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Branched esters of palmitic acid and hydroxy stearic acid are
antiinflammatory and antidiabetic lipokines that belong to a
family of fatty acid (FA) esters of hydroxy fatty acids (HFAs) called
FAHFAs. FAHFAs themselves belong to oligomeric FA esters,
known as estolides. Glycerol-bound FAHFAs in triacylglycerols
(TAGs), named TAG estolides, serve as metabolite reservoir of
FAHFAs mobilized by lipases upon demand. Here, we character-
ized the involvement of two major metabolic lipases, adipose tri-
glyceride lipase (ATGL) and hormone-sensitive lipase (HSL), in TAG
estolide and FAHFA degradation. We synthesized a library of 20
TAG estolide isomers with FAHFAs varying in branching position,
chain length, saturation grade, and position on the glycerol back-
bone and developed an in silico mass spectra library of all pre-
dicted catabolic intermediates. We found that ATGL alone or
coactivated by comparative gene identification-58 efficiently liber-
ated FAHFAs from TAG estolides with a preference for more com-
pact substrates where the estolide branching point is located near
the glycerol ester bond. ATGL was further involved in transester-
ification and remodeling reactions leading to the formation of TAG
estolides with alternative acyl compositions. HSL represented a
much more potent estolide bond hydrolase for both TAG estolides
and free FAHFAs. FAHFA and TAG estolide accumulation in white
adipose tissue of mice lacking HSL argued for a functional role of
HSL in estolide catabolism in vivo. Our data show that ATGL and
HSL participate in the metabolism of estolides and TAG estolides in
distinct manners and are likely to affect the lipokine function
of FAHFAEs.

ATGL | HSL | FAHFA | lipokine

ranched esters of palmitic acid and hydroxy stearic acid

(PAHSAS) are antiinflammatory and antidiabetic lipokines
(1-3). PAHSA serum and adipose tissue levels correlate with
insulin sensitivity and are decreased in insulin-resistant humans
(2, 4). PAHSAs increase glucose-stimulated insulin secretion by
enhancing the production of the gut-derived incretin glucagon-
like peptide-1 (5, 6). The antiinflammatory effects of PAHSA
isomers (2, 7, 8) are mediated via free fatty acid receptor 4
(FFAR4, GPR120) and modulate both innate and adaptive im-
mune responses in a mouse colitis model (1) and type-1 diabetes
(6). Therefore, PAHSAs have beneficial effects on both metab-
olism and the immune system (9).

PAHSAs belong to the family of fatty acid (FA) esters of
hydroxy FAs (HFAs) called FAHFAs, which are part of a much
larger family of mono- or oligomeric FAHFA esters named
estolides. Since FAHFAs contain only a single ester bond of one
FA with one HFA (the estolide bond), they represent mono-
estolides (10). The position of the branching carbon atom de-
fines the regioisomer (e.g., 5-PAHSA or 9-PAHSA). PAHSAs
and other less-well-studied FAHFAs such as the oleic acid esters

of hydroxy palmitic acid (OAHPAs) or the docosahexaenoic acid
ester of 13-hydroxy linoleic acid (13-DHAHLA) derive from
either dietary sources or de novo synthesis in adipose tissue and
other organs (2, 11, 12). Nonesterified, free FAHFAs (free mono-
estolides) can be esterified to glycerol to form FAHFA acylgly-
cerols, which in combination with other FAs result in the formation
of triacylglycerol (TAG) estolides, diacylglycerol (DAG) estolides,
or monoacylglycerol (MAG) estolides. TAG estolides represent
a major storage form of bioactive free FAHFAs and are present
in plant oils (e.g., castor oil) (13, 14) and adipose tissue of mice
(3, 15) and humans (16).

Both the synthetic and catabolic pathways of FAHFAs and
TAG estolides are insufficiently understood. The hydrolytic ca-
tabolism of FAHFAs and TAG estolides results in the genera-
tion of highly bioactive and physiologically relevant FAHFAs,
HFAs, FAs, and DAGs. Given the structural and metabolic
similarity between TAGs and TAG estolides, it seemed reason-
able to suspect that canonical TAG lipases will be involved in
FAHFA and TAG estolide degradation. Generally, the catabo-
lism of TAGs in cells occurs in the cytosol (neutral lipolysis) or in
lysosomes (acidic lipolysis). Neutral lipolysis represents the pre-
dominant pathway for the hydrolysis of lipid droplet-associated
TAGs in adipocytes involving three major enzymes, adipose
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triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and
monoglyceride lipase (MGL). ATGL catalyzes the initial step of
TAG hydrolysis, generating DAG and one FA (3, 17, 18). The
enzyme belongs to the patatin-like phospholipase domain-containing
(PNPLA) family of proteins comprising a number of lipid hy-
drolases (3, 15). ATGL is the most potent TAG hydrolase within

TBDPSCI, imid.,

this family but also exhibits some phospholipase, retinylesterase,
and transacylase activities of undefined physiological relevance
(17, 19, 20). For full TAG hydrolase activity, ATGL requires a
coactivator named comparative gene identification-58 (CGI-58;
also called o/B-hydrolase domain containing 5, ABHDS) (21-23).
CGI-58 features a/p-hydrolase folds and also exerts some
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Fig. 1. Synthesis of TAG estolide 70:4 isomers. (A) Scheme of the organic synthesis of TAG estolide (TAG EST) 70:4 isomers. 1,2- and 1,3-dilinoleoyl glycerol

(1,2/1,3-DAG1g.2/18:2) Were esterified with palmitic acid ester of hydroxy stearic acid with branching positions at carbon atom 5, 7, or 9 (5-, 7-, or 9-PAHSA).
Both sn-1 and sn-3 products were synthesized, as the starting glycerol (red structure) was a racemic mixture. The internal ester linkage within the PAHSA (blue
structure) is the estolide bond (branching position). (B) lllustrative chromatograms of the TAG EST 70:4 and 66:1 isomers. The FAHFA (PAHSA or oleic acid ester
of hydroxy palmitic acid [OAHPA]) is bound at the sn-1/3 position of the glycerol.


https://doi.org/10.1073/pnas.2020999118

acyltransferase and protease activities (23-25). Yet, the physio-
logical role of these activities remains elusive. ATGL exhibits
unique regioselectivity for TAG substrates and preferentially
hydrolyzes the sn-2 position of the glycerol chain of TAGs (26).
Upon stimulation of ATGL by CGI-58 this regioselectivity
broadens to the sn-1 but not the sn-3 position (26).

HSL is rate-limiting for the second step of TAG lipolysis
converting DAG to one FA and MAG (27). The enzyme pref-
erentially catalyzes DAGs at the sn-3 position and cholesteryl
esters (28, 29) but also cleaves TAGs (sn-1 and sn-3 position),
retinylesters (30), or medium- and short-chain carboxylic acid
glycerol esters (29). The enzyme is structurally unrelated to ATGL
and does not require enzyme coactivators. Hormonal stimulation
of neutral lipolysis by p-adrenoreceptor agonists such as cat-
echolamines activates both ATGL and HSL by promoting the
molecular interaction of ATGL with CGI-58 on the surface of
TAG-containing lipid droplets (21, 31) and the translocation of
HSL from the cytoplasm to lipid droplets. These processes in-
volve the protein kinase A-dependent phosphorylation of
perilipin-1, CGI-58, and HSL (31-33).

Previous studies by Tan et al. (15) and our laboratory (3)
demonstrated that ATGL and HSL are both able to hydrolyze
FAHFA-glycerol ester bonds of TAG estolides. However, en-
zyme preferences for this reaction, the substrate requirements, or
the contribution of these enzymes to hydrolyze the FA-HFA ester
bond (estolide bond) in TAG estolides as well as in free FAHFAs
remained unaddressed. Using a newly generated library of TAG
estolides, we now show that ATGL and HSL play distinct roles in
the formation of TAG estolides by transesterification reactions
and the degradation of (TAG) estolides by hydrolysis reactions.

Results

Synthesis and Structural Analysis of a TAG Estolide Library. For the
comprehensive analysis of the substrate requirements for TAG
estolide hydrolysis by ATGL and HSL, we prepared a library of
20 TAG estolides with various FAHFAs esterified to the sn-1/3
or the sn-2 position of the glycerol backbone (SI Appendix, Fig.
S1). We used the previously published synthetic approach (3) to
link FAHFAs with various branching positions (5-, 7-, 9-, 10-,
and 16-), chain length (C;6 and C;g), and degree of saturation (0
to 2) (34) to dipalmitoylglycerol or dilinoleoylglycerol. As an
example, Fig. 14 displays the synthesis of the TAG estolide 70:4
subgroup, where 5-, 7-, and 9-PAHSA were esterified to the
outer (sn-1 or sn-3) and inner (sn-2) positions of dilinoleoylgly-
cerol, respectively. Since the synthesis was performed with ra-
cemic DAGs, the resulting TAG estolides include epimers of the
sn-2 and the sn-1/3 series. Synthesized TAG estolides were an-
alyzed by liquid chromatography tandem mass spectrometry
(LC-MS/MS) and NMR. LC-MS/MS analysis involved the initial
separation of TAG estolides by reversed-phase LC according to
the number of carbon atoms, the number of double bonds, and
the position of the branching carbon atom of FAHFAs (exem-
plified in Fig. 1B for the TAG estolide isomers 70:4 and 66:1)
and subsequent MS/MS analysis by Q Exactive Plus. Based on
these experimental data, we prepared an in silico LC-MS/MS
library for MS-DIAL of all theoretical TAG estolides as well as
single, double, and triple monoestolides of MAGs, DAGs, and
TAGs, respectively. TAG estolides with multiple branching
(diestolides and triestolides) were not considered, as such
structures have only been detected in plants but not in animals or
humans (13, 14).

Glycerol Ester Bond Hydrolysis: ATGL Is the Predominant Hydrolase to
Release FAHFAs from TAG Estolides. To explore the substrate
specificity of ATGL and HSL for TAG estolides, we overex-
pressed the respective complementary DNAs (cDNAs) as well as
the LacZ gene coding for p-galactosidase (p-Gal) as negative
control in HEK293T cells and used cell lysates as enzyme sources.

Protein expression in lysates was verified by Western blotting
analysis (ST Appendix, Fig. S24). LC-MS/MS analysis confirmed
that ATGL and HSL were enzymatically active (SI Appendix, Fig.
S2 B and C). Using standard lipase substrates, ATGL preferen-
tially hydrolyzed triolein, while HSL preferentially hydrolyzed
diolein, conforming with the established substrate preference of
the enzymes (27). To determine TAG estolide hydrolysis, ATGL-
or HSL-overexpressing cell lysates were incubated with phospha-
tidylcholine/phosphatidylinositol-emulsified TAG estolide sub-
strates and the reaction products were analyzed by LC-MS/MS.
The substrate preference of ATGL was assessed in the presence
or absence of purified recombinant CGI-58 (21). In the first set
of experiments, saturated TAG estolides 66:0 [16:0-(z-O-18:0)/
16:0/16:0] with branching positions at z = 5, 7, or 9 were used as
substrate. As shown in Fig. 24, ATGL most efficiently catalyzed
the release of PAHSAs from the glycerol backbone in the
presence of CGI-58 followed by ATGL without coactivator. HSL
had only a minor PAHSA-releasing activity compared to ATGL.
Interestingly, the PAHSA release via ATGL+ CGI-58 or ATGL
alone decreased with increasing distance between the FA-branching
carbon atom and the glycerol ester bond.

Similar results were obtained when OAHPA replaced PAHSA
within TAG estolide substrates. Again, ATGL+CGI-58 cleaved
the glycerol ester bond more efficiently than ATGL alone or
HSL (Fig. 2B). Also, with OAHPA-containing TAG estolides,
the hydrolytic activity of ATGL+CGI-58 decreased with the
distance of the branching carbon atom to the glycerol ester bond
and was lowest for TAG estolides containing the 9-OAHPA.
Thus, the overall lipolytic activity of ATGL+CGI-58 for the
cleavage of the FAHFA-glycerol ester bond in branched TAG
estolides followed the “branching-point rule” 9-OAHPA <
7-OAHPA < 5-OAHPA. In contrast, the unbranched TAG
estolide 66:1 with w-hydroxy FA (16-OAHPA) did not follow this
rule, since the 16-OAHPA release by ATGL+CGI-58 or ATGL
alone was higher than the 9-OAHPA release (compare Fig. 2 B
and C), indicating the branching-point rule does not apply to
linear TAG estolides like TAG estolide with 16-OAHPA.

ATGL+CGI-58 Hydrolyzes Both sn-1,3 and sn-2 FAHFA-Glycerol Esters.
To evaluate the regioselectivity of ATGL and HSL toward TAG
estolides, we prepared positional isomers of the TAG estolide
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Fig. 2. The FAHFA-glycerol ester bond in TAG estolides is preferentially
hydrolyzed by ATGL. (A) Release of PAHSAs from TAG estolide 66:0 with 5-,
7-, or 9-PAHSA bound at the sn-1/3 position. (B) Release of 5-, 7-, or
9-OAHPAs from TAG estolide 66:1 series. (C) Release of 16-OAHPA from the
TAG estolide 66:1 with 16-OAHPA bound at the sn-1/3 position. Data are pre-
sented as means + SEM (n = 3). Statistical differences were determined by one-
way ANOVA with multiple comparison test (Tukey). *Significantly different at
P < 0.05 from the B-Gal group. Additional statistics are presented in S/ Appendix.
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70:4 with 5-PAHSA esterified at a primary alcohol position (sn-
1/3) or at the secondary alcohol position (sn-2) in the glycerol.
While HSL remained a poor FAHFA-glycerol ester bond hy-
drolase, ATGL and ATGL+CGI-58 cleaved both sn-1,3 and sn-
2 FAHFA—glycerol ester bonds, leading to the formation of free
5-PAHSA and the corresponding DAG 36:4 (Fig. 34). In addi-
tion to the FAHFA—glycerol ester bond, ATGL+CGI-58 also
cleaved the FA—glycerol ester bond, leading to the formation of
linoleic acid (18:2) and the remaining DAG estolides (Fig. 3B).
Notably, ATGL+CGI-58 as well as ATGL alone also led to the
formation of MAG 18:2 (Fig. 34) and the MAG estolide with
5-PAHSA (Fig. 3B), which may either result from DAG lipase or
transacylase activities of ATGL (discussed below).

ATGL's Hydrolase and Transacylase Activities Generate TAG Double
and Triple Monoestolides. Next, we assessed whether TAG estolide
remodeling occurs via transesterification reactions. In addition
to its hydrolytic activity, ATGL exhibits marked transacylase
activity with MAGs or DAGs acting as acyl donors and DAGs as
acyl acceptors, thus creating TAGs and glycerol or TAGs and
MAG:s, respectively (17, 19). Incubation of the TAG estolide
70:4 (5-PAHSA at the sn-1/3 position) with ATGL+CGI-58, but
not ATGL alone or HSL, led to the formation of the TAG
double monoestolides 84:0, 86:0, and 86:2 with FA 16:0, 18:0,
and 18:2 as the third acyl chain as well as the TAG triple mon-
oestolide 102:0 (Fig. 44). Fig. 44 also includes the anticipated
hydrolysis and transesterification reactions that led to these
products. Fig. 4 B—F summarize a comprehensive analysis of se-
lected reaction products of TAG estolide 70:4 incubation with
ATGL+CGI-58. Transesterification and hydrolysis processes
involved both the TAG estolide 70:4 substrate and acylglycerols
that are present in the ATGL-overexpressing cell lysates, which
markedly increased the compositional complexity of detected
intermediates. This observation explains, for example, the ap-
pearance of monoestolides containing palmitic acid (Fig. 4 B and
C) or myristic acid (Fig. 4E), which are not present in the TAG
estolide substrate.

Taken together, ATGL+CGI-58 efficiently hydrolyzes the
FAHFA-glycerol ester bond in TAG estolides depending on the
FAHFA sn position and the branching carbon atom. Additionally,

>

ATG+CGI-58 leads to major acylglycerol remodeling reactions
that participate in the synthesis of TAG, DAG, and MAG esto-
lides with FAHFAs in all sn positions as well as double and triple
monoestolides.

Estolide Bond Hydrolysis: HSL Is the Major Estolide Bond Hydrolase.
The striking drop of 16-OAHPA levels below control baseline in the
HSL group (Fig. 2C) urged us to explore the hydrolysis of the
estolide bond. Initially, we focused on the estolide bond hydrolysis
in TAG estolides 66:1 with OAHPA branching at carbon atom 5, 7,
or 9, and the unbranched 16-OAHPA. Estolide bond hydrolysis was
monitored by the formation of oleic acid (FA 18:1). HSL-containing
HEK293T lysates effectively hydrolyzed the estolide bond of all
branched glycerol-bound FAHFAs with similar efficiency (Fig. 5 4
and B). Extremely high hydrolytic activities of the enzyme were
observed for the unbranched 16-OAHPA-—containing TAG esto-
lide. This profound activity enabled the detection of the second
reaction product, TAG-containing 16-HPA [TAG 48:0(OH)] (Fig.
5B), which was undetectable when branched TAG estolides
(Fig. 54) were used as substrates. In comparison to HSL, ATGL
alone or ATGL+CGI-58 did not hydrolyze the estolide bond in
branched TAG estolides and exhibited a much weaker activity for
the unbranched TAG estolide substrate containing 16-OAHPA
(Fig. 5 4 and B).

To investigate whether HSL also hydrolyzes nonesterified
FAHFAs, we used the branched 5-, 7-, and 9-OAHPA as well as
the unbranched 16-OAHPA as substrate in our lipase assays.
HSL released oleic acid (FA 18:1) from all substrates. Highest
enzyme activity was observed when the unbranched 16-OAHPA
was used as substrate followed by 5-OAHPA, 7-OAHPA, and
9-OAHPA (Fig. 64). Oleic acid release correlated well with the
formation of the corresponding HFAs (Fig. 6B). In contrast to
HSL, ATGL lacks or demonstrates only minor hydrolytic activity
against OAHPA substrates.

The Loss of Functional ATGL or HSL Affects the TAG Estolide Metabolism
in Mice. Finally, to assess whether the ATGL and HSL play a role in
TAG estolide formation or hydrolysis also in vivo, TAG estolide
and FAHFA concentrations were determined in white adipose
tissue extracts from wild-type (WT), and ATGL and HSL knockout
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means + SEM (n = 3). Statistical differences were determined by one-way ANOVA with multiple comparison test (Tukey). *Significantly different at P < 0.05
from the p-Gal group. Additional statistics are presented in S/ Appendix. DAG 52:2 stands for DAG 5-PAHSA_18:2.
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Fig. 4. TAG estolide remodeling yields alternative TAG estolide combinations. (A) Schematic representation of the main biochemical reactions running si-
multaneously or sequentially within the TAG estolide (TAG EST) 70:4 (5-PAHSA at sn-1/3) hydrolysis assay. The substrate as well as other substrates present in
the cell lysate are metabolized by ATGL and other enzymes in the lysate. These pools of intermediates serve as both acyl donors and acceptors in reactions
catalyzed by ATGL (acyltransferase, transacylase reaction). TAG estolides with one, two, or three PAHSAs and alternative estolides originating from FAHFA
transfer or estolide remodeling were detected mainly in the samples where ATGL was coactivated by CGI-58. All structures with acyl chain composition were
annotated based on MS/MS spectra. (B-F) Levels of selected estolides from A including MS/MS spectra. Data are presented as means + SEM (n = 3). Fold
change over ATGL+CGI-58 group.
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Fig. 5. The estolide bond in TAG estolides is preferentially hydrolyzed by
HSL. Hydrolysis of TAG estolide 66:1 series with OAHPA bound at the sn-1/3
position and with OAHPA branching at the carbon atom 5, 7, 9 (A), and 16
(B), respectively. Data are presented as means + SEM (n = 3). Statistical
differences were determined by one-way ANOVA with multiple comparison
test (Tukey). *Significantly different at P < 0.05 from the B-Gal group. Ad-
ditional statistics are presented in S/ Appendix. TAG 48:0(0OH), mono-
hydroxylated TAG intermediate; HPA, hydroxy palmitic acid. The 5-, 7-, and
9-HPA and the corresponding TAGs 48:0 (OH) were not found in A reactions.

(KO) mice. We previously reported that total TAG estolide levels
decrease in ATGL-deficient adipose tissue (3). As shown in Fig. 74,
this decrease affects essentially all TAG estolide species in both the
fed and the fasted state when compared to WT animals. Addi-
tionally, the variety of TAG estolides is reduced in ATGL-deficient
adipose tissue, consistent with an essential role of ATGL-mediated
transacylation reactions in the synthesis and remodeling of TAG
estolides.

In contrast to the results in ATGL KO adipose tissue, essen-
tially all species of TAG estolides increased in mice lacking ad-
ipose tissue HSL in both the fed and the fasted condition
(Fig. 7B). Upon quantitation, total TAG estolide levels in HSL
KO adipose tissue were approximately fourfold higher in the fed
state and approximately eightfold higher in the fasted state when
compared to WT animals (Fig. 7C), suggesting a crucial role of
the enzyme in the degradation of TAG estolides. Furthermore,
the concentrations of nonesterified FAHFAs were also increased
in HSL KO adipose tissue (Fig. 7D). For example, the physio-
logically most relevant 5- and 9-PAHSA as well as 5- and
9-OAHPA increased 2- to 10-fold in adipose tissue of HSL KO
mice in both the fasted and the fed condition.

Discussion

The current study addressed the question whether and how the
principal metabolic lipases ATGL and HSL facilitate the hydro-
lysis of estolides and TAG estolides. In vitro enzyme activity assays
revealed that both enzymes contribute to TAG estolide catabo-
lism but differ in their substrate specificity. ATGL predominantly
cleaves the ester bond between glycerol and FAHFAs but repre-
sents a relatively poor hydrolase for the estolide ester bond linking
FAs to HFAs. ATGL additionally exhibits transacylase activity

that is heavily involved in the remodeling of TAG estolides. In
contrast, HSL is a much better estolide ester hydrolase (gener-
ating FA and HFA) than ATGL but a relatively weak enzyme to
release FAHFAs from the glycerol backbone of TAG estolides.
Moreover, HSL does not contribute to TAG estolide remodeling
via catalysis of transacylase reactions. These findings strongly ar-
gue for distinct roles of the main enzymes for neutral lipolysis in
estolide and TAG estolide metabolism.
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Fig. 6. Hydrolysis of free OAHPAs with branching at the carbon atom 5, 7,
9, or 16. Production of FA 18:1 (A) and the corresponding HPA (B). Data are
presented as means + SEM (n = 3). Statistical differences were determined by
one-way ANOVA with multiple comparison test (Tukey). *Significantly dif-
ferent at P < 0.05 from the p-Gal group. Additional statistics are presented in
SI Appendix.
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Fig. 7. Concentrations of TAG estolides and free FAHFAs in epididymal white adipose tissue of ATGL and HSL KO mice. Epididymal white adipose tissue from
WT, ATGL KO, and HSL KO mice was collected in the ad libitum-fed and 14-h-fasted state. (A and B) TAG estolide species were quantified and data sorted
according to the number of carbon atoms and the number of double bonds. The color scale represents the mean concentration (n = 5 to 7). When multiple
isomers were detected, the square was divided into sections. (C) Concentrations of total TAG estolide and (D) various free FAHFAs in HSL KO white adipose
tissue compared to WT control samples. Data are presented as means + SEM (n = 5). Statistical differences were determined by two-way ANOVA with multiple
comparison test (Tukey). *Significantly different at P < 0.05 for genotype. Additional statistics are presented in S/ Appendix.

ATGL and HSL are highly expressed in white and brown
adipose tissue, which are also primary sites of FAHFA and TAG
estolide synthesis and metabolism. Nonadipose tissues including
the heart, skeletal muscle, liver, pancreas, ovaries, or testes also
express both enzymes at a lower level (18). Nevertheless, the
severe pathology and increased lethality of ATGL deficiency in
humans and mice highlights the functional importance of lipases
in nonadipose tissues (35). Although both ATGL and HSL are
potent TAG hydrolases, their substrate preferences differ. While
ATGL preferentially hydrolyzes TAGs and requires FA chain
lengths of eight carbon atoms and above with a modest prefer-
ence for unsaturated over saturated FAs (26), HSL is much less
substrate-specific, efficiently hydrolyzing TAGs, DAGs, MAGs,
cholesteryl esters, retinyl ester, and short-chain ester substrates
such as p-nitrophenylbutyrate (36). Therefore, it was not unex-
pected to find that ATGL and HSL hydrolyze various ester
bonds within TAG estolides with different efficiency.

As observed for ATGL-mediated hydrolysis of regular TAGs,
CGI-58 strongly enhanced enzyme activity also for TAG esto-
lides. Our experimental setup did not permit a quantitative

comparison of ATGL activities for ester hydrolysis of the TAG
FAHFA-glycerol bond vs. TAG FA-glycerol bonds. However, from
a rough estimation we can say that estolides are poorer substrates
(1 to 10%) than ordinary FA esters. Concerning substrate speci-
ficity, ATGL favored branched TAG estolides with more compact
structures, in which the branching carbon atom of FAHFAs is
located closer to the glycerol backbone. This branching point-
specific preference of ATGL may enable the preferential re-
lease of a subgroup of FAHFAs with specific biological functions.
Unlike the majority of animal and bacterial lipases, ATGL+CGI-
58 hydrolyzes ester bonds within TAGs at both the sn-1 and the
sn-2 position (26, 37). This substrate preference was also ob-
served when CGI-58-activated ATGL reacted with both posi-
tional isomers of TAG estolide 70:4 with 5-PAHSA bound to
the sn-1/3 or the sn-2 position, resulting in the formation of free
5-PAHSA and the corresponding DAG. HSL also acted as a
TAG estolide lipase generating FAHFAs and DAGs. However,
compared to ATGL+CGI-58, the hydrolytic activity of HSL for
the FAHFA-glycerol ester bond was considerably lower. This
finding confirms previous studies using 3T3-L1 adipocytes and


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020999118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020999118

ATGL as well as HSL inhibitors (15). ATGL and HSL are
currently the only enzymes known that hydrolyze the FAHFA—
glycerol ester bond on TAG estolides. Whether other established
TAG hydrolases that are present in adipose tissue including
carboxyl esterase-3 (CES3; also named triglyceride hydrolase-1)
(38), PNPLA3 (also named adiponutrin) (39), or DDHD?2 (40)
also contribute to TAG estolide hydrolysis remains to be
determined.

In addition to the well-established hydrolytic activity, both
ATGL and HSL also exhibit transacylase activities, transferring
acyl residues from donor acylglycerols to acceptor acylglycerols
(17, 19). We previously demonstrated that although FAHFAs
are released from TAG estolides during lipolysis, some FAHFAs
and TAG estolides are being resynthesized at the same time (3).
Our current data suggest that transacylation reactions catalyzed
by CGI-58-activated ATGL are responsible for both processes.
Apparently, ATGL reuses DAG estolides as acyl acceptors or
donors to generate TAG estolides with an alternative acyl com-
position. This extensive remodeling process can result in the for-
mation of double or triple estolides with two or three FAHFAs
esterified to glycerol. However, the condensation of several
FAHFASs on a single glycerol backbone is rare and only observed
with PAHSA-containing substrates. Thus, we and others have only
detected TAG monoestolides containing various FAHFAs in hu-
man and mouse white adipose tissue samples but failed to observe
more complex di- and triestolide structures (3, 15, 16). TAG
estolide analyses of ATGL-deficient white adipose tissue support
the concept of a crucial role of ATGL in the synthesis and
remodeling of FAHFAs and TAG estolides. Mice lacking ATGL
have very low TAG estolide and nonesterified PAHSA levels in
adipose tissue (3). ATGL-dependent PAHSA production may be
physiologically relevant because under normal conditions free
PAHSA concentrations rise in subcutaneous and perigonadal
adipose tissue during fasting when ATGL expression is high in
order to gear adipocytes for prospective glucose utilization (2, 3).
In the absence of ATGL, low PAHSA concentrations may inter-
fere with this normal fasting response. Taken together, the ATGL-
mediated hydrolysis and transacylase reactions contribute to the
formation and remodeling of FAHFAs and TAG estolides in vitro
and in vivo, although details of these anabolic functions of ATGL
remain to be elucidated.

Besides ATGL, other members of the PNPLA family have also
been shown to catalyze transacylation reactions (41). PNPLA1
catalyzes the estolide bond formation between amide-linked
ultra-long-chain HFAs in w-hydroxyceramides and linoleic acid
generating w-O-acylceramides in keratinocytes. This reaction,
utilizing TAG as acyldonor, is activated by CGI-58 and repre-
sents an essential step in the formation of the corneocyte lipid
envelope to maintain permeability barrier function in the skin
(42, 43). The second ATGL paralog, PNPLA3, also exhibits, in
addition to its relatively weak TAG hydrolase activity, trans-
acylase and acyltransferase activities (19, 44). Recent findings
showed that PNPLA3 competes with ATGL for CGI-58 binding
affecting TAG metabolism in adipocytes and hepatocytes (39,
45). In contrast to ATGL, Pnpla3 gene expression is up-
regulated by insulin, which suggests a role in glycerolipid syn-
thesis and remodeling rather than its degradation (46). While
PNPLAL1 expression is essentially restricted to keratinocytes,
PNPLA3 is strongly expressed in adipose tissue and the liver.
Whether PNPLA1 or 3 participate in FAHFA or TAG estolide
synthesis and/or remodeling needs to be elucidated.

Our work identified HSL as a potent hydrolase of the estolide
bond in FAHFAs and TAG estolides in vitro and in vivo. The
absence of HSL resulted in a marked increase in total TAG
estolide concentrations in white adipose tissue from fed and
fasted mice. Free FAHFA concentrations also increased in HSL
KO adipose tissue, arguing for a functional role of HSL as
FAHFA hydrolase in branched FA metabolism also in vivo.

Several other hydrolases including androgen-induced gene 1
(AIG1) protein, androgen-dependent TFPI regulating protein
(ADTRP), and CES3 have already been identified as potential
FAHFA hydrolases (47-49). Induced mutant mouse models
proved that AIG1 and ADTRP are active estolide bond hydrolases
in vivo (49). HSL adds to this list of hydrolases that affect tissue TAG
estolide and FAHFA levels. The quantitative contribution of any
of these lipases in different physiological situations is currently
difficult to estimate and will depend on concomitant parame-
ters such as tissue-specific expression levels, phosphorylation
and activation state, and substrate preferences.

In conclusion, our results indicate that the predominant cel-
lular neutral lipid hydrolases ATGL and HSL differently engage
in the hydrolysis and remodeling of TAG estolides and FAHFAs.
These distinct differences in hydrolase and transacylase activi-
ties, substrate specificity, and ester bond preference as well as a
likely interaction with other known and possibly unknown en-
zymes create a complex enzymology in the formation of signaling
FAHFAs that requires better characterization.

Methods

Nomenclature. The lipid nomenclature used throughout the paper is based on
general literature recommendations and customized to describe the FAHFA-
containing structures (2, 50). Briefly, the notation X:Y refers to an FA chain,
where X is the total number of carbon atoms and Y is the number of
double bonds.

FAHFAs belong to a family of estolides defined as mono- or oligomers of
FAs. An estolide is characterized by the number of estolide linkages per
molecule (estolide number, number of oligomers). Therefore, a FAHFA is a
monoestolide (e.g., 9-PAHSA). Common (trivial) nomenclature of FAHFAs is
used for the most-studied compounds like 9-PAHSA, where 9 defines the
ester position relative to carboxylic acid and PA and HSA stand for palmitic
acid and hydroxy stearic acid, respectively. Alternatively, to avoid abbrevi-
ations for each FA, generalized nomenclature X1:Y1-(z-0O-X2:Y2) [e.g., 16:0-
(9-0-18:0) for 9-PAHSA] is used for schematic representations.

TAG estolide nomenclature follows the general recommendations and an
FAHFA is treated as an acyl group (51). Where only one FAHFA is bound to
the glycerol backbone, it is a TAG monoestolide. Where two or three FAH-
FAs are bound to glycerol, it is a double or triple TAG monoestolide, re-
spectively. As only monoestolides (FAHFAs) were found in mammals, the
“mono” prefix is often omitted. The position of the FAHFA or FA acyl chains
on the glycerol backbone is reported in the order sn-1, sn-2, sn-3, from left to
right. As an example, when 9-PAHSA is esterified at the sn-1/3 position
of the racemic 1,2-dipalmitoyl glycerol, the structure is written as 16:0-
(9-0-18:0)/16:0/16:0, while an unknown position of the 9-PAHSA in the
glycerol backbone is written 16:0-(9-O-18:0)_16:0_16:0.

Reagents. All chemical reagents were from Sigma-Aldrich unless stated
otherwise. FAHFA standards were from Cayman Europe or synthesized
previously (34).

TAG Estolide Library. The TAG estolides were synthesized at the Institute of
Biomolecules Max Mousseron (Montpellier) and the Institute of Organic
Chemistry and Biochemistry. The procedure for the Steglich esterification
reactions is exemplified with the synthesis of TAG estolide 66:0 (S/ Appendix).
The synthesis of TAG estolide 70:4 is outlined in Fig. 1A.

cDNA Cloning of Recombinant Proteins and Expression and Purification of
SMT-Tagged CGI-58. Mammalian expression vector pcDNA4/HisMax con-
structs containing the entire open reading frame of murine ATGL, murine
HSL, or LacZ (B-Gal) were generated as described in Lass et al. (22). Small
ubiquitin-like modifier (SMT)-tagged CGI-58 was expressed and purified as
described in Gruber et al. (21).

Expression of Recombinant Proteins. HEK293T cells (ATCC CRL-3216) were
cultivated in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum on cell culture dishes precoated
with 0.1% gelatin in a standard humidified 7% CO, atmosphere at 37 °C; 1 x
108 cells were transfected with 2.5 pg plasmid DNA using Metafectene
(Biontex GmbH) according to the manufacturer’s instructions. The expres-
sion of Xpress-tagged proteins was detected using Western blotting analysis
as described previously (42).
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Preparation of Cell Homogenates. HEK293T cells overexpressing f-Gal, ATGL,
or HSL were harvested 24 h after transfection and disrupted in buffer A
(0.25 mol/L sucrose, 1 mmol/L ethylenediaminetetraacetic acid, 1 mmol/L
dithiothreitol, pH 7.0, supplemented with 1 pg/mL pepstatin, 2 pg/mL anti-
pain, and 20 pg/mL leupeptin) by sonication on ice. Thereafter, the cell ly-
sates were centrifuged at 1,000 x g and 4 °C for 10 min to pellet the nuclei
and unbroken cells. The protein concentration of the supernatants was
determined using the Bradford reagent (Bio-Rad) and bovine serum albumin
as a standard.

TAG Estolide Hydrolysis Assay. For the determination of TAG estolide hy-
drolase activity of HSL and ATGL in the presence or absence of CGI-58, 50 pg
of protein from the respective cell homogenates was mixed with 200 ng of
purified SMT-tagged CGI-58 or SMT empty vector control in a total volume
of 100 pL of buffer A and then incubated with 100 pL of substrate in a water
bath at 37 °C for 60 min. The reaction was terminated by adding 1 mL of
methyl tert-butyl ether/methanol/acetic acid (75/25/1, volivol/vol). After
centrifugation (7,500 x g, 5 min, room temperature), the organic phase was
collected, dried under a stream of nitrogen, and finally resuspended in a
dichloromethane/methanol/isopropanol (1/2/4, vol/vol/vol) mixture. Reaction
products were analyzed using lipidomics platforms. As a control, incubations
were performed under identical conditions using homogenates from cells
expressing p-Gal that does not exhibit hydrolytic activities. To identify lipid
products formed by the reaction of background lipids present in cell ho-
mogenates, control reactions were performed under identical conditions
without the TAG estolide substrate. The assay substrate contained 250 umol/L
TAG estolide emulsified with 35 pmol/L phosphatidylcholine/phosphatidyli-
nositol (PC/PI, 3:1) in 100 mmol/L potassium phosphate buffer, pH 7.0, by
sonication on ice. To prevent product inhibition, bovine serum albumin was
added to the reaction at a final concentration of 1%. Assays with free
OAHPA:s, triolein, or diolein as substrate were processed identically.

Animal Tissues. White adipose tissue was prepared from ad libitum-fed and
12- to 14-h-fasted, 12- to 14-wk-old female global HSL KO (53) and ATGL KO
(52) mice as well as corresponding WT controls. Mice were housed under
standard conditions (25 °C, 14/10-h light/dark cycle) with ad libitum access to
chow diet (11 kJ % fat, V1126; Ssniff Spezialdidten GmbH) in a specific
pathogen-free environment. All animal studies were approved by the Ethics
committee of the University of Graz and the Austrian Federal Ministry of
Science, Research and Economy.

Lipidomics. The LC-MS system consisted of a Vanquish UHPLC System
(Thermo Fisher Scientific) coupled to a Q Exactive Plus mass spectrometer
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