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Fatty acid esters of hydroxy fatty acids (FAHFAs) are lipid
mediators with promising antidiabetic and anti-inflammatory
properties that are formed in white adipose tissue (WAT) via
de novo lipogenesis, but their biosynthetic enzymes are un-
known. Using a combination of lipidomics in WAT, quantita-
tive trait locus mapping, and correlation analyses in rat BXH/
HXB recombinant inbred strains, as well as response to
oxidative stress inmurinemodels,weelucidated thepotential
pathway of biosynthesis of several FAHFAs. Comprehensive
analysis ofWATsamples identified∼160 regioisomers, doc-
umentingthecomplexityof this lipidclass.The linkageanal-
ysis highlighted several members of the nuclear factor,
erythroid 2 like 2 (Nrf2)-mediated antioxidant defense sys-
tem (Prdx6, Mgst1, Mgst3), lipid-handling proteins (Cd36,
Scd6, Acnat1, Acnat2, Baat), and the family of flavin con-
tainingmonooxygenases (Fmo) as thepositional candidate
genes. Transgenic expressionofNrf2anddeletionofPrdx6
genes resulted in reduction of palmitic acid ester of
9-hydroxystearic acid (9-PAHSA) and 11-PAHSA levels,
while oxidative stress inducedby an inhibitor of glutathione
synthesis increased PAHSA levels nonspecifically. Our re-
sults indicate that the synthesis of FAHFAs via carbohy-
drate-responsive element-binding protein–driven de novo
lipogenesis depends on the adaptive antioxidant system
and suggest that FAHFAs may link activity of this system
with insulin sensitivity in peripheral tissues.

White adipose tissue (WAT) metabolism plays an important
role in whole-body energy balance. Moreover, dysregulation

of both glucose and lipid metabolism in this tissue underlies
development of disease associated with obesity and type 2
diabetes. However, the mechanistic links between glucose
and lipid metabolism in WAT of obese subjects and systemic
insulin resistance are not fully explored. De novo lipogenesis
(DNL) converts excess energy from carbohydrates to energy-
dense neutral lipids in both the liver and WAT (1–4). Al-
though DNL in the liver is usually associated with systemic
insulin resistance, DNL in WAT correlates with insulin sen-
sitivity (5–8). In addition to generating lipid stores, DNL
might also serve as a source of signaling molecules. Within
the last decade, a number of bioactive lipids produced in WAT
(lipokines) via DNL have been described, including palmitoleic
acid (PO) (7), alkyl ether lipids (9), and fatty acid esters of
hydroxy fatty acids (FAHFAs) (6), which all promote insulin
sensitivity and ameliorate insulin resistance. Namely, FAHFAs
represent a new immunometabolic link between DNL inWAT
and systemic metabolism due to multiple beneficial effects of
these extremely potent lipokines on both glucose–insulin ho-
meostasis and inflammation as observed in insulin-resistant
mice as well as humans, while their reduced levels may
contribute to diabetes risk (6,10–12).

FAHFAs consist of a fatty acid (e.g., palmitic acid [PA])
esterified to the hydroxyl group of a hydroxy fatty acid (e.g.,
hydroxystearic acid [HSA]), abbreviated as PAHSA, and the
position of the branching carbon defines a regioisomer (e.g.,
9-PAHSA). There are several regioisomer families derived
from PA, PO, stearic acid (SA), oleic acid (OA), linoleic acid
(LA), and docosahexaenoic acid (DHA) with tissue-specific
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distribution documented so far (6,10,11,13–15). WAT rep-
resents a major site of carbohydrate-responsive element-
binding protein (ChREBP)-dependent FAHFA synthesis (6,11,
16). Serinehydrolase carboxyl ester lipase (17,18) and threonine
hydrolases (19) were identified as FAHFA-metabolizing
enzymes, but the biosynthetic enzymes involved are un-
known (18). Given the low susceptibility of saturated acyl
chains to oxidation (20), the complexity of the FAHFA
family, and their stereospecific metabolism (10,21), a com-
bination of nonenzymatic and enzymatic reactions is prob-
ably involved in FAHFA biosynthesis. Although all FAHFAs
are structurally related, they are probably biologically as
heterogenous as eicosanoids—they are composed of differ-
ent fatty acids, and even the regioisomers within one family
respond differently to physiological stimulations (6,11).
Therefore, there could be individual genes/proteins respon-
sible for the differences among regioisomers (substrate spec-
ificity toward the branching position and/or acyl chain) as
well as genes responsible for major regulation of the whole
pathway (e.g., ChREBP [16]).

In this study, the BXH/HXB recombinant inbred (RI) strains,
derived from the spontaneously hypertensive rat (SHR) strain
and the normotensive Brown Norway (BN) strain (22), were
used for linkage and correlational analyses of physiological
traits, lipidomics data, and gene expression levels to
investigate potential candidate genes involved in FAHFA
biosynthesis.

RESEARCH DESIGN AND METHODS

Materials and Reagents
All chemicals were purchased from Sigma-Aldrich (Prague,
Czech Republic) unless stated otherwise. FAHFA standards
(5-,9-,10-,12-, and 13-PAHSA, OAHSA, and SAHSA as well
as 13C4-9-PAHSA) were purchased from Cayman Pharma
(Neratovice, Czech Republic), and 5-, 7-, and 9-OAHPA; 7-
OAHSA; 5-, 7-, and 9-PAHPA; 13-DHAHLA; and 12-DHAHOA
were synthesized as previously described (11,13). PA, PO, SA,
OA, LA, and DHA are the acids defined above, AA is ara-
chidonic acid, and the H prefix stands for hydroxy fatty acid.

Animals
BXH/HXB RI strains (n = 30) were derived from SHR/
OlaIpcv (referred to as the SHR) and BN-Lx/Cub (referred
to as the BN) progenitor strains (22). Nuclear factor, erythroid
2 like 2 (Nfe2l2, also known as Nrf2) transgenic SHR (23)
(referred to as the SHR-Nrf2) were derived by microinjecting
SHR zygotes with the mix of Sleeping Beauty construct
containing mouse Nrf2 cDNA under control of the SV
universal promoter and mRNA of the SB1003 transposase
(23). Genotyping of positive rats was done by PCR with the
following primers: mNrf2-413F, GCA ACT CCA GAA GGA
ACAGG, andmNrf2-573R, AGGCATCTTGTTTGGGAATG
(23). All rats were housed in an air-conditioned animal
facility at 22°C and allowed free access to food and water.
Lipidomic, biochemical, and metabolic phenotypes were
assessed in 6-week-old 14-h fasted male rats that were
raised on standard laboratory chow (Altromin, Germany).

Animals were killed by cervical dislocation in a fasted state
(food removedat6 P.M., animals killed between 8 A.M. and 9 A.M.

the next day), and samples of epididymal WAT were
stored in liquid nitrogen to prevent degradation until assay,
as the samples from specific strains were collected during
a period of 6 months. To explore the interaction between
metabolic status and Nrf2, SHR-Nrf2 and SHR males (n = 7)
were fasted for 24 h (9 A.M. to 9 A.M.) followed or not by
refeeding chow for 6 h, andWATwas dissected and stored as
described above; eventually, metabolipidomic, proteomic,
gene expression, and FAHFA analyses were performed as
previously described (11,24). Oral glucose tolerance test
(OGTT) was performed using a glucose load of 300 mg/
100 g body weight after overnight fasting. Blood was drawn
from the tail without anesthesia before the glucose load
(0 min time point) and at 30, 60, and 120 min thereafter.
To characterize the role of redox status, 16 C57BL/6J adult
male mice (The Jackson Laboratory, Bar Harbor, ME) were
randomly divided into two groups: untreated mice or mice
treated with buthionine sulfoximine (BSO), an inhibitor of
glutathione (GSH) synthesis. BSO was supplied in drinking
water at the final concentration of 20 mmol/L for 3 days. All
mice were fed standard laboratory chow (extruded ssniff
R/M-H; ssniff Spezialdiaten, Soest, Germany). Animals were
killed in the random-fed state under ether anesthesia, and
epididymal WAT was dissected and stored in liquid nitrogen
till the analysis. The experiments were conducted in agree-
ment with the Animal Protection Law of the Czech Republic
and were approved by the Ethics Committee of the Institute
of Physiology, Czech Academy of Sciences, Prague.

Wild-type C57BL/6J mice (The Jackson Laboratory) and
peroxiredoxin 6 (Prdx6) null mice on the C57BL/6J back-
ground (25) were maintained and killed in a similar manner
to that described for the experiments above. Epididymal
WAT of adult animals was dissected and stored at280°C till
the analysis. Use of the mice was approved by the University
of Pennsylvania Animal Care and Use Committee. Thiobar-
bituric acid reactive substances and 8-isoprostane were mea-
sured using kits from Cayman chemicals (Ann Arbor, MI)
(26).

FAHFA Analysis
Analysis of FAHFAs was performed as previously described
(10,11) and optimized for a large set of samples. Aliquots of
50–70 mg of WAT were homogenized using a MM400 bead
mill (Retsch, Haan, Germany), chilled to220°C in a mixture
of citric acid buffer and ethyl acetate (27), and further ex-
tracted with ethyl acetate (1:3 final ratio). An internal stan-
dard 13C4-9-PAHSA was added to the homogenate (1 ng/
sample). The organic phasewas collected, dried in a SpeedVac
(Savant SPD121P; Thermo Fisher Scientific), resuspended in
dichloromethane, and applied on HyperSep SPE columns
(500mg/10mL, 40–60mm, 70Å) (Thermo Fisher Scientific).
FAHFAs were eluted from the SPE columns with ethyl
acetate, concentrated using a SpeedVac, resuspended in
methanol, and immediately analyzed using liquid chroma-
tography–mass spectrometry (LC-MS) as follows.
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Chromatographic separation was performed in an ultra
performance LC UltiMate 3000 RSLC (Thermo Fisher Sci-
entific) equippedwith a YMC-Triart C18 ExRS 1.9-mm, 2.13
150mmcolumn (YMC, Kyoto, Japan). The flow rate was 200
mL/min at 50°C using gradient elution: solvent A (70%
water, 30% acetonitrile, 0.01% acetic acid, pH 4) and solvent
B (50% acetonitrile, 50% isopropanol) for 1 min (100% sol-
vent A), 5 min (10% solvent A), 23min (10% solvent A), and
25 min (100% solvent A), while a linear gradient was main-
tained between the steps. Ultra performance LC was coupled to
a QTRAP 5500/SelexION mass spectrometer (Sciex, Framing-
ham, MA). FAHFAs were detected in negative electrospray
mode using multiple reaction monitoring (Supplementary
Table 1) and MS/MS/MS as previously described (11).

Statistical Analyses
Linkage and correlation analyses of WAT FAHFA levels in
BXH/HXB RI strains were performed usingMatrix eQTL (28)
to identify quantitative trait loci (QTLs) at genome-wide
statistical significance at P , 0.05 and false discovery rate
(FDR) ,0.1. To identify the best candidate genes, we used
biological knowledge–driven analysis using databases such as
Rat Genome Database (RGD) (rgd.mcw.edu) and PubMed.
Specifically, within each identified genomic position (6 3
Mbp), we have also searched for any protein linked to 1) lipid
metabolism and an ability to handle acyl chain, 2) perox-
idation or oxidation of lipids, and 3) formation of reactive
oxygen species (ROS) based on data from RGD (accessed
21 November 2017). Substrate specificity of candidate pro-
teins and their potential relevance to FAHFAmetabolismwere
further explored via PubMed search for primary publications
(gene or protein name, accessed 21 November 2017). The
GeneNetwork database includes RI strains gene expression
data in tissues relevant to the pathogenesis of metabolic
syndrome (kidney, left ventricle, epididymal fat, brown fat,
hippocampus, and liver) (29). In addition, the database also
includes parameters of glucose and lipidmetabolism andwas
used to explore a link of FAHFAs to these traits (30).

The data in transgenic rats and mouse experiments are
expressed as means 6 SEM. Statistical analysis was per-
formed with SigmaStat. For most experiments, unpaired
two-tailed Student t test was used to determine statistical
significance among two groups and P, 0.05 was considered
significant. Two-way ANOVA was used for the refeeding
experiment (Fig. 5).

RESULTS

Targeted Lipidomics of FAHFAs
The analysis of FAHFAs from WAT is complicated due to the
fact that the two-step lipid extraction is followed by a pro-
longed chromatography to separate the regioisomers. We
tested several lipid extraction techniques to optimize the anal-
ysis.Maximal recoveryof veryhydrophobicFAHFAswasachieved
with ethyl acetate and citrate buffer mixture (11,27). The
chromatographic separation of FAHFA regioisomers was
optimized for PAHSAs using the C18 column with high
carbon load, and the final method allowed near baseline peak

separation of PAHSA regioisomers as well as regioisomers of
other FAHFAs. Using the MS/MS/MS fragmentation patterns
(11) and retention times of synthetic standards (11,13), we
were able to identify ;160 regioisomers of 49 FAHFA de-
rived from 7 physiologically relevant fatty acids (Table 1 and
Supplementary Fig. 1). There were several other FAHFA
regioisomers detected, but their identification was not de-
finitive due to low intensities and coelution.

FAHFA Profiles
We analyzedWAT levels of FAHFA regioisomers in 30 RI and
two progenitor strains. Distribution of 9-PAHSA, 12-/13-
PAHSA (6), and 13-DHAHLA (11) among BXH/HXB RI
strains was continuous, suggesting a polygenic inheritance.
BN rats showed significantly reduced levels of FAHFA
regioisomers when compared with SHR rats (Fig. 1).

Relationships of FAHFAs With Parameters of Lipid and
Glucose Metabolism
The regioisomer 9-PAHSA was shown to be involved in
enhanced glucose uptake and insulin sensitivity of peripheral
tissues (6). The correlation between 9-PAHSA trait and phys-
iological parameters of the BXH/HXB RI strains (30) con-
firmed that 9-PAHSA levels were positively associated with
the difference between maximal and basal glucose uptake
into collagenase-liberated adipocytes fromWAT (Pearson r =
0.466; P = 0.015) (Supplementary Fig. 2), thus supporting
the beneficial effect of 9-PAHSA on glucose homeostasis.
Interestingly, isoproterenol-induced lipolysis of isolated adi-
pocytes (22) correlated with 9-PAHSA trait (Pearson r =
0.415; P = 0.034), suggesting that 9-PAHSA also augments
the capacity of lipid mobilization from WAT.

QTL Mapping
Genome-wide linkage analysis revealed several significant
QTLs associated with FAHFA regioisomers on chromosomes
4, 5, 10, 13, and 15 at FDR ,0.1. These QTLs were divided
into four groups based on the chemical structure of asso-
ciated FAHFAs (Table 2). The first group comprises QTLs
associated with PAHSA regioisomers. The strongest associ-
ation was observed for 12-/13-PAHSA with the peak of QTL
linkage in the immediate vicinity of the Prdx6 as a positional
candidate gene on chromosome 13 (Fig. 2). Other positional
candidate genes relevant to FAHFA metabolism were the
Fmo family and Mgst3, as well as Mgst1 in case of 9-PAHSA

Table 1—The number of regioisomers in the corresponding
FAHFA family

HPA HPO HSA HOA HLA HAA HDHA

PA 6 4 8 4 2 1 2

PO 6 4 8 4 2 1 2

SA 4 4 6 4 2 1 2

OA 6 4 6 4 2 1 2

LA 6 4 8 4 2 1 2

AA 6 4 5 4 2 1 2

DHA 4 2 3 4 2 1 2
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trait. Additional potential QTL for group 1 was found on
chromosome 12 near the marker D12Rat10 in the proximity
of the ChREBP-coding gene Mlxipl.

The second group comprised QTLs associated with SAHPA
regioisomers, the inverse combination of parental fatty acids
from group 1, and PAHPA, the PAmetabolite. Linkage analysis
revealed positional candidate genes on chromosome 4 (Olr1,
Mgst1) and chromosome 5 (Acnat1, Acnat2, Baat; see Table 2
for the full gene names). The third group included QTLs
associated with FAHFAs with one and two double bonds
(PAHOA and PAHLA), and QTL linkage revealed Fads6,
Ptgs1, and Gpx7 as the positional candidate genes. The fourth
group of polyunsaturated FAHFAs included Cd36 as the
candidate gene for the chromosome 4 QTL.

Role of Positional Candidate Genes in PAHSA
Metabolism
To limit the extent of the investigation, we focused our
attention mainly on the possible role of the candidate genes

in PAHSA metabolism. Candidate genes from groups 1 and
2 are all target genes for Nrf2 (31,32), a transcription factor
that exerts a complex control over the cellular redox status
and lipid metabolism. Prdx6 codes for a GSH peroxidase,
whileMgst1 andMgst3 code for GSH S-transferases (31); the
activity for all three enzymes is sensitive to GSH depletion
caused by BSO, an inhibitor of GSH synthesis. We treated
mice by adding BSO to their drinking water (20 mmol/L) for
3 days. Induction of oxidative stress by GSH depletion (Fig.
3A) caused an increase in the levels of all three gene products
(Fig. 3B and Supplementary Table 3), increase of the markers
for lipid peroxidation (9- and 13-hydroxyoctadecadienoic
acids [HODE]) (Fig. 3C), and an increase of 12-/13-, 11-, 10-,
and 9-PAHSA (Fig. 3D), suggesting that redox status and
ROS scavenging are involved in FAHFA biosynthesis.

Next, we focused on the involvement of Prdx6, which
represents a strong candidate enzyme for PAHSA biosyn-
thesis as it possesses multiple lipid-related enzymatic activ-
ities (33), it is a Nrf2 target gene (32), and its role in the
pathophysiology of type 2 diabetes has been reported (34).
The loss of Prdx6 did not affect gene expression of Nfe2l2,
Mlxipl, Mgst1, Mgst3, Cat, Sod1-3, or Prdx1-5 (Fig. 4A), in
agreement with previous data showing no compensatory
expression of antioxidant enzymes (25) and no increase in
lipid peroxidation (Supplementary Fig. 4). In contrast, levels
of 11-, 10-, and 9-PAHSA were significantly lower in WAT
that had been dissected from Prdx6 null mice as compared
with wild-type controls (Fig. 4B), suggesting a direct role of
Prdx6 in the synthesis of the regioisomers.

To directly test the role of Nrf2 in PAHSA synthesis, we
have used SHR and SHR-Nrf2 transgenic rats (Fig. 5A). As
expected, expression of Prdx6, Mgst1, and Mgst3 in epidid-
ymal WAT of fasted rats was significantly higher in the SHR-
Nrf2 animals, showing that chronic activation of Nrf2
pathway leads to activation of antioxidant defense system
in this model (Fig. 5B), but had no effect on the markers for
lipid peroxidation (Fig. 5C). Next, we aimed to characterize
the effect of Nrf2 on FAHFA levels in WAT, which is also
dependent on the feeding status of the animals. Therefore,
epididymal WAT was dissected from SHR and SHR-Nrf2,
from fasted animals and from animals refed the chow diet.
In the fasted state, levels of 13-/12-, 11-, and 9-PAHSA were
reduced in WAT from fasted SHR-Nrf2 as compared with
SHR, while levels of 10- and 5-PAHSA were not different in
the rats of the two genotypes. In accordance with the
previous study in mice (6), in the control SHR, levels of
PAHSA decreased in response to the refeeding; however, no
effect of the refeeding was observed in SHR-Nrf2 (Fig. 5D).
Levels of 13-PAHLA and 13-LAHLA showed thatNrf2 trans-
genic expression did not affect the synthesis of HLA-derived
FAHFAs, while synthesis of HSA-derived FAHFAs and re-
sponse to refeeding was altered. These results suggested
involvement of mutual interactions between Nrf2 and feed-
ing status in the modulation of the PAHSAs levels in WAT.

The refeeding of chow diet to rats should induce DNL in
WAT; glucose represents the most common supply of carbon
units for DNL, and its availability might limit DNL in WAT.

Figure 1—Distribution of FAHFAs among RI strains. A: Structure of
9-PAHSA. B: Levels of 9-PAHSA, 12-/13-PAHSA, and 13-DHAHLA in
epididymal WAT of RI strains. 12- and 13-PAHSA levels are reported
together due to separation issues (6). Values are expressed as me-
dians, and progenitor strains are highlighted as empty bars (n = 5–6).
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Quantification of the expression of theGlut4 (Slc2a4) gene at
both the transcript and the protein level in WAT indicated
that Nrf2 transgenic expression counteracted chow diet–
mediated induction of the gene and, therefore, limited glu-
cose availability during the refeeding period (Fig. 5F). In fact,
the refeeding response of all the genes critical for DNL in
WAT that were in focus of our study (ChREBP, Acly, Acc1,
Fasn) was dysregulated in SHR-Nrf2 (Fig. 5G). Thus, while
chow refeeding induced ChREBP-a and -b expression in
SHR, this effect was abrogated in SHR-Nrf2. The expression
of the lipogenic genes (Acly, Acc1, Fasn) was significantly up-
regulated in SHR but not in SHR-Nrf2 in response to the
chow refeeding. Levels of plasma glucose in the refeeding ex-
periment (Fig. 5H) and both glucose and insulin levels during
OGTT suggested that SHR-Nrf2 animal were insulin resistant.

Collectively, these results further document the complex
interaction between Nrf2 and feeding status (see above),
especially the negative influence of Nrf2 on lipogenesis and
the paradoxical dissociation between the changes in activ-
ity of the DNL pathway and PAHSA levels in WAT (see
also Yore et al. [6], Vijayakumar et al. [16], Fig. 6, and
DISCUSSION).

DISCUSSION

The principal finding of this study was that biosynthesis of
FAHFAs in WAT involved the adaptive Nrf2-regulated an-
tioxidant system. Therefore, our results further document
that the defense against oxidative stress is interconnected, in
a complex way, with DNL in WAT and suggest that FAHFAs
may link activity of the adaptive antioxidant response in
WAT with insulin sensitivity in peripheral tissues.

The comprehensive LC-MS analysis of FAHFAs revealed
the complexity of this lipid class. We have identified ;160
regioisomers combined of seven fatty acids and seven hy-
droxy fatty acids. The distribution of the branching positions
among the hydroxy fatty acids suggests that the carbons in
the middle of the molecule, and preferentially in the vicinity
of a double bond, are the primary targets for oxidation. The
chromatography was optimized for separation of PAHSAs;
thus, the separation of other FAHFAs was not optimal and
there might be other regioisomers that coelute. In general,
there are common branching patterns for saturated HPA
and HSA as well as monounsaturated HPO and HOA. The
hydroxyl position on polyunsaturated HLA and HDHA
matched the common enzymatic products (11), while the
HAA branching at C 11 was unexpected. Importantly, since
the analysis does not recognize cis/trans double bond iso-
mers, R/S enantiomers, or unusual FAs, there might be
more than ;300 FAHFA species. To limit the extent of
the investigation, we focused our attention mainly on
PAHSAs.

The correlation between 9-PAHSA trait and the param-
eters of adipocyte metabolism already characterized in the
BXH/HXB RI strains confirmed beneficial effects of PAHSAs
on the essential metabolic functions of WAT (6). The QTL
analysis highlighted a pathway of Nrf2 target genes involved
in antioxidative defense. Nrf2 mediates the cross talk be-
tween lipid metabolism, DNL, and antioxidant defense
mechanisms in the liver and WAT (35,36), demonstrating
that defense against oxidative stress is interconnected with
lipogenesis (3,37,38). Reduced levels of Nrf2 were associated
with the development of oxidative stress, redox status

Table 2—Positional candidate genes in FAHFA metabolism

Trait QTL range (Mb) P value FDR RGD ID Symbol

Group 1
9-PAHSA 4: 161.8–161.8 ,0.00003 ,0.047 70927 Mgst1
12-/13-PAHSA 13: 78.9–85.4 ,0.00017 ,0.058 71005 Prdx6

Fmo family
1306373 Mgst3

Group 2
8-PAHPA 4: 159.9–167.2 ,0.00014 ,0.081 620515 Olr1

70927 Mgst1
11-/12-SAHPA 4: 181.5–181.5 ,0.00049 ,0.083
11-/12-SAHPA 5: 25.8–66.5 ,0.00074 ,0.089 1584701 Acnat1

1359532 Acnat2
2190 Baat

11-/12-SAHPA 15: 25.8–26.3 ,0.00068 ,0.089

Group 3
12-SAHOA 3: 136.4–155.3 ,0.00025 ,0.086 3439 Ptgs1
8-OAHOA 5: 130.6–130.6 ,0.00002 ,0.034 1306999 Gpx7
9-PAHOA 10: 104.7–107.7 ,0.00003 ,0.012 1311950 Fads6
13-PAHLA 10: 104.7–107.7 ,0.00008 ,0.028 1311950 Fads6

Group 4
13-AAHLA 4: 0.1–14.6 ,0.00022 ,0.092 2301 Cd36

Acnat1, acyl-CoA amino acid N-acyltransferase 1; Acnat2, acyl-CoA amino acid N-acyltransferase 2; Baat, bile acid-CoA:amino acid
N-acyltransferase; Cd36, CD36 molecule; Fads6, fatty acid desaturase 6; Fmo, flavin containing monooxygenase; Gpx7, glutathione
peroxidase 7; Mgst1, microsomal glutathione S-transferase 1; Mgst3, microsomal glutathione S-transferase 3; Olr1, oxidized low density
lipoprotein receptor 1; Ptgs1, prostaglandin-endoperoxide synthase 1.
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disbalance, and diabetes complications including cardiomy-
opathy, nephropathy, retinopathy, foot ulceration, and
microangiopathy in human patients and in mice (35,39).
Transient activation of the Nrf2 system by naturally occur-
ring compounds, such as plant polyphenols, results in raising
antioxidant levels and may explain the beneficial metabolic
effects of these micronutrients (37,39,40). Moreover, there

is synergistic induction of lipid catabolism and anti-
inflammatory lipids in WAT and reduction of adiposity in
mice with induced obesity, in response to the combined
intervention using calorie restriction and n-3 fatty acids that
correlates with an increase in WAT levels of 15d-PGJ2, the
lipid signaling mediator that stimulates the Nrf2 system
(41,42). Therefore, the ChREBP–Nrf2–FAHFA axis may be

Figure 2—Linkage analysis of 12-/13-PAHSA on chromosome 13. Manhattan plot of 12-/13-PAHSA trait. Mapping of 12-/13-PAHSA trait on
chromosome 13. Positional candidate genes Prdx6 and Fmo family are highlighted in red.

Figure 3—Effect of GSH synthesis inhibition on PAHSAs in epididymalWAT of C57BL/6J control mice andmice treated with BSO.A: GSH levels.
B: Gene expression. C: Levels of 9- and 13-HODE (also known as hydroxylinoleic acid [HLA]). D: Levels of PAHSA regioisomers. Data are
expressed as means 6 SEM, n = 8. *Significantly different at P , 0.05.
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involved in beneficial effects of various (micro)nutrients on
metabolic health and insulin sensitivity and contribute to
amelioration of diabetes complications. This important pos-
sibility should be explored in the future.

The positional candidate genes related to lipid metabo-
lism include the Fmo family linked to production of ROS
(11,43,44), four enzymes with GSH peroxidase activity
scavenging phospholipid hydroperoxides (45–48) (different
from selenium-containing phospholipid hydroperoxidase
Gpx4), and peroxisomal acyltransferases (49). Although
the Fmo family preferentially catalyzes oxygenation of het-
eroatoms (44), Fmo forms a stable 4a-hydroperoxy-FAD
intermediate, which can serve as a source of hydrogen peroxide
for lipid peroxidation (43). The four identified antioxidative
enzymes (Prdx6, Gpx7, Mgst1, Mgst3) exert peroxidase
activity with phospholipid hydroperoxides as substrates
(45–48), while Prdx6 also possesses phospholipase A2 and
lysophosphatidylcholine acyltransferase activities. These
enzymes can thus produce a phospholipid with a hydroxy
fatty acid or even cleave this hydroxy fatty acid in the case of
Prdx6. The family of peroxisomal acyltransferases (Baat,
Acnat1, Acnat2) conjugate long-chain and very-long-chain
saturated acyl-CoAs to taurine or glycine, but complete sub-
strate specificity has not yet been identified (49). Thus, it
might be possible that they can esterify the hydroxy fatty
acid with saturated acyl-CoA, as the known acyltransferases
are not involved (18). Of note, FAHFAswere identified as the
products of DNL in WAT, which relies on NADPH pro-
duction to drive the lipogenesis. Therefore, NADPH can
serve for both fatty acid elongation and GSH-disulfide re-
ductase reaction.

We demonstrated in this study that the inhibition of GSH
synthesis by BSO resulted in uniformly elevated PAHSA
levels and that deletion of Prdx6 decreased PAHSA levels.
This suggests that lipid peroxidation under elevated oxida-
tive stress conditions, GSH peroxidases and a reduction of
hydroperoxy phospholipids are involved in formation of
HSA. Heterogeneous reduction or elevation of PAHSA
regioisomersmight be related to the incidence of peroxidation
at specific carbon sites (see below), substrate specificity of
an acyltransferase, or preferential degradation of some

regioisomers (e.g., 12- and 13-PAHSA [19]). A previous report
(34) documented that Prdx6 null mice develop a phenotype
similar to early-stage type 2 diabetes manifested as increased
insulin resistance of peripheral tissues, decreased insulin
secretion, and systemic inflammation. The present results
with Prdx6 null mice indicating decreased levels of 9-PAHSA
complement the original description of PAHSAs (6) as lipids
with potent antidiabetic and anti-inflammatory activities.

Unexpectedly, the overexpression of Nrf2 accompanied
by the increased expression of cellular antioxidant defense
genes led to lower or unchanged PAHSA levels. This dis-
crepancy could be explained by the dysregulation of the
ChREBP-dependent DNL pathway. While chronic stimula-
tion of the Nrf2 pathway might supply more hydroxy fatty
acids, reduction of de novo synthesized palmitate limits the
rate of PAHSA synthesis. Therefore, it seems plausible that
the fine-tuning of enzymatic and nonenzymatic cellular
antioxidant defenses and coordination with the DNL path-
way is needed for FAHFA synthesis and that substrate
specificity of peroxidases might play a role in the synthesis
of individual regioisomers. We have confirmed the observa-
tion by Kahn and colleagues (6) that changes in the activity
of DNL due to feeding status do not correlate with the
changes of PAHSA levels in WAT, in spite of the essential
role of the ChREBP–DNL axis in the formation of PAHSA in
WAT (16). Also, genetic activation of Nrf2 in mice led to
a repression of both hepatic and WAT lipogenesis (38,50).
Therefore, we hypothesize that formation of new fatty acids
due to DNL activity is essential for formation of PAHSA, but
the rate of PAHSA formation is controlled by other mech-
anisms that involve remodeling of membrane phospholipid
hydroperoxides, as described below (see also Fig. 6). Given
the diversity of the FAHFA class, it is plausible that other
pathways are also involved in the synthesis of various fatty
acid combinations, regioisomers, and enantiomers. The crit-
ical step seems to be the synthesis of the parental hydroxy
fatty acid. In the case of unsaturated fatty acids, enzymatic
and nonenzymatic oxygenation follows the known path-
ways (e.g., 13-HLA, 12-HOA as major regioisomers). The
(poly)unsaturated FAHFAs (13-AAHLA, 13-DHAHLA) are
associated with genes related to desaturation (Scd6) and to

Figure 4—Effect of Prdx6 knockout on PAHSAs in epididymal WAT. C57BL/6J wild-type mice and Prdx6 null mice. A: Expression of relevant
genes inWAT.Nfe2l2, Nrf2;Mlxipl, ChREBP;Mgst, microsomal glutathione S-transferase;Cat, catalase; Sod, superoxide dismutase.B: Levels of
PAHSA in WAT. 5-PAHSA levels were not determined. Data are expressed as means 6 SEM, n = 5. *Significantly different at P , 0.05.
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Figure 5—Effect ofNrf2 overexpression on DNL inWAT. SHRwild-type and SHR-Nrf2 transgenic rats were fasted for 24 h and either sacrificed or
refed chow for 6 h. A: Transgenic expression of murine Nrf2 in WAT. B: Expression of positional candidate genes. C: Levels of 9- and 13-HODE
(also known as hydroxylinoleic acid [HLA]) in WAT. D: Levels of PAHSA regioisomers. E: Levels of HLA-derived FAHFAs. F: Gene expression and
protein levels (MS label-free quantitation) of Glut4 (Slc2a4). G: Gene expression of DNL pathway. Acly, ATP citrate lyase; Acc1, acetyl-CoA
carboxylase; Fasn, fatty acid synthase.H: Plasma glucose levels. Data are expressed asmeans6SEM, n= 7, fold change over SHR fasted group.
I: OGTT. Blood glycemia and insulin levels during theOGTT. AUC, area under the curve. Data are expressed asmeans6SEM, n= 10–11. *Student
t test: significantly different atP, 0.05. Two-way ANOVA/Holm-Sidak test: (i), statistically significant interaction between genotype and nutritional
state at P , 0.05; f, significantly different nutritional state P , 0.05; g, significantly different genotype P , 0.05.
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scavenging of oxidized lipids (Cd36) andmight be involved in
the immunometabolic cross talk within WAT (1,12).

Based on the current knowledge, we propose a pathway
for 9-PAHSA biosynthesis (Fig. 6). Glucose is converted
to citrate and further to palmitate in WAT via the DNL
pathway, which might be controlled by a cascade of 1) target
of rapamycin complex 2 (mTORC2) (3), 2) ChREBP-b (3,5),
3) Nrf2, and 4) Nrf2 targets like Prdx6. Membrane phos-
pholipids can be randomly oxidized by ROS, or phospholipid
precursors can be synthesized via DNL (9) and enzymatically
oxidized. Although the spontaneous (per)oxidation of satu-
rated stearic acid is less likely compared with polyunsatu-
rated fatty acids, the Fmo family is linked to ROS production
and the family substrate specificity has not yet been com-
pletely identified (43,44). Also, the peroxidation of palmitate
was located preferentially at the center of the molecule (20),
similar to PAHSA regioisomer distribution. Phospholipid
hydroperoxide can form various types of lipid peroxidation
products (malondialdehyde, 4-hydroxynonenal, glyoxal, etc.)
or can be reduced by enzymes with GSH peroxidase or
transferase activity (Prdx6, Mgst1, Mgst3) to a phospholipid
with hydroxy 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 membrane remodeling
process (e.g., Prdx6 PLA2 activity) and the free hydroxy fatty
acid can be esterified with acyl-CoA by acyltransferase
(probably via Baat, Acnat1, or Acnat2 [18]) as was shown
in HEK293T cells (21). The final esters are eventually de-
graded by serine and threonine hydrolases (17,19).

The future challenge will be to validate the identified
positional candidate genes to delineate the role for individual
FAHFAs in lipid and glucosemetabolism, as well as to establish
the role of these novel lipokines in the defense against
diabetes-induced oxidative stress and associated complications
such as diabetic cardiomyopathy and nephropathy. Also, the
identification of potential phospholipid intermediates in
FAHFA synthesis and detailed structural characterization of
FAHFA regioisomers will be needed in order to identify specific

receptors and signaling pathways. Elucidation of the involve-
ment of the ChREBP–Nrf2–FAHFA axis in the beneficial
health effects of various micronutrients could help in pre-
vention and treatment of obesity-associated diseases.
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