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Introduction

Over the past 50 years, obesity and sedentary lifestyles have increased dramatically in industrialized countries and more recently in emerging countries, with impacts on health and wellbeing of populations. Obesity is a major public health issue as several studies have shown that being overweight and obese are the main causes of the development of metabolic disorders (such as type II diabetes, hepatic steatosis, cardiovascular diseases and various cancers), which can lead to significant morbidity and mortality [START_REF] Alberti | The metabolic syndrome-a new worldwide definition[END_REF]. Branched Fatty Acid Esters of Hydroxy Fatty Acids (FAHFAs) are a family of endogenous lipids with appealing biological effects, recently uncovered by Pr Kahn's team [2] and which have been detected in food of plant and animal origin. Some members of this class of lipids have anti-diabetic and antiinflammatory activity [2,3]. These lipids have therefore generated a great interest in the field of human health. Information about their biosynthesis, degradation pathways and their potential biological effects remains partial. This review aims at collecting the information available to date in the literature concerning health beneficial effects of FAHFAs.

Nomenclature and chemical structure of FAHFAs

The nomenclature of FAHFAs is based on their chemical structure, using well-known acronyms of the non-hydroxylated fatty acid (FA) and the hydroxylated fatty acid (HFA). Some examples are depicted in Fig. 1.

Naturally occurring FA and HFA are numerous. Thus, multiple combinations of FA and HFA are possible, generating hundreds of FAHFAs [2,4]. To date, almost 50 families of FAHFAs have been identified including seven FA: palmitic acid (PA), palmitoleic acid (PO), stearic acid (or SA), oleic acid (OA), linoleic acid (LA), arachidonic acid (AA), docosahexaenoic acid (DHA) and their corresponding HFA (HPA, HPOA, HSA, HOA, HLA, HAA and HDHA) [2,4], the esters of palmitic acid and hydroxy stearic acid (PAHSA) being the most studied. In each family of FAHFAs, several positional isomers are possible and in fact more than 300 regioisomers have been currently identified [5]. For example, 5-PAHSA and 9-PAHSA are two regioisomers that have the ester bond at 5-or 9-position respectively (numbering from the carboxylate).

Synthesis of FAHFAs to help in understanding the endogenous FAHFA system

The discovery of saturated branched fatty acid esters with health benefits shakes up conventional thinking that usually associated saturated fatty acids to "bad fat", mainly useful for energy storage. As a result, this renewed interest in saturated fatty acids (FA) and hydroxyl fatty acids, (HFA), combined with the limited availability of FAHFAs from natural and endogenous sources have sparked a great interest in their total chemical synthesis. The first multistep syntheses were performed for preliminary biological evaluation and lipidomic analysis. In this context, racemic FAHFAs were provided as standards for calibration curves, co-injection, MS-MS fragmentation and retention time comparison for their detection and identification in many natural sources and biological samples/ tissues (see section IV).

A review covering the different chemical strategies to access saturated FAHFAs has been recently published by Balas et al. [6]. Since then, beside the challenge of a regiocontrolled synthesis to introduce the hydroxyl group at a well-defined position in the HFA chains, organic chemists aimed at developing shorter and more concise synthesis strategies, avoiding the protecting groups [START_REF] Kaspersen | Succinct synthesis of saturated hydroxy fatty acids and in vitro evaluation of all hydroxylauric acids on FFA1[END_REF] or using a selective methyl ester saponification in the presence of the FAHFA ester linkage [8e10]. Structure-activity relationship was explored with libraries of short chain FAHFAs, namely some truncated PAHSA regioisomers [START_REF] Wang | Synthesis of chemically edited derivatives of the endogenous regulator of inflammation 9-PAHSA[END_REF] or regioisomers of lauric acid [START_REF] Kaspersen | Succinct synthesis of saturated hydroxy fatty acids and in vitro evaluation of all hydroxylauric acids on FFA1[END_REF][START_REF] Gowda | Identification of short chain fatty acid esters of hydroxy fatty acids (SFAHFAs) in murine model by nontargeted analysis using ultrahigh-performance liquid chromatography/linear trap quadrupole-Orbitrap mass spectrometry[END_REF].

Beside in vitro biological experiments, synthetic FAHFAs also serve for in vivo investigation of their biological effects. For that purpose, the multistep syntheses have been scaled up for use in several months diet supplementation [12e15] or gavage in mice [START_REF] Vijayakumar | Absence of carbohydrate response element binding protein in adipocytes causes systemic insulin resistance and impairs glucose transport[END_REF][START_REF] Paluchova | Lipokine 5-PAHSA is regulated by adipose triglyceride lipase and primes adipocytes for de novo lipogenesis in mice[END_REF] and have been applied to the preparation of deuterated or Fig. 1. Chemical structure of some FAHFAs. 1) 9-PAHPA: palmitic acid (PA, C16:0) is esterified at the 9th carbon of hydroxy palmitic acid, 2) 9-OAHPA: oleic acid (OA, C18:1) is esterified at the 9th carbon of hydroxy palmitic acid, 3) 5-PAHPA: palmitic acid is esterified at the 5th carbon of hydroxy palmitic acid (SA, C16:0).

The configuration of the chiral center was shown [START_REF] Nelson | Stereochemistry of endogenous palmitic acid ester of 9-hydroxystearic acid and relevance of absolute configuration to regulation[END_REF] to be of great importance for the rate of their biosynthesis and ester linkage hydrolysis (see section V). Thus, for the last three years, organic chemists focused their efforts on stereocontrolled multistep strategies, providing several enantio-pure or enantio-enriched FAHFAs, using (R)-and (S)-chiral pools [epichlorohydrin epimers [START_REF] Nelson | Stereochemistry of endogenous palmitic acid ester of 9-hydroxystearic acid and relevance of absolute configuration to regulation[END_REF][START_REF] Wang | Stereochemistry of linoleic acid esters of hydroxy linoleic acids[END_REF]; (S)-glycidol [START_REF] Vik | Synthesis of both enantiomers of the docosahexaenoic acid ester of 13-hydroxyoctadecadienoic acid (13-DHAHLA)[END_REF]; (R)-glyceraldehyde [START_REF] Weibel | Synthesis of mayolene-16 and mayolene-18: larval defensive lipids from the European cabbage butterfly[END_REF]; D-glucose derivatives [22e24] or asymmetric enantioselective reactions (asymmetric Jorgensen epoxidation [START_REF] Mountanea | Asymmetric synthesis of saturated hydroxy fatty acids and fatty acid esters of hydroxy fatty acids[END_REF][START_REF] Bourboula | Enantioselective organocatalysis-based synthesis of 3-hydroxy fatty acids and fatty gamma-lactones[END_REF]; asymmetric allylations [START_REF] Pflimlin | Acute and repeated treatment with 5-PAHSA or 9-PAHSA isomers does not improve glucose control in mice[END_REF][START_REF] Jadhav | Asymmetric-synthesis of (3r)-alkanoyloxytetradecanoic acidscomponents of bacterial lipopolysaccharides[END_REF]; lipase-catalyzed transesterification [START_REF] Asaro | An efficient synthesis of chiral nonracemic hydroxyalkanoic acids by olefin cross-metathesis reactions[END_REF]; asymmetric hydrogenation [START_REF] Dietz | Structural verification via convergent total synthesis of dipeptideelipids isolated from Porphyromonas gingivalis[END_REF], respectively. Both (R)-and (S)-enantiomers were detected in vivo [START_REF] Nelson | Stereochemistry of endogenous palmitic acid ester of 9-hydroxystearic acid and relevance of absolute configuration to regulation[END_REF][START_REF] Brezinova | Levels of palmitic acid ester of hydroxystearic acid (PAHSA) are reduced in the breast milk of obese mothers[END_REF].

Structurally, branched FAHFAs are not restricted to the class of saturated or monounsaturated lipids. Recently chemists have shown FAHFAs containing a polyunsaturated FA chain, a polyunsaturated HFA chain or both. Thus, challenging regio-and stereoselective total synthesis of several racemic or optically active polyunsaturated FAHFAs have been performed. Hansen's group has recently prepared [START_REF] Vik | Synthesis of both enantiomers of the docosahexaenoic acid ester of 13-hydroxyoctadecadienoic acid (13-DHAHLA)[END_REF] 13(R)-and 13(S)-DHAHLA enantiomers, showing higher anti-inflammatory properties than 9-PAHSA [4,[START_REF] Paluchova | Triacylglycerol-rich oils of marine origin are optimal nutrients for induction of polyunsaturated docosahexaenoic acid ester of hydroxy linoleic acid (13-DHAHLA) with anti-inflammatory properties in mice[END_REF]. The same year, Siegel's team synthesized [START_REF] Wang | Stereochemistry of linoleic acid esters of hydroxy linoleic acids[END_REF] three antiinflammatory [START_REF] Kolar | Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammals[END_REF] LAHLA regioisomers i.e. 15(R)-LAHLA observed as a digalactosyldiacylglycerol conjugate in oat [START_REF] Moreau | The identification of mono-, di-, tri-, and tetragalactosyl-diacylglycerols and their natural estolides in oat kernels[END_REF][START_REF] Hamberg | Isolation and structure of a new galactolipid from oat seeds[END_REF] and the racemic 9-and 13-LAHLAs.

More recently, synthetic FAHFAs were also used as starting material for the preparation of FAHFA-containing triacylglycerols (TAGs). The discovery of these TAG-estolides [START_REF] Mclean | Triacylglycerol estolides, a new class of mammalian lipids, in the paracloacal gland of the brushtail possum (Trichosurus vulpecula)[END_REF][START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF] is an important breakthrough in the understanding of the role of FAHFAs in producing remodeling of FA profiles (see section V). Since only tiny amounts of such FAHFAs were needed for LC-MS/MS detection, chemists carried out short regioselective syntheses via direct (modified) Steglich esterification of (di)acylglycerols, without paying too much attention to the efficiency of the chemical strategies [START_REF] Paluchova | Lipokine 5-PAHSA is regulated by adipose triglyceride lipase and primes adipocytes for de novo lipogenesis in mice[END_REF][START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF]. To date, while the strategies control the number of FAHFAs and its/their position in the glycerol backbone, the chirality of both the FAHFAs and glygerol stereogenic centers has not yet been taken into consideration.

Over the past six years, considerable progress in the understanding of FAHFA system has been achieved, thanks to the many saturated and polyunsaturated synthetic FAHFA compounds designed as tools for lipidomic analysis, mechanism studies, physio(patho)logical relevance and biological roles (see section VI). More details about their total synthesis (schemes, comparison of the chemical strategies, …) have recently been reviewed [START_REF] Paluchova | Lipokine 5-PAHSA is regulated by adipose triglyceride lipase and primes adipocytes for de novo lipogenesis in mice[END_REF].

Distribution of FAHFAs

Using a supplementation by gavage in mice with a nonendogenous HFA, namely 9-hydroxy heptadecanoic acid (9-HHA, usually not present in mammalian tissues), Yore et al. [2] showed that FAHFAs can be synthesized in vivo. However, FAHFAs can also be obtained exogenously from food.

Distribution of FAHFAs in food

A tremendous effort has been devoted to the development of analytical methods for the detection and quantitation of FAHFAs during the last five years [START_REF] Kokotou | Analytical methods for the determination of fatty acid esters of hydroxy fatty acids (FAHFAs) in biological samples, plants and foods[END_REF]. Numerous FAHFA families have been detected in food of plant origin (fruits, vegetables and cereals) [START_REF] Liberati-Cizmek | Analysis of fatty acid esters of hydroxyl fatty acid in selected plant food[END_REF][START_REF] Zhu | Comprehensive screening and identification of fatty acid esters of hydroxy fatty acids in plant tissues by chemical isotope labeling-assisted liquid chromatography-mass spectrometry[END_REF] and of animal origin (egg, chicken, beef, caribou, moose) [2,[START_REF] Pham | Moose and caribou as novel sources of functional lipids: fatty acid esters of hydroxy fatty acids, Diglycerides and Monoacetyldiglycerides[END_REF]. Abundance of FAHFAs varies according to the type of food considered (see Table 1). It should be noticed that their abundance also varies according to their chemical structure. Yore et al. identified 5 regioisomers of PAHSA in food of animal origin [2]. Liberati-Cizmek et al. [START_REF] Liberati-Cizmek | Analysis of fatty acid esters of hydroxyl fatty acid in selected plant food[END_REF] detected 16 different FAHFAs in food of plant origin and Zhu et al. [START_REF] Zhu | Comprehensive screening and identification of fatty acid esters of hydroxy fatty acids in plant tissues by chemical isotope labeling-assisted liquid chromatography-mass spectrometry[END_REF] detected 49 potential FAHFA families, including 262 regioisomers, in rice and Arabidopsis thaliana, but did not quantify them. Besides saturated FAHFAs, Pham et al. [START_REF] Pham | Moose and caribou as novel sources of functional lipids: fatty acid esters of hydroxy fatty acids, Diglycerides and Monoacetyldiglycerides[END_REF] detected many unsaturated and polyunsaturated fatty acids in caribou meat and moose at very higher doses. Polyunsaturated FAHFAs were also identified in oat oil [START_REF] Kolar | Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammals[END_REF], with LAHLAs being the most pronounced. FAHFAs are also present in breast milk [5], although at very low concentrations. Indeed, the mammary gland synthesizes FAHFAs during breastfeeding. Interestingly, it has been shown that 5-PAHSA as well as total PAHSA levels were significantly lower in the milk of obese compared to lean mothers [5].

Endogenous distribution of FAHFAs and metabolic factors modulating their levels

Saturated and unsaturated long chain fatty acid-derived FAHFAs are present in blood and in many tissues in rodent and humans, mainly in white and brown adipose tissue. Yore et al. [2] showed that FAHSA levels vary from tissue to tissue depending on the FAHSA considered, with the highest levels of PAHSAs found in white and brown adipose tissue (100 and 150 ng/g respectively in these tissues and 10e20 ng in liver, kidney and pancreas) and 9-PAHSA being the most abundant isomer in these tissues. Numerous FAHFAs (mainly 13-, 12-and 9-PAHSA, 9-OAHSA and 13-, 12-and 9-SAHSA) were also detected in rat lung, kidney, thymus, liver and heart but in lower content (pg/g) [START_REF] Zhu | Highly sensitive determination of fatty acid esters of hydroxyl fatty acids by liquid chromatography-mass spectrometry[END_REF]. As mentioned in IV.1, polyunsaturated FAHFAs were detected in caribou and moose muscle in very high content (mg/g) [START_REF] Pham | Moose and caribou as novel sources of functional lipids: fatty acid esters of hydroxy fatty acids, Diglycerides and Monoacetyldiglycerides[END_REF] and this finding may have potential significance in functional food applications. Short chain fatty acid-derived fatty acids esters (SFAHFAs) were recently identified in intestine, liver, and plasma of rats, the large intestine having the highest abundance of SFAHFAs with a concentration range from 0.84 to 57 pmol/mg [START_REF] Gowda | Identification of short chain fatty acid esters of hydroxy fatty acids (SFAHFAs) in murine model by nontargeted analysis using ultrahigh-performance liquid chromatography/linear trap quadrupole-Orbitrap mass spectrometry[END_REF][START_REF] Sg | Chemical labeling assisted detection and identification of short chain fatty acid esters of hydroxy fatty acid in rat colon and cecum contents[END_REF].

Several studies in both rodents and humans showed that FAH-FAs, in particular PAHSA, content is decreased with adipose tissue dysfunction, obesity, insulin resistance, diabetes and with aging while fasting and physical training have a beneficial effect by stimulating the production of FAHFAs.

Metabolic state associated to unfavourable FAHFAs content

Metabolic dysfunction in adipose tissue of healthy moderately overweight humans was associated with reduced levels of PAHSAs in the same tissue [START_REF] Hammarstedt | Adipose tissue dysfunction is associated with low levels of the novel Palmitic Acid Hydroxystearic Acids[END_REF][START_REF] Hammarstedt | Adipose tissue dysregulation and reduced insulin sensitivity in non-obese individuals with enlarged abdominal adipose cells[END_REF]. With obesity, insulin-resistance and diabetes, PAHSAs content were differently modulated in tissues in mice and in human: decreased PAHSA levels were observed in white fat and liver of obese and insulin-resistant mice; in serum of obese patients and in diabetics, the levels of all PAHSAs except 9-PAHSA were reduced [2,[START_REF] Moraes-Vieira | GLUT4 expression in adipocytes regulates de novo lipogenesis and levels of a novel class of lipids with antidiabetic and anti-inflammatory effects[END_REF]; different alterations of FAHFAs were observed in human plasma from overweight/obese individuals of normoglycemia, as well as db/db mouse liver and white adipose tissues compared to that in the controls [START_REF] Hu | Sensitive analysis of fatty acid esters of hydroxy fatty acids in biological lipid extracts by shotgun lipidomics after one-step derivatization[END_REF]; SFAHFAs were decreased in tissues in high-fat diet fed rats compared to normal diet fed rat [START_REF] Gowda | Identification of short chain fatty acid esters of hydroxy fatty acids (SFAHFAs) in murine model by nontargeted analysis using ultrahigh-performance liquid chromatography/linear trap quadrupole-Orbitrap mass spectrometry[END_REF].

A large study carried out in C57Bl6 mice between 1 and 24 months of age showed that the number of FAHFAs (both family and regioisomer) in visceral adipose tissue increased with age, from 35 families (186±0 regioisomers) at 1-month-old mice to 46 families (278±6 regioisomers) in 18-month-old mice [START_REF] Zhu | FAHFA footprint in the visceral fat of mice across their lifespan, Bba[END_REF].

Metabolic state associated to favourable FAHFAs content

During fasting, increased PAHSA levels were observed in certain tissues of mice (subcutaneous fat, kidneys) and in their serum; this increase was abolished by re-feeding [2]. Exercise training stimulated production of insulin-sensitizing lipid mediators PAHSAs.

Thus, resistive and aerobic training for 4 months of sedentary elderly women increased the content of PAHSA in serum and white adipose tissue as well as the content of PAHPA-TAG, a reserve form of PAHPA [START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF][START_REF] Brezinova | Exercise training induces insulin-sensitizing PAHSAs in adipose tissue of elderly women[END_REF].

Metabolism and storage of FAHFAs

To date, only the PAHSA biosynthesis pathway has been elucidated. Fig. 2 is a proposal scheme for the biosynthesis, storage and catabolism of PAHSAs (partially adapted from Kuda et al. [5]). Biosynthesis of unsaturated FAHFAs is not elucidated; it could imply genes related to desaturation (Scd6) and to scavenging of oxidized lipids (Cd36) [5].

Biosynthesis of FAHFAs

Saturated FAHFAs biosynthesis occurs mostly in the white adipose tissue and is positively regulated by carbohydrate responsiveelement binding protein (ChREBP) [2]. Two precursors of synthesis, fatty acids (FA) and hydroxylated fatty acids (HFA), are reported to be involved in the synthesis of PAHPAs. The transcription factor nuclear factor erythroid-2-related factor 2 (Nrf2) which regulates the expression of antioxidant genes [START_REF] Chen | Nrf2 at the heart of oxidative stress and cardiac protection[END_REF] and contributes to the anti-inflammatory process [START_REF] Ahmed | Nrf2 signaling pathway: pivotal roles in inflammation[END_REF] may also be important in regulating the biosynthesis of PAHSAs [5]. Recently, it was suggested that some FAHFAs from the omega-3 fatty acid family, may be synthesized in liver [START_REF] Gowda | Discovery of eicosapentaenoic acid esters of hydroxy fatty acids as potent Nrf2 activators[END_REF]. As cytochrome P450-catalyzed transformation of PUFA may result in the formation of hydroxyl-PUFA [START_REF] Shoieb | Subterminal hydroxyeicosatetraenoic acids: crucial lipid mediators in normal physiology and disease states[END_REF] and as it was observed deregulation of cytochrome P450 family members in liver of patients with parental nutrition, associated with an elevated content of FAHFA, an involvement of cytochrome P450 in liver FAHFAs biosynthesis [START_REF] Bechynska | The effect of omega-3 polyunsaturated fatty acids on the liver lipidome, proteome and bile acid profile: parenteral versus enteral administration[END_REF] cannot be excluded.

While our daily diet is a source of fatty acids, the latter are also biosynthetized from carbohydrates via de novo lipogenesis. De novo lipogenesis is a complex metabolic pathway mainly regulated by transcription factors such as sterol regulatory element binding protein-1c (SREBP-1c), ChREBP, liver X receptor a (LXRa), and peroxisome proliferator-activated receptor g (PPARg) [54e56].

The hydroxy saturated fatty acids are formed by oxidation of fatty acids from phospholipids [START_REF] Reis | Chemistry of phospholipid oxidation[END_REF]. Membrane phospholipids can be oxidized by radical oxygen species to phospholipid hydroperoxides, or phospholipid precursors can be synthesized via de novo lipogenesis and enzymatically oxidized. Phospholipid hydroperoxides can be reduced by enzymes with GSH peroxidase or transferase activity (Peroxiredoxin-6 (Prdx6), Microsomal Glutathione S-Transferase 1 and 3 (Mgst1 andMgst3) to a phospholipid with a hydroxylated acyl chain. This reaction is dependent on cellular redox state and probably controlled via an Nrf2 master regulator. The hydroxy fatty acid is usually cleaved through an oxidized phospholipid remodeling process (probably via Prdx6 that possess a phospholipase A2 acyltransferase activity) [5].

It has been reported [5] that hydroxy fatty acids may be esterified with acyl-CoA fatty acids by acyltransferase (probably via Bile Acid-CoA:Amino Acid N-Acyltransferase (Baat) and Acyl-coenzyme A amino acid N-acyltransferase 1 and 2 (Acnat1 and Acnat2)). Moreover, detection of a higher quantity of the (R)-isomer than the (S)-isomer [START_REF] Nelson | Stereochemistry of endogenous palmitic acid ester of 9-hydroxystearic acid and relevance of absolute configuration to regulation[END_REF] suggests an enzyme-catalyzed stereospecific biosynthesis of 9-PAHSA.

Storage of FAHFAs

The discovery of a structurally novel class of triacylglycerols which contain a FAHFA in place of one of the three fatty acids was recently reported [START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF]. The concentration of FAHFA-TAGs in white adipose tissue is 100 times higher than that of free FAHFAs. Triacylglycerols allow the storage of fatty acids within tissues, particularly in adipose tissues, in postprandial periods, and the FAHFA of triacylglycerols (FAHFA-TAGs) are believed to be an important reservoir of FAHFAs in cells and tissues. The FAHFA moiety is hydrolyzed under fasting conditions to release a non-esterified fatty acid, which can be used as a fuel to fulfill the energy requirements or serve as signalling molecules. The regulated balance of fatty acid esterification and triacylglycerols hydrolysis provides a buffer system to maintain physiological levels of fatty acids. Data from Tan et al. [START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF] suggest that FAHFA-TAGs may play a similar role in regulating the body's FAHFA levels.

The enzymes involved in the synthesis of FAHFA-TAGs are the two key enzymes involved in the synthesis of triacylglycerols, namely the diacylglycerol acyltransferases DGAT1 and DGAT2 [START_REF] Yen | Thematic review series: glycerolipids. DGAT enzymes and triacylglycerol biosynthesis[END_REF]. Indeed Tan et al. [START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF] have shown that FAHFA-TAGs levels are reduced when DGAT1 and DGAT2 are inhibited in adipocytes in vitro. Interestingly, a high-fat diet increased the FAHFA-TAGs content of adipose tissue in mice.

The enzymes responsible for the release of FAHFAs may be the same enzymes as for the hydrolysis of triacylglycerols, i.e. adipose triacylglycerol lipase (ATGL), hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MAGL) [START_REF] Paluchova | Lipokine 5-PAHSA is regulated by adipose triglyceride lipase and primes adipocytes for de novo lipogenesis in mice[END_REF][START_REF] Tan | Discovery of FAHFA-containing triacylglycerols and their metabolic regulation[END_REF][START_REF] Zechner | Fat signals -lipases and lipolysis in lipid metabolism and signaling[END_REF].

To date, it is not established whether FAHFAs and FAHFA-TAGs are co-regulated or differentially regulated in different metabolic states. It also remains to be determined whether FAHFA-TAGs are only a reservoir of FAHFAs in cells and tissues or whether they have other cellular functions.

Catabolism of FAHFAs

Two categories of enzymes, namely Ser/Thr hydrolases (AIG1 and ADTRP) [START_REF] Parsons | AIG1 and ADTRP are atypical integral membrane hydrolases that degrade bioactive FAHFAs[END_REF] and carboxyl ester lipase (CEL) [START_REF] Kolar | Branched fatty acid esters of hydroxy fatty acids are preferred substrates of the MODY8 protein carboxyl ester lipase[END_REF] degrade FAHFAs. The enzymes AIG1 (androgen-induced gene 1 protein) and ADTRP (Androgen Dependent TFPI Regulating Protein) are a family of atypical integral membrane hydrolases that catabolize FAHFAs [START_REF] Parsons | AIG1 and ADTRP are atypical integral membrane hydrolases that degrade bioactive FAHFAs[END_REF]. The cell/tissue distributions of these enzymes are quite distinct, with AIG1 being predominantly ubiquitously expressed, and ADTRP having a more restricted expression profile, mainly in metabolic organs such as liver, kidney, gut and adipose tissue (white and brown) [START_REF] Ertunc | AIG1 and ADTRP are endogenous hydrolases of fatty acid esters of hydroxy fatty acids (FAHFAs) in mice[END_REF]. ADTRP is the major hydrolase in white and brown adipose tissue. However, functional differences between AIG1 and ADTRP have not been demonstrated.

The lipolytic enzyme CEL, previously called cholesterol esterase, is synthesized primarily in the acinar cells of the exocrine pancreas [START_REF] Hui | Carboxyl ester lipase: structure-function relationship and physiological role in lipoprotein metabolism and atherosclerosis[END_REF]. Recently, it was reported that CEL is capable of hydrolysing FAHFAs [START_REF] Kolar | Branched fatty acid esters of hydroxy fatty acids are preferred substrates of the MODY8 protein carboxyl ester lipase[END_REF]. It was also demonstrated that CEL has preferences among different FAHFAs family, FAHFAs regioisomers and among enantiomers, with a preference for 9(S)-PAHSA [START_REF] Nelson | Stereochemistry of endogenous palmitic acid ester of 9-hydroxystearic acid and relevance of absolute configuration to regulation[END_REF], indicating the regio-and stereoselectivity of the enzyme. The complementary tissue distribution of CEL compared to AIG1 and ADTRP hydrolases indicates that the metabolism of FAHFAs could be differentially regulated across the body [START_REF] Kolar | Branched fatty acid esters of hydroxy fatty acids are preferred substrates of the MODY8 protein carboxyl ester lipase[END_REF]. Carbohydrate-responsive element-binding protein; DAGT: diacylglycerol acyl transferase; GSH: reduced glutathione; GSSG: oxidized glutathione; HAS: hydroxystearic acid acid; HSL: Hormone-sensitive lipase; MAGL: monoacylglycerol lipase; Mgst: Microsomal Glutathione S-Transferase; PA: palmitic acid; PAHPA: palmitic acid is esterified by a hydroxy stearic acid; PhL: phospholipid; PhL-OOH: phospholipid hydroperoxides; PhLOH: phospholipid with a hydroxylated acyl chain; Prdx6: Peroxiredoxin-6. Fig. 2 is a proposal scheme for the biosynthesis and metabolism of PAHSAs (partially adapted from Kuda et al. [5]). 1)-Biosynthesis of PAHPAs in adipocyte: two precursors are involved in the synthesis of PAHPAs: fatty acids (FA) biosynthetized from carbohydrates via de novo lipogenesis and hydroxylated fatty acids (HFA), formed by oxidation of fatty acids from phospholipids to phospholipid hydroperoxides, reduced by enzymes with GSH peroxidase or transferase activity (Prdx6, Mgst1 andMgst3) to a phospholipid with a hydroxylated acyl chain and cleaved through an oxidized phospholipid membrane remodeling process (probably via Prdx6 that possesses a phospholipase A2 acyltransferase activity) [5]. Hydroxy fatty acids may then be esterified with acyl-CoA fatty acids by an acyltransferase.

2)-Storage of FAHFAs in adipocyte: it occurs mainly as FAHFA-TAGs, with the involvement of diglyceride acyltransferases DGAT1 and DGAT2 enzymes.

3)-Catabolism of FAHFAs: Two categories of enzymes degrade FAHFAs, namely Ser/Thr hydrolases (AIG1 and ADTRP) [START_REF] Parsons | AIG1 and ADTRP are atypical integral membrane hydrolases that degrade bioactive FAHFAs[END_REF] and CEL [START_REF] Kolar | Branched fatty acid esters of hydroxy fatty acids are preferred substrates of the MODY8 protein carboxyl ester lipase[END_REF].

Beneficial effects of FAHFAS in the obesity-related metabolic disorders

Obesity increases risks for many chronic degenerative diseases, particularly insulin resistance and type 2 diabetes mellitus and is generally associated with chronic low grade inflammation in a variety of tissues [START_REF] Wu | Metabolic inflammation and insulin resistance in obesity[END_REF]. Oxidative stress can aggravate metabolic complications in an obese state [START_REF] Dludla | Inflammation and oxidative stress in an obese state and the protective effects of gallic acid[END_REF]. Anti-diabetic and antiinflammatory activity of FAHFAs therefore may have beneficial effects in obesity. To date, as discussed below, the PAHSA family is the most studied. However, the effects of omega-3 fatty acid FAHFAs (DHAHLA and EPAHSA families) [4,[START_REF] Paluchova | Triacylglycerol-rich oils of marine origin are optimal nutrients for induction of polyunsaturated docosahexaenoic acid ester of hydroxy linoleic acid (13-DHAHLA) with anti-inflammatory properties in mice[END_REF], omega-6 fatty acid derived FAHFAs (several LAHLAs) [START_REF] Kolar | Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammals[END_REF], and two FAHFAs differing only in the length and saturation of the fatty acid chain (9-PAHPA and 9-OAHPA) [START_REF] Benlebna | Long-term intake of 9-PAHPA or 9-OAHPA modulates favorably the basal metabolism and exerts an insulin sensitizing effect in obesogenic diet-fed mice[END_REF][START_REF] Benlebna | Long-term high intake of 9-PAHPA or 9-OAHPA increases basal metabolism and insulin sensitivity but disrupts liver homeostasis in healthy mice[END_REF][START_REF] Benlebna | FAHFAs regulate the proliferation of C2C12 myoblasts and induce a shift toward a more oxidative phenotype in mouse skeletal muscle[END_REF] were also investigated.

FAHFAs have beneficial effects in insulin resistance and diabetes

As discussed below, FAHFAs may have direct and indirect effects on improving glucose tolerance and insulin sensitivity. Several studies have been conducted in cellular and animal models of obesity and/or diabetes.

FAHFAs improve glucose metabolism and insulin signalling

Several studies in adult C57BL6/J mice consuming a control diet or a high-fat obesogenic diet with insulin resistance have shown that acute oral administration or chronic subcutaneous administration of 5-or 9-PAHSA improved insulin sensitivity and glucose tolerance [2,[START_REF] Syed | Palmitic acid hydroxystearic acids activate GPR40, which is involved in their beneficial effects on glucose homeostasis[END_REF][START_REF] Smith | Adipose tissue regulates insulin sensitivity: role of adipogenesis, de novo li Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammalspogenesis and novel lipids[END_REF]. This improvement was associated with an increase in serum PAHSA levels in these animals. Interestingly, levels of these FAHFAs were reported to be elevated in adipose tissue and serum in transgenic AG4OX mice over-expressing glucose transporter 4 (GLUT4) associated with an increased glucose tolerance compared to control C57B6/J mice [2,[START_REF] Moraes-Vieira | GLUT4 expression in adipocytes regulates de novo lipogenesis and levels of a novel class of lipids with antidiabetic and anti-inflammatory effects[END_REF][START_REF] Smith | Adipose tissue regulates insulin sensitivity: role of adipogenesis, de novo li Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammalspogenesis and novel lipids[END_REF].

In adipose tissues, 9-PAHSA has been shown to improve insulin sensitivity by an increase in the glucose transport (GLUT4) and its translocation from intracellular vesicles to the plasma membrane [2,[START_REF] Moraes-Vieira | GLUT4 expression in adipocytes regulates de novo lipogenesis and levels of a novel class of lipids with antidiabetic and anti-inflammatory effects[END_REF].

Interestingly, it has been recently reported [START_REF] Zhou | PAHSAs enhance hepatic and systemic insulin sensitivity through direct and indirect mechanisms[END_REF] that chronic administration of 5-or 9-PAHSA in C57BL6/j mice fed a high-fat diet increased glucose absorption in EDL muscle (long extensor muscle) but not in other glycolytic muscles or in the heart, by promoting AKT signalling in this tissue (cell signalling kinase). 9-PAHSA administration also improved insulin sensitivity in the liver by activating the p-AKT pathway, which increased liver glycogen levels in these mice and reduced glucose production by the liver [START_REF] Zhou | PAHSAs enhance hepatic and systemic insulin sensitivity through direct and indirect mechanisms[END_REF]. In addition, acute intravenous administration of 9-PAHSA decreased endogenous glucose production by the liver by inhibiting the cAMP/PKA signalling pathway, resulting in decreased activity of glucose-6-phosphatase (G6pase) and phosphoe nolpyruvate carboxykinase 1 (Pck1). Furthermore, 5-or 9-PAHSAs indirectly increased hepatic insulin sensitivity by inhibiting lipolysis and lowering serum free fatty acid levels [START_REF] Zhou | PAHSAs enhance hepatic and systemic insulin sensitivity through direct and indirect mechanisms[END_REF].

In a recent paper, Syed et al. [START_REF] Syed | PAHSAs attenuate immune responses and promote beta cell survival in autoimmune diabetic mice[END_REF] have tested the influence of 5and 9-PAHSA in an NOD (non-obese diabetic) mouse model of autoimmune diabetes (type 1). Chronic treatment with 5-and 9-PAHSA protected against the development of type 1 diabetes in these NOD mice, increased serum insulin levels in these mice and delayed the onset of diabetes. In addition, 5-and 9-PAHSA attenuated the immune response that causes type 1 diabetes in this model and promoted b-cell survival [START_REF] Syed | PAHSAs attenuate immune responses and promote beta cell survival in autoimmune diabetic mice[END_REF].

In mice fed with a control diet or supplemented with 9-PAHPA or 9-OAHPA for 12 weeks, both these FAHFAs increased basal metabolism and insulin sensitivity, but without modifying glucose tolerance [START_REF] Benlebna | Long-term high intake of 9-PAHPA or 9-OAHPA increases basal metabolism and insulin sensitivity but disrupts liver homeostasis in healthy mice[END_REF]. Our data also showed that this insulin-sensitive effect was probably exerted at the skeletal muscle level [START_REF] Benlebna | FAHFAs regulate the proliferation of C2C12 myoblasts and induce a shift toward a more oxidative phenotype in mouse skeletal muscle[END_REF]. However, 9-PAHPA intake and to a lesser extent 9-OAHPA intake induced liver steatosis and fibrosis in some healthy mice. It is likely that both FAHFAs have insulin-sensitized the healthy liver so much that de novo lipogenesis promoted steatosis/fibrosis. 9-PAHPA and 9-OAHPA also modulated basal metabolism and improved insulin sensitivity in obesogenic diet-fed mice [START_REF] Benlebna | Long-term intake of 9-PAHPA or 9-OAHPA modulates favorably the basal metabolism and exerts an insulin sensitizing effect in obesogenic diet-fed mice[END_REF], without induced hepatic alteration in contrast to that observed in the healthy mice. In vitro, a therapeutic effect of 9-PAHSA on lipotoxicity in steatotic primary hepatocytes and HepG2 cells was observed, but additional investigation is required to elucidate the 9-PAHSA impact on hepatosteatosis and NASH [START_REF] Schultz Moreira | 9-PAHSA prevents mitochondrial dysfunction and increases the viability of steatotic hepatocytes[END_REF].

In vitro, 5-PAHSA has been shown to directly enhance glucosestimulated insulin secretion in islets of human pancreatic b-cells [2]. In addition, chronic incubation (48h) with 5-PAHSA of pancreatic islets of Langerhans isolated from male CD-1 type mice (Swiss mouse strain) and pancreatic islets from healthy or diabetic patients significantly increased glucose-stimulated insulin secretion [3].

FAHFAs activate GPR120 and GPR40 and increase GLP-1 secretion

The G protein-coupled receptor 120 (GPR120) regulates glycemic homeostasis via its ability to stimulate the secretion of Glucagon-Like Peptide 1 (GLP-1, an incretin with insulinotropic activity) and Cholecystokinin (CCK, an intestinal enzyme that stimulates insulin secretion and modulates the feeling of satiety) following its activation by unsaturated fatty acids [START_REF] Im | FFA4 (GPR120) as a fatty acid sensor involved in appetite control, insulin sensitivity and inflammation regulation[END_REF]. Regioisomers 5-and 9-PAHSA increased the expression of GPR120 and GLUT4 and the translocation of GLUT4 in adipocyte lines 3T3-L1 [2,[START_REF] Hammarstedt | Adipose tissue dysfunction is associated with low levels of the novel Palmitic Acid Hydroxystearic Acids[END_REF]. Recently, it was shown that 5-and 9-PAHSA also activates G protein-coupled receptor 40 (GPR40), a fatty acid receptor of the same family as GPR120 [START_REF] Kimura | Free fatty acid receptors in health and disease[END_REF].

5-or 9-PAHSA also stimulates insulin secretion in response to glucose via increased GLP-1 secretion. GLP-1 is an incretin that modulates carbohydrate homeostasis by stimulating insulin secretion and inhibiting the secretion of glucagon [2,[START_REF] Syed | Palmitic acid hydroxystearic acids activate GPR40, which is involved in their beneficial effects on glucose homeostasis[END_REF][START_REF] Smith | Adipose tissue regulates insulin sensitivity: role of adipogenesis, de novo li Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammalspogenesis and novel lipids[END_REF][START_REF] Vella | Effect of glucagon-like peptide 1(7-36) amide on glucose effectiveness and insulin action in people with type 2 diabetes[END_REF].

FAHFAs attenuate diabetic-induced cognitive dysfunction

Finally, administration of 9-PAHSA in diabetic mice decreased repressor element-1 silencing transcription factor/neuronrestrictive silence factor and upregulated brain-derived neurotrophic factor expression in frontal cortex; thus 9-PAHSA attenuated cognitive impairment [START_REF] Wen | Effect of 9 -PAHSA on cognitive dysfunction in diabetic mice and its possible mechanism[END_REF].

FAHFAs have beneficial effects in inflammation

As discussed below, several in vitro and in vivo studies have shown that some saturated and polyunsaturated FAHFAs have antiinflammatory effects, notably DHAHLA omega-3 FAHFAs. Due to the role of inflammation in obesity, targeting inflammation represents an important issue for the prevention of obesity-linked diseases, including insulin resistance and type 2 diabetes [START_REF] Wu | Metabolic inflammation and insulin resistance in obesity[END_REF].

FAHFAs reduce chronic inflammation

In vivo, Yore et al. [2] showed that administration of 9-PAHSA to mice consuming a high-fat diet reduced inflammation in adipose tissue by reducing macrophage production of two proinflammatory interleukins, IL-1 and Tumor Necrosis Factor a (TNFa), but this effect was not observed with 5-PAHSA suggesting that individual family members in a FAHFA family can have distinct activities or different potencies for the same activity. In addition, three days of gavage with 5-and 9-PAHSA in mice consuming a high-fat diet reduced the percentage of GAB [2], a protein that controls the function of several receptors and expresses pro-inflammatory cytokines, growth factors and antigen receptors on T and B cells [START_REF] Nishida | Gab-family adapter proteins act downstream of cytokine and growth factor receptors and T-and B-cell antigen receptors[END_REF][START_REF] Nakaoka | Gab docking proteins in cardiovascular disease, cancer, and inflammation[END_REF]. In vitro, on a cell line from the vascular stromal fraction of adipose tissue, Yore et al. [2] showed that chronic treatment with 5-and 9-PAHSA reduced the total number of AT CD11c macrophages (macrophages secreting the CD11c monocyte differentiation marker).

FAHFAs reduce acute inflammation

In vivo, Lee et al. [START_REF] Lee | Branched fatty acid esters of hydroxy fatty acids (FAHFAs) protect against colitis by regulating gut innate and adaptive immune responses[END_REF] documented in a mouse model of ulcerative colitis that treatment with 9-PAHSA reduces disease severity through direct inhibition of dendritic cell activation and subsequent polarization of T helper type 1 cells. In a rat model of knee osteoarthritis (KOA) [START_REF] Wu | Interventional effects of the direct application of "Sanse powder" on knee osteoarthritis in rats as determined from lipidomics via UPLC-Q-Exactive Orbitrap MS[END_REF], the serum concentration of FAHFAs decreased and application of a "Sanse powder" (patch with Chinese medicinal herbs) not only had a significant protective effect against KOA but also restored serum levels of FAHFAs.

In vitro, Yore et al. [2] showed that 9-PAHSA blocked the effect of lipopolysaccharide (LPS) on the activation of bone marrow-derived dendritic cells and the resulting production of pro-inflammatory cytokines such as interleukin IL-12, IL-1b and TNFa. Reduction of the carbon chain lengths of the 9-hydroxystearic acid portion or palmitic acid hydrocarbon chain resulted in lower molecular weight analogues that maintained anti-inflammatory activity (attenuation of IL-6 production) in the murine macrophage cell line RAW 264.7 treated with LPS [START_REF] Wang | Synthesis of chemically edited derivatives of the endogenous regulator of inflammation 9-PAHSA[END_REF]. Moreover, Kuda et al. [4] showed in primary mouse bone marrow-derived macrophage cells and/or in macrophage cell lines (RAW 264.7) that 9-PAHSA and 13-DHAHLA inhibited LPS-induced secretion of pro-inflammatory cytokines such as IL-6, IL-1b and TNF-a. In addition, 13-DHAHLA decreased the activation of indoleamine 2,3-dioxygenase in leukocytes, an enzyme that exerts an immunosuppressive effect. Kolar et al. showed that 13-LAHLA suppressed LPS-stimulated secretion of cytokines and expression of pro-inflammatory genes in macrophage cell lines (RAW 264.7) [START_REF] Kolar | Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammals[END_REF]. These authors also reported [START_REF] Kolar | Linoleic acid esters of hydroxy linoleic acids are antiinflammatory lipids found in plants and mammals[END_REF] that polyunsaturated FAHFAs are more potent anti-inflammatory agent than saturated FAHFAs.

FAHFAs have others beneficial health effects

FAHFAs may promote browning of white adipose tissue

Recently, it was shown [START_REF] Wang | 9-PAHSA promotes browning of white fat via activating G-protein-coupled receptor 120 and inhibiting lipopolysaccharide/ NF-kappa B pathway[END_REF] that 9-PAHSA not only inhibited LPS-induced inflammation in 3T3-L1 cells but also promoted 3T3-L1 cells browning through GPR120; also, 9-PAHSA induced browning of white adipose tissue in wild-type and ob/ob mice. Wang et al. [START_REF] Wang | 9-PAHSA promotes browning of white fat via activating G-protein-coupled receptor 120 and inhibiting lipopolysaccharide/ NF-kappa B pathway[END_REF] demonstrated that the anti-inflammatory role of 9-PAHSA may be beneficial in treating obesity not only directly by lowering inflammation but also indirectly, as browning of white adipose tissue favour its thermogenic activity and prevent excess lipid accumulation.

FAHFAs may have antioxidant effects

A recent study suggested that EPA-derived FAHFAs, a family with omega-3 fatty acid derived-FAHFAs, were strong Nrf2 activators with plausible antioxidant effects. It was shown that they suppressed the oxidation of small lipids droplets, oxidative stress induced by H 2 O 2 and enhanced the gene expression of cytoprotective antioxidant enzymes (NAD(P)H dehydrogenase Quinone 1 (NQO1), Glutamate-Cysteine Ligase Modifier Subunit (GCLM), Superoxide Dismutase (SOD-1), Heme Oxygenase (HO-1)) [START_REF] Gowda | Discovery of eicosapentaenoic acid esters of hydroxy fatty acids as potent Nrf2 activators[END_REF]. These observations are of great significance for the treatment of oxidative stress-related disorders.

FAHFAs may have beneficial effects against cancer development

Lee et al. [START_REF] Lee | Branched fatty acid esters of hydroxy fatty acids (FAHFAs) protect against colitis by regulating gut innate and adaptive immune responses[END_REF] observed that 9-PAHSA reduced the disease severity in a mouse model of ulcerative colitis. As patients with ulcerative colitis are at higher risk for developing colorectal cancer than the general population [START_REF] Lakatos | Risk for colorectal cancer in ulcerative colitis: changes, causes and management strategies[END_REF], this suggests a favourable effect of FAHFAs against cancer development. Lower plasma levels of FAH-FAs (13-, 9-PAHSA, 13-and 12-SAHSA) were also observed in patients with breast cancer [START_REF] Zhu | Highly sensitive determination of fatty acid esters of hydroxyl fatty acids by liquid chromatography-mass spectrometry[END_REF]. Recently, Rodriguez et al. [START_REF] Rodriguez | Sequestration of 9-hydroxystearic acid in FAHFA (fatty acid esters of hydroxy fatty acids) as a protective mechanism for colon carcinoma cells to avoid apoptotic cell death[END_REF] showed that 9-HSA-containing FAHFA levels (9-SAHSA, 9-PAHSA and 9-OAHSA) in colorectal tumors were elevated compared with normal tissue. Importantly, in vitro studies, these FAHFAs did not induce apoptosis of colorectal cell lines (HT-29 and HCT-116) unlike what was observed with the hydroxy fatty acid 9-HAS alone. Furthermore, the addition of 9-HSA to colon cancer cell lines augmented the synthesis of different FAHFAs before the cells commit to apoptosis. These observations suggested that FAHFA formation may function as a buffer system that sequesters the hydroxyl-acid into an inactive form, thereby restricting apoptosis. Rodriguez et al. [START_REF] Rodriguez | Sequestration of 9-hydroxystearic acid in FAHFA (fatty acid esters of hydroxy fatty acids) as a protective mechanism for colon carcinoma cells to avoid apoptotic cell death[END_REF] proposed that FAHFA synthesis may occur at proliferative tumor stages where there is a predominance of mitosis over apoptosis and, in opposition, cells may activate FAHFA hydrolysis at times of declining cell death, thus regulating the cell cycle via lipid signalling. Thus, in addition to its well described roles as anti-diabetic and anti-inflammatory lipids, FAHFA may be produced as an anti-apoptotic strategy to improve the pro-apoptotic effects of hydroxy fatty acids accumulating in cells.

Some studies do not find the described effects on glucose metabolism and inflammation

The db/db mice, having a defect in the (db) gene encoding the leptin receptor and characterized by obesity and glucose intolerance, constitute a well-known model of type 2 diabetes. In db/db mice, Wang et al. [START_REF] Wang | High glucose concentration impairs 5-PAHSA activity by inhibiting AMP-activated protein kinase activation and promoting nuclear factor-kappa-B-mediated inflammation[END_REF] found that oral administration of 5-PAHSA for 1 month had no beneficial effect on glucose metabolism. Administration of 5-PAHSA did not reduce the observed hyperglycemia and did not improve insulin sensitivity and glucose tolerance. On the contrary, increased inflammation and aggravation of hepatic steatosis were observed in these mice.

Another team also found no effect of acute or chronic treatment with 5-and 9-PAHSA on glucose metabolism [START_REF] Pflimlin | Acute and repeated treatment with 5-PAHSA or 9-PAHSA isomers does not improve glucose control in mice[END_REF]. In vitro studies using human adipocytes, rat muscle cells (L6) and mouse enteroendocrine cell lines or rat and human pancreatic islets, treatment with 5-and 9-PAHSA did not affect glucose uptake, insulin secretion or GLP-1 release at any concentration of glucose from the medium. In vivo studies using different diets rich in obesityinducing fats were explored in mice (beef tallow, lard, vegetable oil and coconut oil) and treatment with 5-and 9-PAHSA in these mice did not improve the general metabolic status nor did it improve glucose absorption, insulin secretion or GLP-1 secretion. However, limitations were highlighted [START_REF] Syed | Methodological issues in studying PAHSA biology: masking PAHSA effects[END_REF][START_REF] Kuda | On the complexity of PAHSA research[END_REF] in the work of Pflimlin et al. [START_REF] Pflimlin | Acute and repeated treatment with 5-PAHSA or 9-PAHSA isomers does not improve glucose control in mice[END_REF], in particular concerning the use of olive oil as a vehicle for PAHSA. Olive oil, which contains many bioactive and metabolically beneficial molecules, including omega-3 and -6 fatty acids, tocopherols, polyphenols, flavones and even FAHFAs, could have masked the proper effect of PAHSA on glucose homeostasis and GLP-1 secretion. Furthermore, Pflimlin et al. [START_REF] Pflimlin | Acute and repeated treatment with 5-PAHSA or 9-PAHSA isomers does not improve glucose control in mice[END_REF] studied the in vitro effects of PAHSA on glucose transport in human cells using maximal insulin concentrations, conditions under which it would be impossible to detect the insulin-sensitizing effects of PAHSA according to Syed et al. [START_REF] Syed | Methodological issues in studying PAHSA biology: masking PAHSA effects[END_REF].

In addition, a recent work raised the possibility that FAHFAs are markers rather than mediators of insulin sensitivity, at least in Bcl6 AKO mice [START_REF] Senagolage | Loss of transcriptional repression by BCL6 confers insulin sensitivity in the setting of obesity[END_REF]. In fact in Bcl6 AKO mice (KO model for adipocyte Bcl6, a transcriptional repressor) [START_REF] Sommars | Dynamic repression by BCL6 controls the genome-wide liver response to fasting and steatosis[END_REF], Senagolage et al. [START_REF] Senagolage | Loss of transcriptional repression by BCL6 confers insulin sensitivity in the setting of obesity[END_REF] observed an increase in de novo lipogenesis and an expansion of subcutaneous white adipose tissue , in association with protection against obesity-induced insulin resistance and with high levels of FAHFAs. However, it is difficult to conclude in this sense on the basis of this study alone.

Conclusion

FAHFAs are a new class of recently discovered endogenous lipids whose the tissue levels are reduced in obesity and type 2 diabetes. Moreover, some of these molecules, produced de novo in some tissues, improve glucose tolerance and insulin sensitivity and stimulate insulin secretion, and thus may have beneficial effects against insulin resistance and type 2 diabetes. Anti-inflammatory effects of some FAHFAs have also been reported, both with acute and chronic inflammation states. Other beneficial health effects have been also suggested, in particular against some cancers So, FAHFAs could therefore be a potential therapeutic target for the treatment of numerous metabolic disorders, however a lot of research in humans is still necessary to validate this possibility. Beforehand it will also be important to determine the synthesis and degradation pathways of these molecules in the body. In addition, the studies aiming at investigating the health/metabolic effects of FAHFAs on liver and skeletal muscle should be continued and expanded. Indeed, these two organs are crucial in the prevention or development of metabolic diseases.
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 2 Fig. 2. Metabolism of PAHSA in adipocytes.Acnat: acyl-CoA:amino acid N-acyltransferase; ATGL: adipose triglyceride lipase; Baat: Bile acid-CoA:amino acid N-acyltransferase; CEL: carboxyl ester lipase; CHREBP: Carbohydrate-responsive element-binding protein; DAGT: diacylglycerol acyl transferase; GSH: reduced glutathione; GSSG: oxidized glutathione; HAS: hydroxystearic acid acid; HSL: Hormone-sensitive lipase; MAGL: monoacylglycerol lipase; Mgst: Microsomal Glutathione S-Transferase; PA: palmitic acid; PAHPA: palmitic acid is esterified by a hydroxy stearic acid; PhL: phospholipid; PhL-OOH: phospholipid hydroperoxides; PhLOH: phospholipid with a hydroxylated acyl chain; Prdx6: Peroxiredoxin-6. Fig.2is a proposal scheme for the biosynthesis and metabolism of PAHSAs (partially adapted from Kuda et al.[5]). 1)-Biosynthesis of PAHPAs in adipocyte: two precursors are involved in the synthesis of PAHPAs: fatty acids (FA) biosynthetized from carbohydrates via de novo lipogenesis and hydroxylated fatty acids (HFA), formed by oxidation of fatty acids from phospholipids to phospholipid hydroperoxides, reduced by enzymes with GSH peroxidase or transferase activity (Prdx6, Mgst1 andMgst3) to a phospholipid with a hydroxylated acyl chain and cleaved through an oxidized phospholipid membrane remodeling process (probably via Prdx6 that possesses a phospholipase A2 acyltransferase activity)[5]. Hydroxy fatty acids may then be esterified with acyl-CoA fatty acids by an acyltransferase.2)-Storage of FAHFAs in adipocyte: it occurs mainly as FAHFA-TAGs, with the involvement of diglyceride acyltransferases DGAT1 and DGAT2 enzymes.3)-Catabolism of FAHFAs: Two categories of enzymes degrade FAHFAs, namely Ser/Thr hydrolases (AIG1 and ADTRP)[START_REF] Parsons | AIG1 and ADTRP are atypical integral membrane hydrolases that degrade bioactive FAHFAs[END_REF] and CEL[START_REF] Kolar | Branched fatty acid esters of hydroxy fatty acids are preferred substrates of the MODY8 protein carboxyl ester lipase[END_REF].
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