic, caffeic and sinapic acids, together with some glycosylated forms. Regarding the amine moieties, the aromatic monoamines are either phenolic (dopamine, octopamine, tyramine, noradrenaline, anthranilic acid) or indolic (serotonin, tryptamine) whereas the aliphatic polyamines differ in C length and N number (agmatine, putrescine, cadaverine, spermidine and spermine) (Fig. 1).

The combination of different hydroxycinnamic acid and amine moieties together with the possibility of one to four N-substitutions on aliphatic polyamines are responsible for the broad structural diversity for phenolamides. In a recent study, Li and coworkers constructed an in silico phenolamide database containing more than 840 possible structures based only on the most common hydroxycinnamic acid and amine moieties [START_REF] Li | Deep Annotation 296 of Hydroxycinnamic Acid Amides in Plants Based on Ultra-High-Performance Liquid 297 Chromatography-High-Resolution Mass Spectrometry and Its In Silico Database[END_REF]. Even if all these structures have not been detected in nature, the recent development of specific Liquid Chromatography High Resolution Mass Spectrometry (LC-HRMS) methods has allowed for the detection of at least 79 different phenolamides from different organs in only four different plants (corn, wheat, rice and tobacco) [START_REF] Li | Identification and 292 Characterization of Kukoamine Metabolites by Multiple Ion Monitoring Triggered Enhanced 293 Product Ion Scan Method with a Triple-Quadruple Linear Ion Trap Mass Spectrometer[END_REF][START_REF] Li | Deep Annotation 296 of Hydroxycinnamic Acid Amides in Plants Based on Ultra-High-Performance Liquid 297 Chromatography-High-Resolution Mass Spectrometry and Its In Silico Database[END_REF].

The phenolamide distribution within plants is well-documented (Martin-Tanguy et al., 1978;[START_REF] Luo | A Novel Polyamine Acyltransferase Responsible for the Accumulation of Spermidine 318 Conjugates in Arabidopsis Seed[END_REF][START_REF] Bassard | Phenolamides: Bridging 45 polyamines to the phenolic metabolism[END_REF][START_REF] Kaur | R2R3-NaMYB8 Regulates the 237 Accumulation of Phenylpropanoid-Polyamine Conjugates, Which Are Essential for Local and 238 Systemic Defense against Insect Herbivores in Nicotiana attenuata[END_REF][START_REF] Dong | Spatiotemporal 94 Distribution of Phenolamides and the Genetics of Natural Variation of Hydroxycinnamoyl 95 Spermidine in Rice[END_REF]. They can be found in all plant organs and sometimes at high concentrations, especially at the surface of pollen grains and seeds [START_REF] Luo | A Novel Polyamine Acyltransferase Responsible for the Accumulation of Spermidine 318 Conjugates in Arabidopsis Seed[END_REF][START_REF] Grienenberger | A BAHD acyltransferase is expressed in the tapetum of Arabidopsis 154 anthers and is involved in the synthesis of hydroxycinnamoyl spermidines[END_REF][START_REF] Vogt | Unusual spermine-conjugated hydroxycinnamic acids on pollen: function and 459 evolutionary advantage[END_REF][START_REF] Delporte | A BAHD 86 neofunctionalization promotes tetrahydroxycinnamoyl spermine accumulation in the pollen 87 coats of the Asteraceae family[END_REF] or in wounded tissues (Roepenack-Lahaye et al., 2003a;[START_REF] Zacarés | Induction of 517 p-Coumaroyldopamine and Feruloyldopamine, Two Novel Metabolites, in Tomato by the 518 Bacterial Pathogen Pseudomonas syringae[END_REF][START_REF] Kaur | R2R3-NaMYB8 Regulates the 237 Accumulation of Phenylpropanoid-Polyamine Conjugates, Which Are Essential for Local and 238 Systemic Defense against Insect Herbivores in Nicotiana attenuata[END_REF][START_REF] Onkokesung | MYB8 Controls 359 Inducible Phenolamide Levels by Activating Three Novel Hydroxycinnamoyl-Coenzyme 360 A:Polyamine Transferases in Nicotiana attenuata[END_REF]. Contrary to the knowledge on their occurrence and distribution, their physiological roles are still poorly understood. Roles in plant defence against pathogens and herbivores have been suggested and sometimes demonstrated [START_REF] Zacarés | Induction of 517 p-Coumaroyldopamine and Feruloyldopamine, Two Novel Metabolites, in Tomato by the 518 Bacterial Pathogen Pseudomonas syringae[END_REF][START_REF] Kaur | R2R3-NaMYB8 Regulates the 237 Accumulation of Phenylpropanoid-Polyamine Conjugates, Which Are Essential for Local and 238 Systemic Defense against Insect Herbivores in Nicotiana attenuata[END_REF][START_REF] López-Gresa | Metabolic response of tomato leaves upon different plant-pathogen interactions. 310[END_REF][START_REF] Alamgir | Systematic analysis of rice (Oryza sativa) metabolic responses to herbivory[END_REF].

However, no clear function is associated to their presence in large amounts in floral organs and pollen [START_REF] Fellenberg | Phenylpropanoid polyamine conjugate biosynthesis 118 in Arabidopsis thaliana flower buds[END_REF][START_REF] Vogt | Unusual spermine-conjugated hydroxycinnamic acids on pollen: function and 459 evolutionary advantage[END_REF].

The bioactivity of phenolamides was initially investigated in the 1970s, and nowadays is mostly done in an ethnopharmacological context. Indeed, Asian medicinal herbs and berries, such as goji berries (wolfberries, fruits of Lycium barbarum L.), jikoppi (root bark from Lycium chinense Miller), shoo-fly herb (apple-of-Peru, Nicandra physaloides Schreb.), safflower (Carthamus tinctorius L.), Maltese cross (fruits of Tribulus terrestris L.), veloutier (Heliotropium foertherianum Diane & Hilger) and shān làng dàng (Scopolia tangutica Maxim.), which exhibit a plethora of properties beneficial to health, are rich in various phenolamides that have been screened and often revealed as active principles [START_REF] Funayama | Structure of kukoamine A, a hypotensive 137 principle of Lycium chinense root barks1[END_REF][START_REF] Koyama | Serotonin Derivatives, Major Safflower (Carthamus tinctorius 266 L.) Seed Antioxidants, Inhibit Low-Density Lipoprotein (LDL) Oxidation and Atherosclerosis in 267 Apolipoprotein E-Deficient Mice[END_REF][START_REF] Long | Amide Alkaloids from Scopolia tangutica[END_REF]. A recent review on Lycium genus phytochemistry reported 42 different phenolamides, representing about 12% of the known metabolites in this genus [START_REF] Qian | Systematic Review of Chemical Constituents in the 394 Genus Lycium (Solanaceae)[END_REF]. Since then, this list has become longer (Zhu et al., 2017;[START_REF] Xia | Lyciyunin, a new dimer of 486 feruloyltyramine and five bioactive tyramines from the root of Lycium yunnanense Kuang[END_REF][START_REF] Zhu | Phenolic Amides with Immunomodulatory Activity from the Nonpolysaccharide 537 Fraction of Lycium barbarum Fruits[END_REF]. In addition, the occurrence of phenolamides in edible vegetables such as eggplant (Solanum melongena L.), tomato (Solanum lycopersicum L.), cocoa (Theobroma cacao L.), oat (Avena sativa L.) and others has allowed us to consider them as potential health-promoting food ingredients. The range of health-related biological properties of phenolamides is wide. They include anti-inflammatory, antioxidant, antimicrobial and anti-cancer properties together with activities protecting humans from metabolic syndrome, cardiovascular diseases and neurodegenerative diseases. The objective of this review is to present the current state of art regarding the health-promoting and pharmacological properties of phenolamides with the molecular mechanisms supporting them. In addition, from the perspective of more intensive usage in the future, a section of this review will be devoted to their chemical and biological production in microorganisms.

Protective activities against metabolic syndrome

The metabolic syndrome groups a cluster of metabolic disturbances such as glucose intolerance, insulin resistance, dyslipidaemia and hypertension, which all constitute risk factors for atherosclerotic cardiovascular diseases, stroke and diabetes [START_REF] Eckel | The metabolic syndrome[END_REF][START_REF] Mottillo | The Metabolic Syndrome and Cardiovascular Risk: A Systematic 340 Review and Meta-Analysis[END_REF]. The emergence of metabolic syndrome is linked to an increase in obesity worldwide, associated with a high-fat/high-glucose diet [START_REF] Moreno-Fernández | 336 High Fat/High Glucose Diet Induces Metabolic Syndrome in an Experimental Rat Model[END_REF]. Indeed, expanded adipose tissue appears as the major contributor to metabolic syndrome development by (i) increasing blood levels of fatty acids, which also contributes to hyperinsulinemia due to reduced insulin sensitivity in muscles and increased insulin export from the pancreas and (ii) inducing a pro-inflammatory state, through the increased expression of two pro-inflammatory cytokines, interleukin (IL)-6 and Tumor Necrosis Factor α (TNFα), which counteract the anti-inflammatory effect of the insulin-sensitising cytokine adiponectin. Increasing blood adiponectin levels is therefore a target to prevent metabolic syndrome. In vitro, the synthetic phenolamide N-(2-phenylethyl)ferulamide exhibits adiponectin inducing activity comparable to the reference drug pioglitazone in mouse 3T3-L1 cells and human pre-adipocytes [START_REF] Yamazaki | Induction of adiponectin by natural and 497 synthetic phenolamides in mouse and human preadipocytes and its enhancement by 498 docosahexaenoic acid[END_REF]. This inducing effect is linked to the transcriptional activation of the Peroxisome Proliferator-Activated Receptor γ (PPARγ) Retinoid X receptor α (RXRα) heterodimer. Bioassays on diabetic male KK-A y /Ta mice concluded that a diet containing 1% N-(2-phenylethyl)ferulamide significantly reduces blood glucose and triglyceride blood levels after 5 weeks [START_REF] Yamazaki | Induction of adiponectin by natural and 497 synthetic phenolamides in mouse and human preadipocytes and its enhancement by 498 docosahexaenoic acid[END_REF].

Controlling the blood glucose level is another alternative to prevent metabolic syndrome. αglucosidase is involved in glycogen and starch hydrolysis to glucose. Among the phenolamides, p-coumaroyltyramine, p-coumaroylputrescine, feruloylputrescine and diferuloylputrescine have exhibited inhibitory activity against yeast α-glucosidase [START_REF] Nishioka | Isolation and Activity of N-p-345 Coumaroyltyramine, an α-Glucosidase Inhibitor in Welsh Onion (Allium fistulosum)[END_REF][START_REF] Niwa | Inhibitory Activity of Corn-Derived Bisamide Compounds 348 against α-Glucosidase[END_REF][START_REF] Song | Cinnamic acid amides from Tribulus terrestris displaying uncompetitive α-428 glucosidase inhibition[END_REF]. In particular, p-coumaroyltyramine showed very high efficiency with a Ki < 1 µM and important specificity for α-glucosidase, since βglucosidase, α-amylase, α-galactosidase and α-mannosidase were not inhibited [START_REF] Niwa | Inhibitory Activity of Corn-Derived Bisamide Compounds 348 against α-Glucosidase[END_REF][START_REF] Song | Cinnamic acid amides from Tribulus terrestris displaying uncompetitive α-428 glucosidase inhibition[END_REF]. Molecular docking analyses of p-coumaroyltyramine on a homology model structure of α-glucosidase indicated that it was positioned at the entrance of the active site and highlighted the importance of the phenolic acid moiety, specifically the hydroxyl group on the phenolic cycle and the double bond between the phenolic cycle and the amine group for the stabilisation of the inhibitor [START_REF] Song | Cinnamic acid amides from Tribulus terrestris displaying uncompetitive α-428 glucosidase inhibition[END_REF]. Kukoamine B (N 1 ,N 10 -bis(dihydrocaffeoyl)-spermine) was recently shown to lower blood glucose in a type 2 diabetic mouse model (db/db) [START_REF] Li | A Metabolomics Approach to Investigate Kukoamine 290 B-A Potent Natural Product With Anti-diabetic Properties[END_REF]. This effect on blood glucose was accompanied by a decrease in triglycerides, cholesterol and phosphatidylethanolamide, together with a reduction in several pro-inflammatory cytokines, making kukoamine B a potential candidate drug for the treatment of type 2 diabetes mellitus [START_REF] Li | A Metabolomics Approach to Investigate Kukoamine 290 B-A Potent Natural Product With Anti-diabetic Properties[END_REF].

Atherosclerosis constitutes one of the major outcome risks of metabolic syndrome [START_REF] Cornier | The Metabolic Syndrome[END_REF][START_REF] Tsai | A comparison of different definitions of 449 metabolic syndrome for the risks of atherosclerosis and diabetes[END_REF]. Atherosclerosis is an inflammatory process affecting the vessel walls of arteries, which can ultimately lead to cardiovascular diseases. This complex process is well-explained and described in a review by [START_REF] Galkina | Immune and Inflammatory Mechanisms of Atherosclerosis[END_REF]. Feruloylserotonin and p-coumaroylserotonin were identified as the active components in safflower extract that exhibited anti-atherosclerotic properties. Indeed, supplementation of the diet with safflower (Carthamus tinctorius L.) extracts or serotonin derivatives to mice deficient in apolipoprotein E (a mouse model of atherosclerosis) reduced the atherosclerotic lesion area [START_REF] Koyama | Serotonin Derivatives, Major Safflower (Carthamus tinctorius 266 L.) Seed Antioxidants, Inhibit Low-Density Lipoprotein (LDL) Oxidation and Atherosclerosis in 267 Apolipoprotein E-Deficient Mice[END_REF]. Since this effect was accompanied by a reduction in the plasma lipid peroxide level, it was concluded that p-coumaroylserotonin and feruloylserotonin may attenuate atherosclerotic lesion development through the oxidative protection of lipids. This study was confirmed on Kurosawa and Kusanagi-Hypercholesterolemic rabbits, in which long-term dietary supplementation led to a decrease in atherosclerotic lesions and higher vascular distensibility [START_REF] Katsuda | Safflower seed polyphenols (N-(p-coumaroyl)serotonin and N-feruloylserotonin) 234 ameliorate atherosclerosis and distensibility of the aortic wall in Kurosawa and Kusanagi-235 hypercholesterolemic (KHC) rabbits[END_REF]. In addition, diet supplementation with safflower extract for 4 weeks in a small number of human volunteers led to a reduction in the plasma level of oxidised LDL, which was associated with a reduction in some cardiovascular risk markers [START_REF] Koyama | Effects of safflower seed extract supplementation on oxidation 270 and cardiovascular risk markers in healthy human volunteers[END_REF].

The mechanisms of action of safflower serotonin derivatives to limit atherosclerotic lesion formation appear to be numerous. Indeed, Piga and collaborators have shown that pcoumaroylserotonin and feruloylserotonin inhibit in vitro adhesion and migration of the U-937 human monocyte cell line toward human endothelial aortic cells (HEAC), which are key steps in the early development of atherosclerotic lesions. This inhibition appeared to be linked to the antioxidant properties of these phenolamides, which interrupted the Reactive Oxygen Species (ROS)-dependent induction of Vascular Adhesion Molecule 1 (VCAM-1), an adhesion factor for leukocytes, and that of Monocyte Chemoattractant Protein 1 (MCP-1), a chemoattractant of monocytes synthesised by HEAC [START_REF] Piga | Inhibitory effect of serotonin 382 derivatives on high glucose-induced adhesion and migration of monocytes on human aortic 383 endothelial cells[END_REF]. Another study indicated that p-coumaroylserotonin and feruloylserotonin inhibited, in a concentrationdependent manner, the phenylephrine-induced vasoconstriction state on rat femoral artery rings. They also inhibited the proliferation and migration of vascular smooth muscle cells (VSMCs) by blocking the Platelet Derived Growth Factor (PDGF) signalling cascade or the intracellular [Ca 2+ ] increase [START_REF] Takimoto | Effect of N-(p-438 coumaroyl)serotonin and N-feruloylserotonin, major anti-atherogenic polyphenols in 439 safflower seed, on vasodilation, proliferation and migration of vascular smooth muscle cells. 440[END_REF]. Interestingly, the oat-specific phenolamide, avenanthramides (Avns) also inhibited U-937 monocyte cell line adhesion to HEAC and decreased VCAM-1 and MCP-1 expression, as well as the expression of IntraCellular Adhesion Molecule-1 (ICAM-1) [START_REF] Liu | The antiatherogenic potential of 305 oat phenolic compounds[END_REF].

Platelet aggregation plays an important role in the mechanism of atherosclerotic plaque formation inside the artery. Among other phenolamides, feruloyltyramine, caffeoyldopamine and hydroxybenzoyltyramine derivatives are able to inhibit platelet aggregation in the mouse. This effect is mediated by the inhibition of cyclooxygenase activity and a decrease in cAMP accumulation, which initiate the platelet aggregation cascade through P-selectin activation [START_REF] Park | Isolation and Characterization of N-Feruloyltyramine as the P-Selectin Expression 366 Suppressor from Garlic (Allium sativum)[END_REF][START_REF] Park | Becatamide Found in Houttuynia cordata Suppresses P-selectin Expression Via 362 Inhibiting COX Enzyme, Not Increasing cAMP in Platelets[END_REF][START_REF] Park | Bioavailability of Alfrutamide and Caffedymine and Their P-Selectin Suppression 364 and Platelet -Leukocyte Aggregation Mechanisms in Mice[END_REF].

Vascular system

In addition to atherosclerosis, phenolamides appear to be beneficial molecules in other aspects of cardiovascular system disease. Indeed, the hypotensive property of the oriental medicine plant jikoppi has been attributed to N 1 ,N 14 -bis(dihydrocaffeoyl)-spermine, also called kukoamine A [START_REF] Funayama | Structure of kukoamine A, a hypotensive 137 principle of Lycium chinense root barks1[END_REF]. This initial study did not determine the mechanisms underlying this property. However, a more recent study, devoted to identifying the bitter-active compounds of the tropical fruit lulo (Solanum quitoense L., Solanaceae), isolated two spermidine containing phenolamides, i.e. (N 1 ,N 4 ,N 8 -tris(dihydrocaffeoyl)spermidine and N 1 ,N 8 ,bis(dihydrocaffeoyl)-spermidine), with a structure very close to that of kukoamine A. Interestingly, the former metabolite exhibited strong inhibitory activity against Angiotensin-Converting Enzyme (ACE), a carboxypeptidase that plays an essential role in blood pressure regulation [START_REF] Dorer | Hydrolysis of Bradykinin by 97 Angiotensin-Converting Enzyme[END_REF]. Docking analysis of N 1 ,N 4 ,N 8tris(dihydrocaffeoyl)-spermidine and N 1 ,N 8 ,bis(dihydrocaffeoyl)-spermidine in the active site of ACE highlighted a strong protein-inhibitor interaction in both cases, mediated by a hydrophobic interaction through the aromatic ring and hydrogen bonds through the dihydrocaffeoyl moieties [START_REF] Forero | 128 Spermidine Derivatives in Lulo (Solanum quitoense Lam.) Fruit: Sensory (Taste) versus 129 Biofunctional (ACE-Inhibition) Properties[END_REF]. Due to the structural homology of kukoamine A with these metabolites, it is reasonable to hypothesise that its hypotensive activity could be mediated by a similar mechanism.

Clovamide (N-caffeoyl-dihydroxyphenylalanine) is a phenolamide initially isolated from red clover (Trifolium pratense L.) [START_REF] Yoshihara | Clovamides; l-Dopa Conjugated 514 with trans-and cis-Caffeic Acids in Red Clover (Trifolium pratense)[END_REF], largely present in the Trifolium genus and in cocoa (Theobroma cacao L.). This phenolamide exhibited a protective effect against oxidative stress on the rat cardioblast cell line H9c2. It acts by limiting the ROS content in H2O2 treated H9c2 cells, also by decreasing apoptosis events, such as DNA fragmentation and caspase activation [START_REF] Zamperone | Protective effects of clovamide against H2O2-induced stress 521 in rat cardiomyoblasts H9c2 cell line[END_REF]. This antioxidant effect on cardioblast cells is interesting since myocardial damage after heart attack and/or stroke is usually caused by sequential ischemia/reperfusion, which promotes oxidative stress [START_REF] Chiong | Cardiomyocyte death: mechanisms and translational 71 implications[END_REF].

Clovamide has also been demonstrated to limit oxidative stress-induced damage to blood platelets and plasma [START_REF] Kolodziejczyk | 260 Clovamide-rich extract from Trifolium pallidum reduces oxidative stress-induced damage to 261 blood platelets and plasma[END_REF].

Anti-inflammatory properties

Inflammation is a complex process involved in the immune response of an organism to various stimuli such as infection and/or tissue injury [START_REF] Medzhitov | Origin and physiological roles of inflammation[END_REF]. This process is temporally and spatially controlled by plasma and cellular regulators and is viewed as a lever to maintain the basal homeostatic state. The modern lifestyle, through different stressors such as a high-fat and/or high-glucose diet, constantly impacts on basal homeostasis, and may induce a chronic inflammatory state [START_REF] Medzhitov | Origin and physiological roles of inflammation[END_REF][START_REF] Kotas | Homeostasis, Inflammation, and Disease Susceptibility[END_REF].

Chronic inflammation is a risk factor and a contributor to a large array of chronic diseases, including type 2 diabetes [START_REF] Donath | Type 2 diabetes as an inflammatory disease[END_REF], cardiovascular diseases [START_REF] Taube | Inflammation and metabolic 444 dysfunction: links to cardiovascular diseases[END_REF], cancers [START_REF] Lu | Inflammation, a key event in cancer development[END_REF][START_REF] Trinchieri | Cancer and Inflammation: An Old Intuition with Rapidly Evolving New Concepts. 447[END_REF] and neurodegenerative diseases [START_REF] Hirsch | Neuroinflammation in Parkinson's disease: a target for 181 neuroprotection?[END_REF]. Identifying and characterising efficient, possibly natural-source antiinflammatory molecules is thus of major concern. Numerous phenolic compounds are efficient anti-inflammatory molecules [START_REF] Yahfoufi | The Immunomodulatory and Anti-495 Inflammatory Role of Polyphenols[END_REF]. Several studies have evaluated the anti-inflammatory properties of phenolamides, as part of active principle from natural sources (food, herbal medicine) or as chemically synthesised compounds. Due to the complexity of inflammatory processes, multiple targets and markers for anti-inflammatory properties have been studied, and inter-molecule and inter-study comparisons are often difficult. For the ease of the reader, the anti-inflammatory properties of phenolamides are summarised in Fig. 2.

A classical model to study potential anti-inflammatory properties of molecules is to stimulate monocytes and/or macrophages with pro-inflammatory molecules such as lipopolysaccharide (LPS) and verify if the added molecule(s) is able to counteract this effect. For example, using the murine RAW 267.4 cell line stimulated with LPS, several phenolamides including tyramine, dopamine, tryptamine, spermidine, anthranilic acid and phenethylamine derivatives have been screened and demonstrated to inhibit the production of nitric oxide (NO) with IC50 values ranging from 2 to 50 µM [START_REF] Kim | Anti-inflammatory 246 activity of hydroxycinnamic acid derivatives isolated from corn bran in lipopolysaccharide-247 stimulated Raw 264.7 macrophages[END_REF][START_REF] Jiang | N-trans-feruloyltyramine inhibits LPS-induced NO and PGE2 211 production in RAW 264.7 macrophages: Involvement of AP-1 and MAP kinase signalling 212 pathways[END_REF]Wang et al., 2017b;Kim et al., 2018a;[START_REF] Wang | Use of UHPLC-TripleQ 477 with synthetic standards to profile anti-inflammatory hydroxycinnamic acid amides in root 478 barks and leaves of Lycium barbarum[END_REF][START_REF] Hu | Quantitative Analysis and Anti-inflammatory Activity 187 Evaluation of the A-Type Avenanthramides in Commercial Sprouted Oat Products[END_REF][START_REF] Wang | Anti-Inflammatory 465 Activities of Kukoamine A From the Root Bark of Lycium chinense Miller[END_REF]. The mechanisms involved have been deciphered in the case of dihydrocaffeoyltyramine, feruloyltyramine, p-coumaroyldopamine, dicoumaroylputrescine, diferuloyputrescine, avenanthramides (Avns) and clovamide (Fig. 2). Dicoumaroylputrescine, diferuloylputrescine and p-coumaroyldopamine were shown to inhibit the nuclear translocation of the transcription factor NFκB, which stimulates the transcription of numerous genes such as the pro-inflammatory cytokines IL-1, IL-6 and TNFα [START_REF] Kim | Anti-inflammatory 246 activity of hydroxycinnamic acid derivatives isolated from corn bran in lipopolysaccharide-247 stimulated Raw 264.7 macrophages[END_REF][START_REF] Lee | Synthesis of phenolic amides and 282 evaluation of their antioxidant and anti-inflammatory activity in vitro and in vivo[END_REF]. Dihydrocaffeoyltyramine and feruloyltyramine inhibit prostaglandin E2 (PGE2) synthesis by controlling cyclooxygenase 2 (COX-2) expression. Both tyramine derivatives inhibit transcription factor activating protein 1 (AP1) and CCAAT/enhancerbinding protein (C/EBPβ) nuclear translocation by blocking c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) phosphorylating activity [START_REF] Han | Dihydro-N-169 caffeoyltyramine down-regulates cyclooxygenase-2 expression by inhibiting the activities of 170 C/EBP and AP-1 transcription factors[END_REF][START_REF] Jiang | N-trans-feruloyltyramine inhibits LPS-induced NO and PGE2 211 production in RAW 264.7 macrophages: Involvement of AP-1 and MAP kinase signalling 212 pathways[END_REF][START_REF] Wang | Anti-Inflammatory 465 Activities of Kukoamine A From the Root Bark of Lycium chinense Miller[END_REF]. The anti-inflammatory activity of tyramine derivatives (dihydrocaffeoyl-and caffeoyl) has been confirmed in other cell types, such as the human embryonic kidney cell line (HEK-293). Again, this activity was mediated by the inhibition of NFκB nuclear translocation [START_REF] Xie | Activity-guided isolation of NF-κB inhibitors and 490 PPARγ agonists from the root bark of Lycium chinense Miller[END_REF]. Interestingly, these two phenolamides exhibited contrasted anti-inflammatory efficiencies, indicating that the C7-C8 double bond of the phenolic moiety (the only difference between the two molecules) was important for this activity. In a skeletal muscle cell line (C2C12), Avns inhibited TNFα-induced inflammation through a reduction in NFκB translocation, the downregulation in IL-1 and IL-6 expression and impaired ROS accumulation [START_REF] Yeo | Avenanthramides attenuate inflammation and 505 atrophy in muscle cells[END_REF][START_REF] Kang | Anti-inflammatory effect of 219 avenanthramides via NF-κB pathways in C2C12 skeletal muscle cells[END_REF]. Interestingly, molecular docking studies revealed that Avns (A, B and C) inhibit the NFκB pathway through an allosteric inhibition of IκB kinase b (IKKβ) (Kang et al., 2018a[START_REF] Kang | Anti-inflammatory effect of 219 avenanthramides via NF-κB pathways in C2C12 skeletal muscle cells[END_REF].

Another phenolamide, clovamide, has been studied on human monocytes pretreated with phorbol 12-myristate 13-acetate (PMA) and has shown a strong anti-inflammatory activity.

Clovamide inhibits superoxide anion production and TNFα and IL-6 synthesis. This inhibition appears again to be mediated by the inhibition of NFκB nuclear translocation [START_REF] Zeng | Anti-inflammatory Properties of Clovamide and Theobroma cacao 524 Phenolic Extracts in Human Monocytes: Evaluation of Respiratory Burst, Cytokine Release, 525 NF-κB Activation, and PPARγ Modulation[END_REF].

Oatmeal has long been used to treat itch associated with diverse xerotic dermatitis [START_REF] Kurtz | Colloidal oatmeal: history, chemistry and clinical properties[END_REF]. Avenanthramides appear to be associated at least partly with this property, since they exhibit anti-inflammatory activity on dermal fibroblasts, keratinocytes and mast cells [START_REF] Inoue | Suppressive effects of tranilast on the expression of inducible 203 cyclooxygenase (COX2) in interleukin-1β-stimulated fibroblasts[END_REF][START_REF] Sur | Avenanthramides, polyphenols 435 from oats, exhibit anti-inflammatory and anti-itch activity[END_REF][START_REF] Lotts | 312 Dihydroavenanthramide D inhibits mast cell degranulation and exhibits anti-inflammatory 313 effects through the activation of neurokinin-1 receptor[END_REF][START_REF] Dhakal | Avenanthramide C from germinated oats exhibits anti-90 allergic inflammatory effects in mast cells[END_REF].

Purified Avns limit TNFα-induced keratinocyte inflammation by reducing the expression of NFκB and the release of IL-8 [START_REF] Sur | Avenanthramides, polyphenols 435 from oats, exhibit anti-inflammatory and anti-itch activity[END_REF]. The synthetic Avn Tranilast reduces dermal fibroblast inflammation by decreasing the expression of COX-2, which negatively impacts PGE2 production [START_REF] Inoue | Suppressive effects of tranilast on the expression of inducible 203 cyclooxygenase (COX2) in interleukin-1β-stimulated fibroblasts[END_REF][START_REF] Darakhshan | Tranilast: A review of its therapeutic applications[END_REF]. Interestingly, the topical application of purified Avns reduces both neurogenic inflammation and the immunemediated allergic response in a murine itch model [START_REF] Sur | Avenanthramides, polyphenols 435 from oats, exhibit anti-inflammatory and anti-itch activity[END_REF].

Neuroprotective properties

Neurodegeneration is the basis of numerous pathologies, including ischemic stroke and neurodegenerative diseases (Parkinson's disease, Alzheimer's disease, multiple sclerosis, etc.). Neurodegeneration is a complex process that can be induced notably by oxidative and inflammatory stresses [START_REF] Chen | Oxidative Stress in Ischemic Brain Damage: 65 Mechanisms of Cell Death and Potential Molecular Targets for Neuroprotection[END_REF][START_REF] Chen | Role of neuroinflammation in neurodegenerative 68 diseases (Review)[END_REF][START_REF] Singh | Neurodegeneration by oxidative stress: a review on 423 prospective use of small molecules for neuroprotection[END_REF]. The antiinflammatory properties of clovamide and its derivatives were confirmed in vitro using specific cellular models of neuro-inflammation such as LPS treated BV-2 cells or SH-SY5Y cells [START_REF] Fallarini | Clovamide and rosmarinic acid induce neuroprotective effects in in vitro 113 models of neuronal death[END_REF][START_REF] Lim | Anti-neuroinflammatory effects of DPTP, a novel synthetic clovamide 301 derivative in in vitro and in vivo model of neuroinflammation[END_REF][START_REF] Hu | Synthesis and 196 biological evaluation of clovamide analogues as potent anti-neuroinflammatory agents 197 in vitro and in vivo[END_REF]. Clovamide synthetic derivatives appeared to efficiently inhibit NO production in inflammation-induced cells. This was the consequence of multistep impact on the induced inflammation pathway (Fig. 2) which included the inhibition of JNK, extracellular signal-regulated kinase-mitogen activated protein kinase (ERK-MAPK) and IκB phosphorylation [START_REF] Lim | Anti-neuroinflammatory effects of DPTP, a novel synthetic clovamide 301 derivative in in vitro and in vivo model of neuroinflammation[END_REF], as well as the inhibition of NFκB nuclear translocation [START_REF] Lim | Anti-neuroinflammatory effects of DPTP, a novel synthetic clovamide 301 derivative in in vitro and in vivo model of neuroinflammation[END_REF][START_REF] Hu | Synthesis and 196 biological evaluation of clovamide analogues as potent anti-neuroinflammatory agents 197 in vitro and in vivo[END_REF], as well as the inhibition of IL-1, IL-6, TNFα, inducible nitric oxide synthase (iNOS) and COX-2 expression [START_REF] Lim | Anti-neuroinflammatory effects of DPTP, a novel synthetic clovamide 301 derivative in in vitro and in vivo model of neuroinflammation[END_REF][START_REF] Park | Synthesis of Clovamide 374 Analogues That Inhibit NO Production in Activated BV-2 Microglial Cells[END_REF][START_REF] Hu | Synthesis and 196 biological evaluation of clovamide analogues as potent anti-neuroinflammatory agents 197 in vitro and in vivo[END_REF]. Finally, direct inhibition of the iNOS activity has been demonstrated for some clovamide derivatives, supported by molecular docking evidence for the active site of iNOS [START_REF] Hu | Synthesis and 196 biological evaluation of clovamide analogues as potent anti-neuroinflammatory agents 197 in vitro and in vivo[END_REF].

A larger panel of phenolamide structures including clovamide derivatives, kukoamine A, tyramine and octopamine derivatives have been studied for their neuroprotective properties using in vitro H2O2-induced and neurotoxin-induced cell models [START_REF] Hu | Neuroprotection by Kukoamine A against oxidative stress may involve N-194 methyl-d-aspartate receptors[END_REF]Wang et al., 2017a;[START_REF] Hu | Neuroprotective effects of 190 Kukoamine A on neurotoxin-induced Parkinson's model through apoptosis inhibition and 191 autophagy enhancement[END_REF][START_REF] Feng | Synthesis and biological evaluation of clovamide analogues with catechol 121 functionality as potent Parkinson's disease agents in vitro and in vivo[END_REF]. Indeed, kukoamine A and the clovamide derivative caffeoylphenylalanine methyl ester reduced ROS production in H2O2-induced SH-SY5Y cells.

In addition, they inhibited the induction of apoptosis by reducing mitochondrial membrane potential (MMP) loss, modulating the level of malondialdehyde (MDA) and affecting the level of apoptotic markers such as the Bax/Bcl2 ratio and cleaved caspase-3 [START_REF] Hu | Neuroprotection by Kukoamine A against oxidative stress may involve N-194 methyl-d-aspartate receptors[END_REF][START_REF] Feng | Synthesis and biological evaluation of clovamide analogues with catechol 121 functionality as potent Parkinson's disease agents in vitro and in vivo[END_REF]. Kukoamine A blocked N-Methyl-D-Aspartate Receptors (NMDARs), a key element involved in neuronal excitotoxicity [START_REF] Hu | Neuroprotection by Kukoamine A against oxidative stress may involve N-194 methyl-d-aspartate receptors[END_REF]. The neurotoxin 1-methyl-4phenylpyridinium ion (MPP + ) is used on SH-SY5Y dopaminergic neuroblastoma cells as an in vitro model of Parkinson's disease (PD). With this model, cis-feruloyltyramine isolated from Nicandra physaloides and kukoamine A were demonstrated to inhibit apoptosis in MPP +induced cells and to promote autophagy (Wang et al., 2017a;[START_REF] Hu | Neuroprotective effects of 190 Kukoamine A on neurotoxin-induced Parkinson's model through apoptosis inhibition and 191 autophagy enhancement[END_REF].

The neuroprotective properties of previously cited phenolamides has gained support from in vivo assays on PD murine models consisting of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxicated mice. Indeed, the administration of kukoamine A, caffeoylphenylalanine and clovamide derivatives (from 10 to 20 mg/kg) alleviated the dyskinesis symptoms of these mice. These molecules also reduced apoptosis and oxidative stress and stimulated tyrosine hydroxylase accumulation, thereby supporting dopamine biosynthesis in the substantia nigra and striatum of mice, which are the brain areas especially affected in PD [START_REF] Lim | Anti-neuroinflammatory effects of DPTP, a novel synthetic clovamide 301 derivative in in vitro and in vivo model of neuroinflammation[END_REF][START_REF] Hu | Neuroprotective effects of 190 Kukoamine A on neurotoxin-induced Parkinson's model through apoptosis inhibition and 191 autophagy enhancement[END_REF][START_REF] Hu | Synthesis and 196 biological evaluation of clovamide analogues as potent anti-neuroinflammatory agents 197 in vitro and in vivo[END_REF][START_REF] Feng | Synthesis and biological evaluation of clovamide analogues with catechol 121 functionality as potent Parkinson's disease agents in vitro and in vivo[END_REF]. Transgenic fruit flies (Drosophila melanogaster) over-producing Amyloidβ (Αβ) oligomers are used as a model of Alzheimer disease (AD) [START_REF] Iijima | Dissecting the 199 pathological effects of human Abeta40 and Abeta42 in Drosophila: a potential model for 200 Alzheimer's disease[END_REF]. These transgenic flies exhibit several features of AD, including short-term memory loss, that can be quantified through a well-established aversive Pavlovian olfactory conditioning assay in which flies are trained to avoid an odour associated with an electric shock [START_REF] Tully | Classical conditioning and retention in normal and mutant 452 Drosophila melanogaster[END_REF]. Whereas transgenic flies with AD symptoms did not avoid the odour associated with the electric shock, those fed with wolfberry kukoamine derivatives were preferentially attracted by the odour not associated with the electric shock, indicating a partial recovery of short-term memory [START_REF] Zhou | Lycibarbarspermidines A-O, New Dicaffeoylspermidine Derivatives from 530 Wolfberry, with Activities against Alzheimer's Disease and Oxidation[END_REF]. This result is corroborated by the ability of wolfberry water extract to inhibit Aβ1-42 aggregation [START_REF] Li | Wolfberry extracts inhibit Aβ1-42 aggregation and rescue memory 285 loss of AD drosophila[END_REF]. Recently, the oral administration of Avn-C to AD transgenic mice (Tg2576 and 5XFAD) was shown to partially restore their spatial memory capacities.

Although the mechanisms remain unclear, the oral administration of Avn-C reduced caspase-3 cleavage, ameliorated neuroinflammation and increased the accumulation of IL-10 (Ramasamy et al., 2020).

Antioxidant properties

In addition to their capacity to modulate kinase cascade pathways, which in turn may increase the antioxidative potential of cells and organs (described above), phenolamides have been described as efficient antioxidative and antiradical agents (Table 1). The characterisation of these properties has been documented in several studies using diverse assays assessing antiradical activities (DPPH, PTIO, ORAC, . OH, . O2 -…) and metal chelating activity (Fe, Cu) [START_REF] Choi | 76 Antioxidant and Antimelanogenic Activities of Polyamine Conjugates from Corn Bran and 77 Related Hydroxycinnamic Acids[END_REF][START_REF] Choi | Cytoprotective activities 73 of hydroxycinnamic acid amides of serotonin against oxidative stress-induced damage in 74 HepG2 and HaCaT cells[END_REF][START_REF] Gao | Three New Dimers 141 and Two Monomers of Phenolic Amides from the Fruits of Lycium barbarum and Their 142 Antioxidant Activities[END_REF][START_REF] Lee | Synthesis of phenolic amides and 282 evaluation of their antioxidant and anti-inflammatory activity in vitro and in vivo[END_REF][START_REF] Abe | N-1, N-14-32 diferuloylspermine as an antioxidative phytochemical contained in leaves of Cardamine 33 fauriei[END_REF][START_REF] Xin | Phenylpropanoid amides from Alisma orientalis and their protective effects 493 against H2O2-induced damage in SH-SY5Y cells[END_REF][START_REF] Spreng | Activity-Guided Identification of in Vitro Antioxidants in Beer[END_REF].

Interestingly, since phenolic acids, polyamines and aromatic amines are already known to be efficient antioxidative agents (Rice-Evans et al., 1996;[START_REF] Yen | Antioxidant Effects of Dopamine and Related Compounds[END_REF][START_REF] Ha | The 160 natural polyamine spermine functions directly as a free radical scavenger[END_REF], their combination as phenolamides tends to potentiate this characteristic [START_REF] Hadjipavlou-Litina | Kukoamine 163 A analogs with lipoxygenase inhibitory activity[END_REF][START_REF] Abe | N-1, N-14-32 diferuloylspermine as an antioxidative phytochemical contained in leaves of Cardamine 33 fauriei[END_REF][START_REF] Kabanda | A theoretical study of the antioxidant properties of phenolic acid amides 214 investigated through the radical-scavenging and metal chelation mechanisms[END_REF]. Several structure-function studies that focused on phenolamide subfamilies provided a better understanding of the structural features supporting their ROS-scavenging activity. Indeed, for dihydrocaffeoyl-spermine derivatives, referred as kukoamines, the position of the dihydrocaffeoyl moieties on the spermine nitrogens has a considerable impact on radical scavenging activity (DPPH test); kukoamine B (N 1 , N 10 bis DiHydroCaffeoyl spermine) and A (N 1 , N 14 bis DHC spermine) show higher activity than kukoamine C (N 5 , N 10 bis DHC spermine) and D (N 1 , N 5 bis DHC spermine) [START_REF] Hadjipavlou-Litina | Kukoamine 163 A analogs with lipoxygenase inhibitory activity[END_REF]. In addition, replacement of dihydrocaffeoyl moieties with caffeoyl moieties or feruloyl moieties shows the importance of chain flexibility in the DHC and the presence of hydroxyl groups on the phenolic ring [START_REF] Hadjipavlou-Litina | Kukoamine 163 A analogs with lipoxygenase inhibitory activity[END_REF]. In addition to their radical scavenging activity on DPPH, kukoamine A and B were found to be efficient scavengers of other radicals such as PTIO, . OH and . O2 -, indicating several possible mechanisms including proton transfer, electron transfer, hydrogen atom transfer or radical adduct formation. In addition, these two compounds were also able to chelate iron (Li et al., 2018a). In the case of phenolamides integrating an aromatic amine (dopamine, tryptamine, tyramine, phenylethylamine), comparative analysis based radical scavenging activity (DPPH assay) led to the conclusion that, among the phenolic moieties, the caffeoyl structure was the most efficient, whereas for the amine part, dopamine is most effective [START_REF] Georgiev | Radical 147 scavenging and antimicrobial activities of cinnamoyl amides of biogenic monoamines[END_REF]. The catechol function present in the amine part of dopamine is more effective than the catechol function on the feruloyl moieties in terms of sustaining electron transfer and, consequently, radical scavenging property [START_REF] Kabanda | A theoretical study of the antioxidant properties of phenolic acid amides 214 investigated through the radical-scavenging and metal chelation mechanisms[END_REF].

Antimicrobial properties

Due to the constant increase in the number of infectious diseases and the concomitant lack of available treatments for certain diseases and antibiotic resistance, research and development into new antimicrobial agents is urgently needed to confront this major public health problem [START_REF] Duval | Fight Against Antimicrobial Resistance: We Always 99 Need New Antibacterials but for Right Bacteria[END_REF]. The literature regarding the antimicrobial activities of phenolamide is relatively rare, and the methodology used to define the Minimum Inhibitory Concentration (MIC) is often different between studies and does not always follow international norms, which makes comparison difficult. To summarise the available data, we define three efficiency levels, based on the MIC categorisation (see details in Table 2). In a general way, phenolamides are mostly described as medium to low efficiency antimicrobial agents (Table 2). Regarding antibacterial activities, the most active compounds exhibiting a MIC value below 99 µg/mL were found against Staphylococcus aureus and Streptococcus pyogenes [START_REF] Georgiev | Radical 147 scavenging and antimicrobial activities of cinnamoyl amides of biogenic monoamines[END_REF][START_REF] Yingyongnarongkul | Solid-phase 507 synthesis and antibacterial activity of hydroxycinnamic acid amides and analogues against 508 methicillin-resistant Staphylococcus aureus and vancomycin-resistant S. aureus[END_REF][START_REF] Yingyongnarongkul | Synthesis of bis, 511 tris and tetra(dihydrocaffeoyl)polyamine conjugates as antibacterial agents against VRSA. 512[END_REF]. Dihydrocaffeoyl moieties appeared to be very important, as they to confer antibacterial activity against several strains of S. aureus, including methicillin resistant (MRSA) and vancomycin resistant (VRSA) strains (MIC < 50 µg/mL) [START_REF] Yingyongnarongkul | Solid-phase 507 synthesis and antibacterial activity of hydroxycinnamic acid amides and analogues against 508 methicillin-resistant Staphylococcus aureus and vancomycin-resistant S. aureus[END_REF][START_REF] Yingyongnarongkul | Synthesis of bis, 511 tris and tetra(dihydrocaffeoyl)polyamine conjugates as antibacterial agents against VRSA. 512[END_REF].

Dihydrocaffeoyltyramine, trans-feruloyloctopamine and trans-feruloyltyramine, extracted from the root bark of Lycium chinense Mill., exhibited also significant antifungal activities (5 µg/mL < MIC < 10 µg/mL) against Candida albicans, Saccharomyces cerevisiae and Trichosporon beigelii [START_REF] Lee | Anti-fungal 277 effects of phenolic amides isolated from the root bark of Lycium chinense[END_REF].

Despite their generally moderate antimicrobial activity, the contribution of phenolamides in complex extracts exhibiting antimicrobial activities is still unclear and deserves better attention. Indeed, phenolamide-rich extracts such as Lycium barbarum and Lycium chinense leaf extracts also exhibited significant antibacterial activities against Salmonella typhimurim and Escherichia coli (Mocan et al., 2014). In addition, a study by [START_REF] Michalet | N-Caffeoylphenalkylamide derivatives as bacterial efflux pump 324 inhibitors[END_REF] reported the capacity of N-trans-4'-methyldopamine, isolated from Mirabilis jalapa, to inhibit NorA multidrug efflux pumps overexpressed in S. aureus. Bacterial efflux pumps contribute to the multidrug resistance phenotype by extruding a wide range of exogenous compounds, including antibiotics [START_REF] Hsieh | Bacteria lacking a multidrug 185 pump: A sensitive tool for drug discovery[END_REF]. The use of efflux pumps inhibitors (EPI) could be an interesting strategy to restore antibiotic sensitivity to multidrug resistant strains.

A structure-function analysis of this activity concluded that maximal NorA efflux pump inhibition was observed with phenolamides bearing two hydroxyl groups in the phenolic ring and an indolic group [START_REF] Michalet | N-Caffeoylphenalkylamide derivatives as bacterial efflux pump 324 inhibitors[END_REF].

The antimicrobial activity of phenolamides has also been extended to kinetoplastids. The latter represent a class of parasitic protists, with three of them causing major human tropical diseases: human African trypanosomiasis, Chagas disease and leishmaniasis. Research into new antikinetoplastids is highly active. Among the potential targets, identification of a trypanothione synthase inhibitor is promising, as reported in a recent review by [START_REF] Jagu | Polyamine-based analogs and 206 conjugates as antikinetoplastid agents[END_REF]. The trypanothione pathway regulates the redox potential in kinetoplastids.

Trypanothione is synthesised by trypanothione synthase from two molecules of glutathione and one of spermidine. The design of trypanothione synthase inhibitors based on spermidine analogues seems very promising [START_REF] Jagu | Polyamine-based analogs and 206 conjugates as antikinetoplastid agents[END_REF]. In this context, kukoamine A and analogues have been successfully screened as trypanothione synthase inhibitors [START_REF] Ponasik | 391 Kukoamine A and other hydrophobic acylpolyamines: potent and selective inhibitors of 392 Crithidia fasciculata trypanothione reductase[END_REF].

Anti-cancer properties

Cancer is one of the leading causes of death worldwide, with an estimated 18.1 million new cancer cases and 9.6 million deaths in 2018 [START_REF] Bray | Global cancer 54 statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 55 185 countries[END_REF]. These indicators are still in progress due to many factors, including the increase in and ageing of the population, environmental impacts and socioeconomic development [START_REF] Coyle | The Effect of Environment on Breast Cancer Risk[END_REF][START_REF] Hochberg | A framework for how environment contributes to cancer risk[END_REF]. In high-income countries, the emergence cancer is slowly decreasing thanks to intensive research and innovation in the field in recent decades [START_REF] Siegel | Cancer statistics, 2020[END_REF].

Nevertheless, the road is still long to find efficient treatments against the multiple forms of cancer, and the search for novel effective therapeutics is still needed.

The anticancer properties of phenolamides have been investigated and reported only for several metabolites and cancer types. According to [START_REF] Rocha | Anticancer Properties of Hydroxycinnamic Acids -A 401 Review[END_REF], who reviewed the anticancer properties of hydroxycinnamic acids, these properties can be discriminated into three categories based on the mechanism of action: (i) blockade of the cell cycle, (ii) induction of apoptosis and (iii) inhibition of metastasis. Current knowledge on phenolamide anticancer activities is summarised in Table 3.

Breast cancer

Breast cancer was the most diagnosed cancer among women worldwide in 2018 [START_REF] Bray | Global cancer 54 statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 55 185 countries[END_REF]. [START_REF] Mitsis | N-(p-coumaroyl) serotonin induces 327 cell cycle arrest and apoptosis in breast cancer cells[END_REF] identified p-coumaroylserotonin as a cytotoxic compound against a breast carcinoma cell line (MCF-7), which could act through multiple pathways. Indeed, it blocked the cell cycle at the S-phase and induced apoptosis through caspase-8 activation. In addition, p-coumaroylserotonin decreased the accumulation of several cluster of differentiation (CD) markers like CD24, CD44, CD58 and CD71, all overexpressed in aggressive cancer cells with high metastasis potential. Avns purified from oat greatly impacted the viability of MDA-MB-231, another human breast cancer cell line.

Among the major isoforms, AvnC was the most effective and acted through the induction of apoptosis [START_REF] Hastings | Avenanthramide-C reduces the viability of MDA-MB-231 breast 172 cancer cells through an apoptotic mechanism[END_REF]. Two synthetic Avns, i.e. Tranilast and dihydro-AvnD, also exhibited anticancer properties against breast tumour cell lines. The former inhibited cell growth and migration as well as colony formation in the BT6474 and MDA-MB-231 cell lines [START_REF] Subramaniam | Tranilast treatment decreases 432 cell growth, migration and inhibits colony formation of human breast cancer cells[END_REF]. The latter decreased the invasion of MCF-7 cells by inhibiting the MAPK/NFκB and MAPK/AP-1 pathways and by suppressing Matrix Metalloproteinase 9 (MMP-9) expression [START_REF] Lee | Dihydroavenanthramide D inhibits human breast cancer cell invasion through 280 suppression of MMP-9 expression[END_REF].

Leukaemia

Leukaemia is a cancer affecting blood cells. Several human leukaemia cell lines, namely U-937, Jurkat and HL-60, have been used as in vitro models to study the potential anticancer properties of tyramine-and putrescine-derived phenolamides. Among the tyramine-derived phenolamides, both caffeoyl and coumaroyl moieties exhibited anticancer activity, the former being the most effective (Park andSchoene, 2002, 2003). These two molecules induced cell cycle arrest at the S-phase and the induction of caspase-3 activity, indicating possible pro-apoptotic properties. In addition, caffeoyl-and p-coumaroyltyramines can inhibit the tyrosine kinase activity of the Epidermal Growth Factor Receptor (EGFR) involved in several signalling cascades leading to cell proliferation, invasion and metastasis. Among the polyphenolic compounds purified from corn bran, diferuloylputrescine (DFP) was shown to be the most effective against the U-937 cell proliferation [START_REF] Kim | Diferuloylputrescine, a Predominant Phenolic Amide 243 in Corn Bran, Potently Induces Apoptosis in Human Leukemia U937 Cells[END_REF]. DFP acted as an inducer of the apoptotic process which was characterised by chromatin condensation, DNA fragmentation, cytochrome c release and caspase-3 activation. Addition of DFP to the U-937 cell culture medium decreased the expression of anti-apoptotic markers such as Inhibitor of Apoptosis Protein (IAP) and the Bcl2 family proteins. Interestingly, DFP also exhibited pro-apoptotic properties against the Caki cell line, an in vitro model of kidney carcinoma. The active concentration against the cancer cell line (100 µM) was not cytotoxic to normal human fibroblasts [START_REF] Kim | Diferuloylputrescine, a Predominant Phenolic Amide 243 in Corn Bran, Potently Induces Apoptosis in Human Leukemia U937 Cells[END_REF].

Brain cancer

Among brain cancers, glioblastoma is certainly the most common but also the one with the worst prognosis [START_REF] Lima | Glioblastoma: Therapeutic challenges, what lies ahead[END_REF]. p-coumaroylserotonin, which was effective against MCF-7 breast cancer cells, was also successfully tested, together with feruloylserotonin, on the U251MG and T98G glioblastoma cell lines. p-coumaroylserotonin and feruloylserotonin reduced proliferation in the two cell lines by blocking the cell cycle at the G2/M and S phases and by triggering apoptosis (through the activation of caspase-8 in the case of p-coumaroylserotonin) and the collapse of mitochondrial membrane potential [START_REF] Lazari | N-(p-coumaroyl) serotonin inhibits glioblastoma cells 275 growth through triggering S-phase arrest and apoptosis[END_REF][START_REF] Alexiou | Moschamine inhibits proliferation of glioblastoma cells via cell cycle arrest and 39 apoptosis[END_REF]. In addition, feruloylserotonin suppressed the expression of CD24 and CD44, two markers of cancer stem cells [START_REF] Alexiou | Moschamine inhibits proliferation of glioblastoma cells via cell cycle arrest and 39 apoptosis[END_REF]. pcoumaroylserotonin and feruloylserotonin were found to be non-toxic to zebrafish even at a high concentration (1 mM). The crude extract from Lycium chinense root bark also impacted glioblastoma cell growth. The active component of this crude extract is kukoamine A, which was able to block the cell cycle of U251 and WJ1 cell lines at G0-G1 phase. In addition, it had pro-apoptotic properties through a reduction in 5-LOX and Bcl2 expression, concomitant with an increase in Bax and caspase-3 expression. Finally, kukoamine A also reduced cell migration and cell invasion by modulating the expression of specific markers such as C/EBPβ, N-cadherin, vimentin and TWIST at the protein level. Most interestingly, kukoamine A was successfully assayed in vivo in rats grafted with WJ1 glioblastoma cells. Repeated intraperitoneal inoculation of kukoamine A at 10 mg/kg for 4 weeks led to a 30% reduction in tumour weight in comparison to control. This effect increase to a 50% reduction with kukoamine A at 20 mg/kg [START_REF] Wang | Kukoamine A inhibits human 474 glioblastoma cell growth and migration through apoptosis induction and epithelial-475 mesenchymal transition attenuation[END_REF]. The synthetic Avn Tranilast was also shown to be effective in reducing the proliferation, migration and invasiveness of the LN-18 and T98G malignant human glioma cell lines. Tranilast reduced DNA synthesis and blocked cells in the S phase. Moreover, it increased the accumulation of the CDK inhibitor p21 and reduced the production of Transformation Growth Factor (TGF) β1 and β2. Moreover, oral administration of Tranilast (200 mg/kg) was able to inhibit glioma growth in the 9L rat glioma model, where cells were implanted intracranially in syngeneic Fisher 344 rats. Tranilast treatment significantly decreased the glioma volume after 10 days [START_REF] Platten | N-[3,4-387 dimethoxycinnamoyl]-anthranilic acid (tranilast) inhibits transforming growth factor-β 388 release and reduces migration and invasiveness of human malignant glioma cells[END_REF].

Digestive cancers

Among the phenolamides, Avns have been reported to exhibit anticancer activities against several digestive cancers. Indeed, natural and synthetic Avns can inhibit cell proliferation in several colon (HT29, Caco-2, LS174T, HCT116), hepatic (HepB3) and pancreatic (PGHAM-1) cancer cell lines [START_REF] Hiroi | Anti-tumor Effect of N-[3,4-178 dimethoxycinnamoyl]-anthranilic Acid (tranilast) on Experimental Pancreatic Cancer[END_REF][START_REF] Guo | 157 Avenanthramides inhibit proliferation of human colon cancer cell lines in vitro[END_REF][START_REF] Scarpa | Natural and synthetic 414 avenanthramides activate caspases 2, 8, 3 and downregulate hTERT, MDR1 and COX-2 genes 415 in CaCo-2 and Hep3B cancer cells[END_REF][START_REF] Wu | Avenanthramide Aglycones and 483 Glucosides in Oat Bran: Chemical Profile, Levels in Commercial Oat Products, and Cytotoxicity 484 to Human Colon Cancer Cells[END_REF][START_REF] Turrini | Overview of the Anticancer 454 Profile of Avenanthramides from Oat[END_REF]. In the Caco-2 and HepB3 cell lines, Avns induced the activation of caspase-8 and -3. Avns were also able to inhibit COX-2 activity and PGE2 production, which could contribute at least partly to the inhibition of proliferation in these cell lines [START_REF] Guo | 157 Avenanthramides inhibit proliferation of human colon cancer cell lines in vitro[END_REF][START_REF] Scarpa | Natural and synthetic 414 avenanthramides activate caspases 2, 8, 3 and downregulate hTERT, MDR1 and COX-2 genes 415 in CaCo-2 and Hep3B cancer cells[END_REF]. Recently, the combined use of colon cancer cell lines (HCT116, HCT8, DLD1) and colorectal carcinogenesis murine models (azoxymethane/dextran sulphate sodium-induced colorectal cancer, a xenograft tumour model in BALB/c nude mice) led to the identification of at least two molecular mechanisms and signalling pathways by which AvnA impacts colorectal cancer (Fu et al., 2019a(Fu et al., , 2019b)). Indeed, AvnA appeared to activate cellular senescence through the increased expression of the microRNA miR-129-3p, which repressed the expression of the E3 ubiquitin ligase Pirh2 (p53-induced RING-H2), Insulin like Growth Factor 2 mRNA Binding Protein 3 (IGF2BP3) and CDK6. As a consequence of Pirh2 repression, the p53 and p21 protein levels increased inducing cell senescence (Fu et al., 2019b). In addition, AvnA also inhibited the ATPase activity of DEAD-Box helicase 3 (DDX3) (Fu et al., 2019a), which is involved in the cell invasiveness in several cancer types [START_REF] Bol | DDX3, a potential target for cancer treatment[END_REF]. The impact of Avns in limiting cancer invasiveness has also been demonstrated through the inhibition of migration and epithelialmesenchymal transition (EMT) in tumour cells. Indeed, yeast-derived N-(E)-p-coumaroyl-3hydroxyanthranilic acid and N-(E)-caffeoyl-3-hydroxyanthranilic acid reduced the expression of the zinc finger protein Snail1 and lymphoid-enhancing factor-1 (LEF-1), which led to a reduction in E-cadherin expression, a major molecule implicated in the EMT process [START_REF] Finetti | Yeast-Derived Recombinant Avenanthramides Inhibit 125 Proliferation, Migration and Epithelial Mesenchymal Transition of Colon Cancer Cells[END_REF]. N-trans-feruloyloctopamine also exhibited robust inhibition of cell proliferation and invasion in hepatocellular carcinoma cells (HCCLM3 and Huh7), and may act via the down-regulation of Slug expression and p38 MAPK and Akt phosphorylation [START_REF] Bai | Inhibition of invasion by N-trans-feruloyloctopamine via AKT, 42 p38MAPK and EMT related signals in hepatocellular carcinoma cells[END_REF].

Phenolamides in cosmetics

In the cosmetics industry, skin whitening products represent an important sector, with an estimation of 15% of the world population concerned (www.sironabiochem.com/products/skinlightening). Skin pigmentation is due to the accumulation of melanin produced by melanocytes in the epidermis. Melanogenesis, the biosynthetic pathway leading to melanin, is quite well-characterised. Tyrosinase is a multifunctional enzyme catalysing the two first steps of melanogenesis, namely the hydroxylation of L-tyrosine to L-DOPA, followed by its oxidation into dopaquinone [START_REF] Hearing | Mammalian tyrosinase-The critical regulatory control point in 174 melanocyte pigmentation[END_REF]. This crucial role of tyrosinase in melanogenesis makes it a preferential target to inhibit melanogenesis. Hence, most commercial skin whitening products contain a tyrosinase inhibitor as the active principle. The search for tyrosinase inhibitors of natural origin is an active topic, as highlighted in a recent review by [START_REF] Pillaiyar | Skin whitening agents: medicinal 385 chemistry perspective of tyrosinase inhibitors[END_REF] who listed potentially effective candidates. Among them, many phenolic compounds are mentioned (flavonoids, coumarins, resveratrol derivatives). Although phenolamides were not mentioned, several of them presented tyrosinase inhibitory effects in different assays.

Ethyl acetate and methanol extracts of safflower seeds exhibit strong mushroom tyrosinase inhibitory activity [START_REF] Roh | Inhibitory Effects of Active Compounds Isolated 411 from Safflower (Carthamus tinctorius L.) Seeds for Melanogenesis[END_REF]. Feruloylserotonin and p-coumaroylserotonin have been

shown to be the active compounds in safflower seed extract, with IC50 values of 23 and 74 µM, respectively (Table 4). Both molecules were able to inhibit melanin synthesis in murine B16 melanoma cells with IC50 values far below the cytotoxic concentration. Serotonincomposed phenolamides have also been highlighted as effective inhibitors of murine and human tyrosinase in a structure-function study comparing 19 structural derivatives [START_REF] Yamazaki | N-500 [(Dihydroxyphenyl)acyl]serotonins as potent inhibitors of tyrosinase from mouse and human 501 melanoma cells[END_REF]. Indeed, serotonin (5-hydro-indole) moieties confer better tyrosinase inhibitor activity than tyramine and tryptamine moieties. The number of hydroxyl groups on the phenolic moieties is also an important factor. This assay identified two compounds, i.e.

N-trans-caffeoylserotonin and N-trans-protocachuoylserotonin, as the most potent tyrosinase inhibitors. Interestingly, N-trans-protocachuoylserotonin exerted non-competitive inhibition on tyrosinase activity. Tyramine-composed phenolamides have been screened as human tyrosinase inhibitors. The three best inhibitors are N-trans-caffeoyltyramine, Ndihydrocaffeoyltyramine and N-dihydrocoumaroyltyramine, highlighting once again the importance of hydroxyl groups on the phenolic ring to support this property [START_REF] Okombi | Analogues 350 of N-hydroxycinnamoylphenalkylamides as inhibitors of human melanocyte-tyrosinase. 351[END_REF]. The mechanism of action has not been deeply investigated; however, the authors did not find a correlation between antiradical activity and tyrosinase inhibitory capacity, ruling out the possibility that these compounds act as antioxidants against dopaquinone, the final product of tyrosinase. The use of these three compounds as tyrosinase inhibitors is now under patent [START_REF] Okombi | Para-coumaric acid or 353 para-hydroxycinnamic acid derivatives and their use in cosmetic or dermatological 354 compositions[END_REF][START_REF] Okombi | Para-coumaric acid or 356 para-hydroxycinnamic acid derivatives and their use in cosmetic or dermatological 357 compositions[END_REF]. Interestingly, N-trans-feruloyltyramine was found as the active component in alcoholic extracts of Enicosanthum membranifolium branches and Aurea helianthus stems, which inhibited melanogenesis in the murine B16 melanoma cell line [START_REF] Efdi | N-trans-103 feruloyltyramine as a melanin biosynthesis inhibitor[END_REF]Kim et al., 2018c). N-trans-feruloyltyramine did not act as an inhibitor of tyrosinase activity but rather reduced tyrosinase accumulation [START_REF] Efdi | N-trans-103 feruloyltyramine as a melanin biosynthesis inhibitor[END_REF].

Melanogenesis inhibition is not restricted to indolic and aromatic monoamine phenolamides. Indeed, polyamine phenolamides from corn bran and the pollen of Quercus mongolica also displayed inhibitory activity against mushroom tyrosinase [START_REF] Choi | 76 Antioxidant and Antimelanogenic Activities of Polyamine Conjugates from Corn Bran and 77 Related Hydroxycinnamic Acids[END_REF]Kim et al., 2018b). Among the derivatives tested, those bearing a long polyamine chain (spermidine and spermine) with three to four hydroxycinnamic acids exhibited the highest inhibitory activity.

Bioavailability

Whereas bioavailability and bioaccessibility have been well-documented and reviewed for certain categories of phenolic compounds, including flavanones [START_REF] Khan | A comprehensive review on flavanones, the major 241 citrus polyphenols[END_REF] and phenolic acids [START_REF] Pei | p-Coumaric acid and its conjugates: dietary sources, 377 pharmacokinetic properties and biological activities[END_REF][START_REF] Zhao | Bioavailability of hydroxycinnamates: a brief review of in 527 vivo and in vitro studies[END_REF], studies specifically focused on phenolamides are still rare. The bioavailability of Avns is probably the most studied. Indeed, the three major Avns from oat (AvnA, B and C) appear in the blood plasma of human adults 15 min after Avns skim milk supplementation, and reach a peak after 2 h [START_REF] Chen | Avenanthramides Are 61 Bioavailable and Have Antioxidant Activity in Humans after Acute Consumption of an 62 Enriched Mixture from Oats[END_REF].

Interestingly, the occurrence of Avns in plasma was accompanied by an increase in reduced glutathione in blood plasma, which is an important antioxidant component [START_REF] Chen | Avenanthramides Are 61 Bioavailable and Have Antioxidant Activity in Humans after Acute Consumption of an 62 Enriched Mixture from Oats[END_REF]. The bioavailability of AvnA in human blood plasma is 2 to 5 times higher than that of AvnB and C [START_REF] Chen | Avenanthramides Are 61 Bioavailable and Have Antioxidant Activity in Humans after Acute Consumption of an 62 Enriched Mixture from Oats[END_REF]. The same observation was also made in rat blood plasma [START_REF] Koenig | Avenanthramides Are Bioavailable and 257 Accumulate in Hepatic, Cardiac, and Skeletal Muscle Tissue Following Oral Gavage in Rats[END_REF]. Bioavailability also depends on the organ considered, since AvnB was the major form found in the liver and AvnC was the major form found in skeletal muscles [START_REF] Koenig | Avenanthramides Are Bioavailable and 257 Accumulate in Hepatic, Cardiac, and Skeletal Muscle Tissue Following Oral Gavage in Rats[END_REF]. Metabolites absorbed by the animal or human body are prone to modifications such as conjugation with sulphates or glucuronides, or metabolisation by the gut microbiota [START_REF] Gonzalez-Manzano | 150 Preparation and Characterization of Catechin Sulfates, Glucuronides, and Methylethers with 151 Metabolic Interest[END_REF]. Indeed, phenolamides found in the blood plasma and organs of rat fed with Avns or serotonin-derivative phenolamides were mainly in conjugated forms (from 50% up to 99%) [START_REF] Koyama | Serotonin Derivatives, Major Safflower (Carthamus tinctorius 266 L.) Seed Antioxidants, Inhibit Low-Density Lipoprotein (LDL) Oxidation and Atherosclerosis in 267 Apolipoprotein E-Deficient Mice[END_REF][START_REF] Koenig | Avenanthramides Are Bioavailable and 257 Accumulate in Hepatic, Cardiac, and Skeletal Muscle Tissue Following Oral Gavage in Rats[END_REF].

Interestingly, Wang and coworkers (2015) identified the biotransformed products of AvnC in the mouse and human gut microbiota and demonstrated that one metabolite of AvnC (dihydro AvnC) was more effective than AvnC itself in terms of limiting the proliferation of the human HCT-116 colon cancer cell line [START_REF] Wang | Oat Avenanthramide-C (2c) Is 471 Biotransformed by Mice and the Human Microbiota into Bioactive Metabolites[END_REF]. These results highlight the importance of such metabolites and the constituents of the gut microbiota.

Chemical synthesis and biological production

As for many plant specialized metabolites, phenolamides may constitute a limited resource, due to the fact that they are usually present at low concentrations in plants, or found at high concentrations in very specific organs. Their extraction may lead to low yield and/or need a multi-step process that can be time-consuming and expensive. These findings may constitute a bottleneck to the use of these wide-range bioactive compounds for pharmaceutical applications. Several reports describe possible pathways to their chemical synthesis [START_REF] Garnelis | Very 144 Short and Efficient Syntheses of the Spermine Alkaloid Kukoamine A and Analogs Using 145 Isolable Succinimidyl Cinnamates[END_REF][START_REF] Yingyongnarongkul | Solid-phase 507 synthesis and antibacterial activity of hydroxycinnamic acid amides and analogues against 508 methicillin-resistant Staphylococcus aureus and vancomycin-resistant S. aureus[END_REF][START_REF] Yingyongnarongkul | Synthesis of bis, 511 tris and tetra(dihydrocaffeoyl)polyamine conjugates as antibacterial agents against VRSA. 512[END_REF]. Chemical synthesis is usually regarded as a multi-step and costly process using non-renewable resources. Since the early 2000s, the availability of genetic sequences coding for acyltransferases involved in the biosynthesis of different phenolamide classes has allowed for the development of biotechnological approaches. Indeed, acyltransferases catalyse the last step of phenolamide synthesis, consisting of transferring acyl chains under the form of coA esters (commonly cinnamoyl-coA, p-coumaroyl-coA, caffeoyl-coA, feruloyl-coA, sinapoyl-coA) onto the N atom of aromatic monoamines or polyamines. Several transferases have been characterised from plants, usually bearing a specificity for the amine type with more flexibility on the acyl chain. Hence, tyramine-hydroxycinnamoyl-transferase (THT) isolated notably from various Solanaceae is able to synthesise tyramine-associated phenolamides with coumaroyl-coA or feruloyl-coA [START_REF] Schmidt | Cloning and 417 Expression of a Potato cDNA Encoding Hydroxycinnamoyl-CoA:TyramineN-418 (Hydroxycinnamoyl)transferase[END_REF][START_REF] Farmer | Identification and characterization of 115 cDNA clones encoding hydroxycinnamoyl-CoA:tyramine N-hydroxycinnamoyltransferase 116 from tobacco[END_REF]Roepenack-Lahaye et al., 2003b;[START_REF] Kang | Functional 230 Analysis of the Amine Substrate Specificity Domain of Pepper Tyramine and Serotonin N-231 Hydroxycinnamoyltransferases[END_REF].

Other transferases like serotonin-hydroxycinnamoyl-transferase (SHT), agmatinehydroxycinnamoyl-transferase and spermidine-hydroxycinnamoyl-transferase have been characterised and cloned from different plant species [START_REF] Luo | A Novel Polyamine Acyltransferase Responsible for the Accumulation of Spermidine 318 Conjugates in Arabidopsis Seed[END_REF][START_REF] Muroi | 342 Accumulation of hydroxycinnamic acid amides induced by pathogen infection and 343 identification of agmatine coumaroyltransferase in Arabidopsis thaliana[END_REF][START_REF] Onkokesung | MYB8 Controls 359 Inducible Phenolamide Levels by Activating Three Novel Hydroxycinnamoyl-Coenzyme 360 A:Polyamine Transferases in Nicotiana attenuata[END_REF][START_REF] Elejalde-Palmett | Characterization of a 106 spermidine hydroxycinnamoyltransferase in Malus domestica highlights the evolutionary 107 conservation of trihydroxycinnamoyl spermidines in pollen coat of core Eudicotyledons[END_REF][START_REF] Tanabe | Molecular evidence for biochemical 442 diversification of phenolamide biosynthesis in rice plants[END_REF][START_REF] Peng | 379 Characterization of spermidine hydroxycinnamoyl transferases from eggplant (Solanum 380 melongena L.) and its wild relative Solanum richardii Dunal[END_REF][START_REF] Delporte | A BAHD 86 neofunctionalization promotes tetrahydroxycinnamoyl spermine accumulation in the pollen 87 coats of the Asteraceae family[END_REF][START_REF] Ube | Identification of phenylamide phytoalexins and characterization of inducible 457 phenylamide metabolism in wheat[END_REF]. This catalogue of hydroxycinnamoyl transferases, together with their flexibility regarding the acyl donor origin, allows a priori the possibility to synthesise a large array of phenolamides.

The impact of overexpressing acyltransferases on phenolamide accumulation has been investigated in several plant models with contrasting results. Indeed, neither the overexpression of the pepper SHT in rice, nor the overexpression of the endogenous THT of tobacco led to the expected constitutive accumulation of serotonin-and tyramineassociated phenolamides [START_REF] Jang | Production of Coumaroylserotonin and 208 Feruloylserotonin in Transgenic Rice Expressing Pepper Hydroxycinnamoyl-Coenzyme 209 A:Serotonin N-(Hydroxycinnamoyl)transferase[END_REF][START_REF] Hagel | Elevated tyrosine decarboxylase and tyramine 165 hydroxycinnamoyltransferase levels increase wound-induced tyramine-derived 166 hydroxycinnamic acid amide accumulation in transgenic tobacco leaves[END_REF]. In the case of the transgenic plants overexpressing the pepper SHT, addition of tyramine to the culture medium led to an increase in phenolamide accumulation in comparison to the wild type plant. This supports the idea that the endogenous concentrations of serotonin and tyramine could constitute a bottleneck. Accordingly, the overexpression of pepper SHT and tomato THT in tomato plants, known to accumulate high concentrations of endogenous tyramine and serotonin, increased the constitutive accumulation of phenolamides by a factor 2 to 10 ( Kang et al., 2009a;[START_REF] Campos | Transgenic Tomato Plants Overexpressing Tyramine N-Hydroxycinnamoyltransferase 58 Exhibit Elevated Hydroxycinnamic Acid Amide Levels and Enhanced Resistance to 59 Pseudomonas syringae[END_REF]. Nevertheless, with this strategy, the accumulation level of phenolamides remains too low (from ng/g to hundred µg/g of fresh weight) to envision using them as a production platform (Table 5).

Phenolamide production has been investigated through metabolic engineering in microorganisms i.e. yeast and bacteria. Microorganisms are unable to produce hydroxycinnamoyl-coA esters. The plant specific 4-coumarate-coA ligase (4CL) catalyses the formation of the hydroxycinnamoyl-coA esters from hydroxycinnamic acids and coenzyme A. Co-expression of 4CL and acyltransferases was successfully developed to produce a high diversity of phenolamides in microorganisms. In yeast (S. cerevisiae), Moglia et al. (2010[START_REF] Moglia | Evaluation of the bioactive properties of 334 avenanthramide analogs produced in recombinant yeast[END_REF] developed a strain coexpressing 4CL2 from tobacco and hydroxycinnamoyl coA transferase from globe artichoke (HCT) producing anthranilate-based phenolamides from phenolic acids and anthranilate supplemented to the growth medium. Using the same strategy, Eudes et al.

(2016) built up yeast strains able to produce agmatine, putrescine, spermidine and spermine derivatives. More recently, [START_REF] Bouchez | Production of clovamide and its analogues in Saccharomyces cerevisiae and 52 Lactococcus lactis[END_REF] reported on the production of clovamide and its derivatives by a yeast strain co-expressing 4CL5 from Arabidopsis thaliana and hydroxycinnamoyl-CoA: L-3,4-dihydroxyphenylalanine hydroxycinnamoyl transferase (HDT) from clover. Interestingly, depending on the acyl donors and acceptors added to the cell culture medium, the strain could synthesise up to 22 different phenolamides. The same genes were also successfully expressed in the bacterial strain Lactococcus lactis [START_REF] Bouchez | Production of clovamide and its analogues in Saccharomyces cerevisiae and 52 Lactococcus lactis[END_REF]. The bacteria E. coli has been also used for the production of tyramine-, serotoninand phenethylamine-based phenolamides with strains co-expressing 4CL and either SHT (Kang and Back, 2009;[START_REF] Sim | Bacterial synthesis of N-hydroxycinnamoyl 421 phenethylamines andtyramines[END_REF][START_REF] Song | Biological synthesis and anti-425 inflammatory activity of arylalkylamine[END_REF] or THT [START_REF] Kang | Production of plant-227 specific tyramine derivatives by dual expression of tyramine N-hydroxycinnamoyltransferase 228 and 4-coumarate:coenzyme A ligase in Escherichia coli[END_REF][START_REF] Sim | Bacterial synthesis of N-hydroxycinnamoyl 421 phenethylamines andtyramines[END_REF]. As for the yeast system, the E. coli expression system has the advantage of directly producing the molecule of interest in the culture medium, but with higher production levels than with yeast. In addition, in order to avoid the addition of the substrate (phenolic acids and amines) into the culture medium, [START_REF] Sim | Bacterial synthesis of N-hydroxycinnamoyl 421 phenethylamines andtyramines[END_REF] built up a strain combining the overexpression of 4CL and THT together with a tyrosine decarboxylase (TDC) and a tyrosine ammonia lyase (TAL), which led to the production of endogenous tyramine and p-coumaric acid from tyrosine. As a consequence, this strain was able to produce p-coumaroyl-tyramine directly from glucose.

Conclusions

Since their first discovery as bioactive compounds in the 1970s [START_REF] Dorer | Hydrolysis of Bradykinin by 97 Angiotensin-Converting Enzyme[END_REF][START_REF] Funayama | Structure of kukoamine A, a hypotensive 137 principle of Lycium chinense root barks1[END_REF], phenolamides have been of interest in a pharmacological context. Indeed, our review led us to identify about 100 phenolamide structures exhibiting activity. Ranking these structures based on their amine moieties shows that some of them (putrescine, spermidine, tyramine derivatives and clovamide) have been successfully characterised regarding a broad panel of bioactivities (Fig. 3), whereas others exhibited more specific bioactivities (or have been assayed and only specific bioactivities have been reported). Phenolamide structural diversity is far broader than the actual reported structures, since theoretical structure generation based on the most common phenolic and amines moieties can reach several hundreds [START_REF] Li | Deep Annotation 296 of Hydroxycinnamic Acid Amides in Plants Based on Ultra-High-Performance Liquid 297 Chromatography-High-Resolution Mass Spectrometry and Its In Silico Database[END_REF]. Therefore, the potential to discover new bioactivities among this family of metabolites is huge. Increased research efforts to prospect their bioactivity is fully justified by the major associated issues, in terms of human and plant health. Tables 
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Table 1 : Antioxidant properties of phenolamides reported in the literature.

 1 

	EC50 (µM)

Table 2A /B: Antimicrobial activities of phenolamides.

 2A The efficiency is represented by symbols defining three categories: +++ MIC <50 µg/mL; ++ 1 50<MIC<99 µg/mL; + MIC >100 µg/mL. References are given by superscript letters. a[START_REF] Georgiev | Radical 147 scavenging and antimicrobial activities of cinnamoyl amides of biogenic monoamines[END_REF] b Yingyongnarongku et al., 2006; c 2 Yingyongnarongku et al., 2008;[START_REF] Voynikov | Hydroxycinnamic acid 462 amide profile of Solanum schimperianum Hochst by UPLC-HRMS[END_REF][START_REF] Lee | Anti-fungal 277 effects of phenolic amides isolated from the root bark of Lycium chinense[END_REF] f Kyselka et al., 2018. 3 

Table 2A represents available data on antibacterial activities. 4

 2A 

	Molecules	B. subtilis 1A95 a	L. monocytogenes	C12 a	S. aureus 209 a	S.										
	Dihydrocaffeoylpropanediamine						++	++	++	++	++	++	+++	+++	+	+++	++	+	++	++	+++
	Dihydrocaffeoylputrescine						+++	++	++	+++	+++	+++	+++	+++	+	+++	+++	+	+++	+++	+++
	Dihydrocaffeoylcadaverine						++	++	++	++	++	++	+++	++	++	++	++	++	+++	++	+++
	Dihydrocaffeoylhexanediamine						+	++	++	++	++	++	+++	++	+	+++	+++	+	++	++	+++
	N1-N9-Bis(dihydrocaffeoyl)norspermidine						++	+++	+++	+++	+++	+++	+++	+++	+++	+++	+++	+++	+++	+++	+++
	N1-N10-Bis(dihydrocaffeoyl) spermidine						++	+++	+++	++	++	+++	++	+++	+++	+++	+++	+++	+++	+++	+++
	Kukoamine A						+++	++	++	++	++	++	++	++	++	++	++	+++	++	++	+++
	Tri(dihydrocaffeoyl) spermine						+	++	++	++	++	++	++	++	++	+++	++	++	++	++	+++
	Tetra(dihydrocaffeoyl)polyamine						+++	+++	+++	+++	+++	+++	+++	+++	++	+++	+++	++	+++	+++	+++
	Caffeoyllysine					+	+									
	Cinnamoyldopamine	+	+		+	+										
	Coumaroyldopamine	+	+		+	+										
	Caffeoylphenylethylamine	+	+		+	+										
	Caffeoyldopamine	+	+		+	+										
	Caffeoyltyramine	+	+		+	+										
	Caffeoyltryptamine	+	+		+	++										
	Feruloyldopamine	+	+		++	+										
	Feruloyltyramine	+	+		++	+										
	Feruloyltryptamine	+	+		+	+										
	Sinapoyldopamine	+	+		+	+										
	Sinapoyltyramine	+	+		++	++										
	Sinapoyltryptamine	+	+		+	++										

Table 3 : Anticancer properties of phenolamides reported in the literature.
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	10						
	11						
	Molecules	Cancer type	Model	Cell cycle arrest properties	Pro-apoptosis properties	Anti-metastasis properties	References
	p-Coumaroylserotonin	Brain	U251MG T98G	Blocks cells at G2/M and S phases	Induces caspase-8 Induces mitochondrial membrane depolarisation		Lazari et al., 2017
	Feruloylserotonin	Brain	U251MG T98G	Blocks cells at G2/M and S phases	Induces caspase-8 Induces mitochondrial membrane depolarisation	Reduces the expression of CD24 and CD44	Alexiou et al., 2017
	Grossamide and methylgrossamide	Brain	GSC-3# GSC-12#				Zhu et al., 2017
						Reduces C/EBPβ, N-cadherin, vimentin, Twist, Snail, Slug expression	
						Increases E-cadherin expression level	
	Kukoamine A	Brain	U251 WJ1	Blocks cells at G0/G1-phase	Reduces 5-LOX and Bcl2 expression level Increases Bax and caspase-3 expression level	Reduces 5-LOX expression level Inhibits cell migration	Wang et al., 2016
						Inhibits cell invasion	
						Inhibits the release of TGF-β1 and TGF-β2	
			LN18	Blocks cells at S phase		Inhibits cell migration and invasiveness	
	Tranilast	Brain	T98G	Increases the cellular		Decreases the size of the tumour in vivo	Platten et al., 2001
			9L Rat	level of p21		Decreases MMP-2 activity	
	p-Coumaroyltyramine	Leukaemia	HL60 U937 Jurkat	Blocks cells at S-phase Inhibits tyrosinase activity of EGFR	Induces caspase-3		Park and Schoene, 2002, 2003
	Caffeoyltyramine	Leukaemia	HL60 U937 Jurkat	Blocks cells at S-phase Inhibits tyrosinase activity of EGFR	Induces caspase-3 Induces DNA fragmentation		Park and Schoene, 2003
					Decreases the expression of cIAP2, XIAP, Induces		
					the cleavage of PLC-g and PARP		
					Induces the release of cytochrome c		
	Di-feruloylputrescine	Leukaemia	U937		Induces chromatin condensation		Kim et al., 2014
					Induces DNA fragmentation		
					Bcl2, Mcl-1 and pro-caspase 3		
					Inhibits NFκB promoter activity		

Table 4 : Summary of the antimelanogenic properties of phenolamides.

 4 The IC50 values for 15 mushroom, murine tyrosinase activity and melanin production are given in micromolar. The 16 inhibition of human tyrosinase in melanoma cells is given as % for a phenolamide

	17
	concentration of 100 µM.

Table 5 : Summary of the diversity of phenolamide structures that can be produced by 20 metabolic engineering with information on the yield when available. PHE
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	: phenylalanine;