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ABSTRACT

Branched Fatty Acid Esters of Hydroxy Fatty Acids (FAHFAs) are a new endogenous lipid class with
recently uncovered interesting biological effects and which have been detected in food of plant and
animal origins. Some FAHFAs can improve glucose tolerance and insulin sensitivity, stimulate insulin
secretion, and exert anti-inflammatory effects. Other beneficial health effects have also been suggested,
in particular against some cancers. FAHFAs could therefore be a potential therapeutic target for the
treatment of numerous metabolic disorders such as type Il diabetes, hepatic steatosis, cardiovascular
diseases and various cancers. Their recent discovery has generated a great interest in the field of human
health. This short review aims at bringing together the information available to date in the literature
concerning their chemical synthesis, biosynthesis and degradation pathways as well as their potential
physio-pathological beneficial effects.
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1. 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 well-
being 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 Il diabetes, hepatic steatosis, cardiovascular diseases and
various cancers), which can lead to significant morbidity and
mortality [1]. Branched Fatty Acid Esters of Hydroxy Fatty Acids
(FAHFAs) are a family of endogenous lipids with appealing bio-
logical 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 anti-
inflammatory 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 bio-
logical effects remains partial. This review aims at collecting the
information available to date in the literature concerning health
beneficial effects of FAHFAs.

2. Nomenclature and chemical structure of FAHFAs

The nomenclature of FAHFAs is based on their chemical struc-
ture, 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), arach-
idonic acid (AA), docosahexaenoic acid (DHA) and their corre-
sponding 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 iso-
mers 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).

3. 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 pro-
vided 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 V).

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 [7] or
using a selective methyl ester saponification in the presence of the
FAHFA ester linkage [8—10]. Structure-activity relationship was
explored with libraries of short chain FAHFAs, namely some trun-
cated PAHSA regioisomers [9] or regioisomers of lauric acid [7,11].

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 [12—15] or gavage in mice
[16,17] and have been applied to the preparation of deuterated or

Fatty acid Hydroxy fatty acid

1) 9-PAHPA

2) 9-OAHPA lq\/\/\/\/:\/\/\/\)k
170 o

3) 5-PAHPA

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).



13¢C labeled FAHFAs.

The configuration of the chiral center was shown [18] 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 stra-
tegies, providing several enantio-pure or enantio-enriched FAHFAs,
using (R)- and (S)-chiral pools [epichlorohydrin epimers [18,19];
(S)-glycidol [20]; (R)-glyceraldehyde [21]; p-glucose derivatives
[22—24] or asymmetric enantioselective reactions (asymmetric
Jorgensen epoxidation [25,26]; asymmetric allylations [27,28];
lipase-catalyzed transesterification [29]; asymmetric hydrogena-
tion [30], respectively. Both (R)- and (S)- enantiomers were
detected in vivo [18,31].

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 poly-
unsaturated HFA chain or both. Thus, challenging regio- and ster-
eoselective total synthesis of several racemic or optically active
polyunsaturated FAHFAs have been performed. Hansen’s group has
recently prepared [20] 13(R)- and 13(S)-DHAHLA enantiomers,
showing higher anti-inflammatory properties than 9-PAHSA [4,32].
The same year, Siegel's team synthesized [19] three anti-
inflammatory [33] LAHLA regioisomers i.e. 15(R)-LAHLA observed
as a digalactosyldiacylglycerol conjugate in oat [34,35] 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 [36,37] is an impor-
tant 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 stra-
tegies [17,37]. 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 under-
standing 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 [17].

4. Distribution of FAHFAs

Using a supplementation by gavage in mice with a non-
endogenous 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.

4.1. 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 [38]. Numerous FAHFA families have been
detected in food of plant origin (fruits, vegetables and cereals)
[39,40] and of animal origin (egg, chicken, beef, caribou, moose)
[2,41]. 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. iden-
tified 5 regioisomers of PAHSA in food of animal origin [2]. Liberati-

Cizmek et al. [39] detected 16 different FAHFAs in food of plant
origin and Zhu et al. [40] detected 49 potential FAHFA families,
including 262 regioisomers, in rice and Arabidopsis thaliana, but did
not quantify them. Besides saturated FAHFAs, Pham et al. [41]
detected many unsaturated and polyunsaturated fatty acids in
caribou meat and moose at very higher doses. Polyunsaturated
FAHFAs were also identified in oat oil [33], 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 signifi-
cantly lower in the milk of obese compared to lean mothers [5].

4.2. 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 10—20 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) [42]. As mentioned in
IV.1, polyunsaturated FAHFAs were detected in caribou and moose
muscle in very high content (ug/g) [41] and this finding may have
potential significance in functional food applications. Short chain
fatty acid-derived fatty acids esters (SFAHFAs) were recently iden-
tified 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 [11,43].

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.

4.2.1. 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 [44,45]. 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 [2,46]; 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 [47]; SFAHFAs were
decreased in tissues in high-fat diet fed rats compared to normal
diet fed rat [11].

A large study carried out in C57BI6 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 [48].

4.2.2. 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 stimu-
lated production of insulin-sensitizing lipid mediators PAHSAs.



Table 1
FAHFAs content in food (approximate level).

Food Content References
FAHFAs (ng/g fresh weight) 9-PAHSA (ng/g) 10-PAHSA (ng/g) 13/12-PAHSA (ng/g)

Fruit Clementine 250 38
Pineapple 215 38
Strawberry 160 38
Mango 150 38
Apple 105 0.216 0.161 0.404 2,38
Banana 105 38
Cherry tomato 90 38
Avocado 85 38
Lemon 65 38
Blueberry 50 38
Kiwifruit 45 38

Vegetable, cereals, plants Whole oat grain 320 38
Garlic 245 38
Carrot 140 38
Parsley root 115 38
Onion 110 38
Pepper 105 38
Coarse oat flakes 80 38
Radish 60 38
Broccoli 0.943 0.243 0.647 2
Rice NQ 39

Food of animal origin Beef 0.215 3.23 3.23 2
Chicken 0.647 1.08 1.08 2
Egg white 0.135 0.108 0.96 2
Egg yolk 0.216 243 3.77 2
Caribou 50. 10° 40
Moose 40.10° 40

NQ: not quantified.

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 [37,49].

5. Metabolism and storage of FAHFAs

To date, only the PAHSA biosynthesis pathway has been eluci-
dated. 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].

5.1. Biosynthesis of FAHFAs

Saturated FAHFAs biosynthesis occurs mostly in the white adi-
pose tissue and is positively regulated by carbohydrate responsive-
element 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 [50] and contributes to the
anti-inflammatory process [51] 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 synthe-
sized in liver [10]. As cytochrome P450-catalyzed transformation of
PUFA may result in the formation of hydroxyl-PUFA [52] 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 [53] 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 o (LXRa), and
peroxisome proliferator-activated receptor y (PPARY) [54—56].

The hydroxy saturated fatty acids are formed by oxidation of
fatty acids from phospholipids [57]. Membrane phospholipids can
be oxidized by radical oxygen species to phospholipid hydroper-
oxides, or phospholipid precursors can be synthesized via de novo
lipogenesis and enzymatically oxidized. Phospholipid hydroper-
oxides can be reduced by enzymes with GSH peroxidase or trans-
ferase 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 ester-
ified 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 (Acnatl and Acnat2)).
Moreover, detection of a higher quantity of the (R)-isomer than the
(S)-isomer [18] suggests an enzyme-catalyzed stereospecific
biosynthesis of 9-PAHSA.

5.2. 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 [37]. The concentration of FAHFA-TAGs in white
adipose tissue is 100 times higher than that of free FAHFAs. Tri-
acylglycerols 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
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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. 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) [88] and CEL [61].

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. [37] 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 [58].
Indeed Tan et al. [37] 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) [17,37,59].

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.

5.3. Catabolism of FAHFAs

Two categories of enzymes, namely Ser/Thr hydrolases (AIG1
and ADTRP) [60] and carboxyl ester lipase (CEL) [61] 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
[60]. 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) [62]. 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
[63]. Recently, it was reported that CEL is capable of hydrolysing
FAHFAs [61]. It was also demonstrated that CEL has preferences
among different FAHFAs family, FAHFAs regioisomers and among
enantiomers, with a preference for 9(S)-PAHSA [18], 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 [61].



6. 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 va-
riety of tissues [64]. Oxidative stress can aggravate metabolic
complications in an obese state [65]. Anti-diabetic and anti-
inflammatory activity of FAHFAs therefore may have beneficial ef-
fects 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) [4,32], omega-6 fatty acid derived
FAHFAs (several LAHLAs) [66], and two FAHFAs differing only in the
length and saturation of the fatty acid chain (9-PAHPA and 9-
OAHPA) [12,13,67] were also investigated.

6.1. 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.

6.1.1. FAHFAs improve glucose metabolism and insulin signalling

Several studies in adult C57BL6/] mice consuming a control diet
or a high-fat obesogenic diet with insulin resistance have shown
that acute oral administration or chronic subcutaneous adminis-
tration of 5- or 9-PAHSA improved insulin sensitivity and glucose
tolerance [2,15,68]. This improvement was associated with an in-
crease in serum PAHSA levels in these animals. Interestingly, levels
of these FAHFAs were reported to be elevated in adipose tissue and
serum in transgenic AG40X mice over-expressing glucose trans-
porter 4 (GLUT4) associated with an increased glucose tolerance
compared to control C57B6/] mice [2,46,68].

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
[2,46].

Interestingly, it has been recently reported [69] 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
[69]. In addition, acute intravenous administration of 9-PAHSA
decreased endogenous glucose production by the liver by inhibit-
ing the cAMP/PKA signalling pathway, resulting in decreased ac-
tivity of glucose-6-phosphatase (G6pase) and phosphoe
nolpyruvate carboxykinase 1 (Pck1). Furthermore, 5- or 9-PAHSAs
indirectly increased hepatic insulin sensitivity by inhibiting lipol-
ysis and lowering serum free fatty acid levels [69].

In a recent paper, Syed et al. [70] have tested the influence of 5-
and 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 atten-
uated the immune response that causes type 1 diabetes in this
model and promoted B-cell survival [70].

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 [13]. Our data also showed that this insulin-sensitive

effect was probably exerted at the skeletal muscle level [67].
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 [12], without induced he-
patic 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 hep-
atosteatosis and NASH [71].

In vitro, 5-PAHSA has been shown to directly enhance glucose-
stimulated 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 secre-
tion [3].

6.1.2. FAHFAs activate GPR120 and GPR40 and increase GLP-1
secretion

The G protein-coupled receptor 120 (GPR120) regulates glyce-
mic 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 [72].
Regioisomers 5- and 9-PAHSA increased the expression of GPR120
and GLUT4 and the translocation of GLUT4 in adipocyte lines 3T3-
L1 [2,44]. 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 [73].

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 [2,15,68,74].

6.1.3. FAHFAs attenuate diabetic-induced cognitive dysfunction

Finally, administration of 9-PAHSA in diabetic mice decreased
repressor element-1 silencing transcription factor/neuron-
restrictive silence factor and upregulated brain-derived neuro-
trophic factor expression in frontal cortex; thus 9-PAHSA attenu-
ated cognitive impairment [75].

6.2. 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 anti-
inflammatory 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 [64].

6.2.1. 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 pro-
inflammatory interleukins, IL-1 and Tumor Necrosis Factor o
(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 [76,77]. 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).

6.2.2. FAHFAs reduce acute inflammation

In vivo, Lee et al. [78] documented in a mouse model of ulcer-
ative colitis that treatment with 9-PAHSA reduces disease severity
through direct inhibition of dendritic cell activation and subse-
quent polarization of T helper type 1 cells. In a rat model of knee
osteoarthritis (KOA) [79], 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.

Invitro, 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-18 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 [9]. 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-1 and TNF-c. 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 macro-
phage cell lines (RAW 264.7) [33]. These authors also reported [33]
that polyunsaturated FAHFAs are more potent anti-inflammatory
agent than saturated FAHFAs.

6.3. FAHFAs have others beneficial health effects

6.3.1. FAHFAs may promote browning of white adipose tissue

Recently, it was shown [80] 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. [80] 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.

6.3.2. 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 activa-
tors with plausible antioxidant effects. It was shown that they
suppressed the oxidation of small lipids droplets, oxidative stress
induced by H,0; and enhanced the gene expression of cytopro-
tective antioxidant enzymes (NAD(P)H dehydrogenase Quinone 1
(NQO1), Glutamate-Cysteine Ligase Modifier Subunit (GCLM), Su-
peroxide Dismutase (SOD-1), Heme Oxygenase (HO-1)) [10]. These
observations are of great significance for the treatment of oxidative
stress-related disorders.

6.3.3. FAHFAs may have beneficial effects against cancer
development
Lee et al. [78] 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 [81], 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 pa-
tients with breast cancer [42]. Recently, Rodriguez et al. [82]
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. [82] 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 pro-
duced as an anti-apoptotic strategy to improve the pro-apoptotic
effects of hydroxy fatty acids accumulating in cells.

6.4. 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 intoler-
ance, constitute a well-known model of type 2 diabetes. In db/db
mice, Wang et al. [83] found that oral administration of 5-PAHSA for
1 month had no beneficial effect on glucose metabolism. Admin-
istration 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 [27]. In vitro studies
using human adipocytes, rat muscle cells (L6) and mouse enter-
oendocrine cell lines or rat and human pancreatic islets, treatment
with 5- and 9-PAHSA did not affect glucose uptake, insulin secre-
tion or GLP-1 release at any concentration of glucose from the
medium. In vivo studies using different diets rich in obesity-
inducing 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 [84,85] in the work of
Pflimlin et al. [27], 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. [27] 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. [84].

In addition, a recent work raised the possibility that FAHFAs are
markers rather than mediators of insulin sensitivity, at least in Bcl6
AKO mice [86]. In fact in Bcl6 AKO mice (KO model for adipocyte
Bcl6, a transcriptional repressor) [87], Senagolage et al. [86]
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.

7. 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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