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Abstract The fungal pathogen Candida albicans transforms
arachidonic acid (AA) into 3-hydroxyarachidonic acid [3(R)-
HETE], and we investigated if its nonpathogenic and 3(R)-
HETE-producing close relative, Dipodascopsis uninucleata,
could similarly transform the endocannabinoid/endovanilloid
anandamide into 3-hydroxyanandamide (3-HAEA). We
found that D. uninucleata converts anandamide into 3-HAEA,
and we therefore developed an enantiodivergent synthesis
for this compound to study its pharmacological activity. Both
enantiomers of 3-HAFEA were as active as anandamide at ele-
vating intracellular Ca*" via TRPV1 receptors overexpressed
in HEK-293 cells, while a~70-90-fold and ~45-60-fold lower
affinity at cannabinoid CB; and CB; receptors was instead
observed. Patch clamp recordings showed that 3(R)-HAEA
activates a TRPV1-like current in TRPV1-expressing HEK-
293 cells.B Thus, 3(R)-HETE-producing yeasts might convert
anandamide released by host cells at the site of infection into
3(R)-HAEA, and this event might contribute to the inflammatory
and algogenous responses associated to fungal diseases.—De
Petrocellis, L., R. Deva, F. Mainieri, M. Schaefer, T. Bisogno,
R. Ciccoli, A. Ligresti, K. Hill, S. Nigam, G. Appendino, and V.
Di Marzo. Chemical synthesis, pharmacological characteriza-
tion, and possible formation in unicellular fungi of 3-hydroxy-
anandamide. J. Lipid Res. 2009. 50: 658-666.
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Fungi belonging to the Candida species (Ascomycetes;
class Saccharomycetes) are among the most abundant fun-
gal pathogens and cause of infections (candidiasis) in hu-
mans. They colonize a wide range of micro environments
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in the human body, and not only cause damage of the skin,
nails, oral, or vaginal epithelium, but are also frequently
involved in life-threatening infections. Candida species
are opportunistic pathogens and cause nosocomial infec-
tions (disseminated candidiasis) that are particularly severe
in cancer patients under chemotherapy or in immuno-
compromised individuals (1-6). They also cause mucocu-
taneous infections, such as vulvovaginal candidiasis, the
most prevalent superficial fungal infection in women with
acquired immunodeficiency syndrome (AIDS) and diabetes
mellitus, or assuming oral contraceptives, antibiotics, and
corticosteroids. The symptoms of vaginal candidiasis in-
clude itching, burning, soreness, abnormal vaginal discharge,
dysparunia, as well as vaginal and vulvar erythema (7). C.
albicans is the most prevalent pathogenic fungal species, and
accounts for approximately 75% of all infections in women
during the child-bearing period (8). Although C. albicans
exists in the vagina of most of the women as an innocuous
commensal organism with no apparent symptoms or clinical
signs (9), it can also cause untreatable problems. Thus, due
to its incomplete clearance by therapy with antimycotics,
several women diagnosed with an episode of sporadic vulvo-
vaginal infection experience subsequent recurrent episodes
of acute vulvovaginitis.

When looking at the major symptoms of candidiasis,
particularly vulvar itching, burning, soreness, and erythema,
it is possible to hypothesize that at least some of them
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are: I) mediated by activation of transient receptor poten-
tial of vanilloid type-1 (TRPV1) channels (10, 11); and 2)
accompanied by the formation of endogenous ligands
(endocannabinoids) of cannabinoid receptors of type 1
and 2 (CB; and CBy), the activation of which is known to
counteract itch, pain, and inflammation (12, 13). In fact,
it has been shown that vulvodynia, a condition characterized
by painful burning sensation, allodynia, and hyperalgesia in
the region of the vulval vestibules, is accompanied by in-
creased expression of TRPV1 receptors (14). On the other
hand, inflammatory conditions causing pain are known to
be counteracted by compounds that elevate the tissue lev-
els of anandamide by inhibiting its cellular uptake or, alter-
natively, by interfering with its enzymatic hydrolysis (15,
16). Remarkably, there is also growing awareness that
anandamide can activate TRPV1 receptors, especially dur-
ing various inflammatory and pronociceptive conditions,
and when its activity at CB; receptors is blocked and the
sensitivity of TRPV1 receptors is enhanced by its phosphor-
ylation or overexpression (17, 18).

The oxylipin 3(R)-hydroxy-5,8,11,14-eicosatetraenoic acid
[3(R)-HETE] (Fig. 1), an intermediate of the (B-oxidation
of arachidonic acid (AA), has an important biological role
in the life cycle of fungi, and was first described in the non-
pathogenic species Diposascopsis uninucleata (19), where its
formation is associated with morphogenesis during the
sexual life cycle. During infection by C. albicans, host cells
produce AA to counteract this process, but Candida is able
to utilize AA released from host cells to form 3(R)-HETE
and related compounds through a well-characterized pro-
cess utilizing its fatty acid B-oxidation pathway (20). 3
(R)-HETE is associated with hyphal forms of Candida
and is important for their anchorage to host cells during
infection (21). Thus, Candida can chemically modify the
metabolites of the host cell to facilitate infection. Notwith-
standing the presence of a C-3 hydroxyl, 3(R)-HETE is a
substrate of cyclooxygenase-2 (an enzyme up-regulated
during candidiasis), thereby generating compounds that,
like 3(R)-hydroxy-PGEs, are capable to induce interleukin-
6 gene expression via the EP; receptor (22, 23), and to ulti-
mately trigger further inflammation cascades.

In view of the chemical similarity between anandamide
and AA, and their capability to be both recognized by sev-
eral oxygenating enzymes (see for review Ref. 24), we have
hypothesized that a 3(R)-HETE-producing fungus would be
capable to convert anandamide into its 3-hydroxy-derivative,
thus potentially altering its cannabinoid and vanilloid pro-
file at the site of infection. To investigate this issue and eval-

R
1a(3R) -OH
1b(3S) -OH
2a (3R) Aun~~-CH
2b (35) Kpn~H

Fig. 1. Chemical structures of 3-HETE and 3-hydroxy-anandamide
(3-HAEA) isomers.

uate its clinical implications, we have studied the metabolism
of anandamide by D. uninucleata (19) and have developed
an enantiodivergent synthesis of 3-hydroxy-anandamide
(3-HAEA) (Fig. 1), a so-far unknown oxylipin, to explore
its biological activity.

MATERIALS AND METHODS

Fungal culture and incubation with AA

D. uninucleata (Lipomycetaceae, Saccharomycetales, Saccharo-
mycetidae, Saccharomycetes, Ascomycota, UOFS-Y128, South
African Strain obtained from Prof. Kock., The University of the
Orange Free State, Bloemfontein, South Africa) was grown in yeast
nitrogen base medium up to the initial phase of the sexual cycle.
Two aliquots of 50 ml of culture were incubated with 100 uM
anandamide. Fifty ml of culture were incubated with 100 uM
AA as a positive control. A fourth 50 ml aliquot was incubated
with vehicle (10 pl methanol) as a negative control. After 6 h
of incubation at 37°C the first 50 ml batch of anandamide incu-
bate and the batches incubated with AA and vehicle were spun
down at 300 g. The pellet (2.5 ml) was suspended in 4 ml of phos-
phate buffered saline and subjected to mechanical breaking under
liquid Ns. After 12 h of incubation, the second batch of ananda-
mide incubate was subjected to mechanical breaking. Broken cells
were subjected to lipid extraction with 4 ml of methanol and 8 ml
of chloroform. After separation of the organic phase, the residual
phase was extracted two more times with 8 ml of chloroform.
Chloroform phases were pooled and dried under vacuo. The
extract was dissolved in 1 ml of methanol. One hundred micro-
liters of this solution were analyzed by HPLC carried out on a re-
verse phase column (25 cm X 4.6 mm id X 5 pm) eluted with
methanol/water/acetic acid 85/15/0.01. Major peaks were ana-
lyzed by LC-ESIHIT-TOF and APCI-TOF.

Synthesis of 3(R)-HAEA and 3-HAEA, 3-hydroxy-anandamide
(3(8)-HAEA) (synthesis of 3(R)-HAEA as an example).

General synthetic procedures. Gravity column chromatography
(GCCQC): Merck Silica Gel (70-230 mesh). HPLC: Waters 1523 bi-
nary HPLC instrument with dual lambda detector 2487. NMR:
Jeol Eclipse (300 MHz and 75 MHz for 'H and '*C, respectively).
Chemical shifts are reported in 6 values downfield from TMS.
CHyCly, and THF were dried by filtration over alumina directly
in the reaction flask. Petroleum ether refers to the fraction boiling
between 40°C and 60°C. All reactions were conducted under nitro-
gen in dry solvents unless stated otherwise. Monitoring by TLC was
done on Merck 60 Fosy (0.25 mm) plates, that were visualized by
UVinspection and/or staining with 5% HoSO, in ethanol and heat-
ing. Organic phases were dried with NasSO, before evaporation.

(R,S) - Benzhydryl but-2-enoate epoxide (4a,b). To a cooled (ice
bath) solution of benzhydryl but-2-enoate (2.0 g, 7.9 mmol) in
dichloromethane (100 ml), solid NaHCOg3 (333 mg, 3.95 mmol,
0.5 equiv.) was added, and to this suspension a solution of
85% meta-chloroperoxybenzoic acid (MCPBA, 1.31 g, 9.5 mmol,
1.2 equiv.) in dichloromethane (50 ml) was added dropwise over
15 min. After stirring 1 h at 0°C and 10 h at room temperature,
the reaction was worked up by filtration over neutral alumina to
remove mela-chlorobenzoic acid and unreacted MCPBA, and the
filtration cake was washed with CHyCly. The pooled filtrates were
evaporated, and the residue was purified by GCC on silica gel
(75 g, petroleum ether-EtOAc 8:2 as eluant), affording 1.47 g
(69%) 4a,b as a colorless oil. "TH NMR (300 MHz, CDCls): &
7.37-7.30 (10H, m, Ar-H), 6.96 (1H, s, AroCHO), 3.33 (1H, m,
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H-3), 2.84 (1H, t, ] = 4.8 Hz, H-2a), 2.69 (2H, m, H-2b + H-4a),
2.57 (1H, dd, J =4.8, 2.7 Hz, H-4b); >C NMR (50 MHz, CDCls):
5 169.7 (s), 140.3 (s), 128.9 (d), 128.3 (d), 127.4 (d), 77.7 (d),
48.2 (d), 46.8 (1), 38.6 (t); CIMS 269 (M+H) * (C7H,405 + H) ™.

(S) - Benzhydryl but-2-enoate epoxide (4a). To a stirred solution of
4a,b (2.0 g, 7.45 mmol) in THF (0.2 ml), (S,5)-salen-Co. (10 mg,
activated by reaction with acetic acid in toluene) was added. After
complete solubilization, water (72 ul) was added, and stirring
was continued at room temperature by monitoring the course
of the reaction by HPLC (methanol-water gradient, from 5:5 to
9:1 in 20 min). After 120 h, the reaction was worked up by the
addition of 2N HySO,4 and extraction with EtOAc. After washing
with brine and drying, the organic phase was evaporated, and the
residue was purified by GCC on silica gel (25 g, petroleum ether/
ether 8:2 as eluant) to afford 700 mg (35%) of 4a as a colorless
oil. The optical purity, checked after conversion to 5a and HPLC
analysis of its diastereomeric Mosher esters, was >95%. Condi-
tions of analysis: Simmetry C-18 column, methanol/water 7:3 as
eluant, Rt of R-ester: 11.60 min; Rt of S-ester: 14.00 min.

(R)-Benzhydryl 3-hydroxyhex-5-ynoate (5a). To a cooled (—25°C)
solution of trimethylsilyl acetylene (2.2 ml, 1.5 g, 14.9 mmol,
2 equiv.) in dry toluene (15 ml), butyl lithium (2.5 M in hexanes,
6.0 ml, 14.9 mmol. 2 equiv) was added dropwise. The resulting
milky suspension was stirred at —15°C for 15 min, and then warmed
to 0°C by replacement of the dry ice/acetone with a ice/water
cooling bath. Transmetalation was carried out by the dropwise ad-
dition of diethylaluminum chloride (1.0 M in hexanes, 15.0 ml,
149 mmol, 2 mol. equiv.) and stirring at 0°C for 1 h, and then a
solution of the (S)-epoxide 4a (2.0 g, 7.45 mmol) in toluene (10 ml)
was added dropwise. After stirring for 2 h at room temperature,
the solution was worked up by neutralization with sat. NH,CI,
acidification with 1 M HCI, and extraction with EtOAc. The or-
ganic phase was dried and evaporated, and the residue was dis-
solved in THF (10 ml) and then treated at 0°C with 1.0 M TBAF
(7.45 ml, 7.45 mmol) in THF. After stirring 30 min at 0°C, the re-
action was worked up by the addition of brine, and extracted with
ether. The organic phase was dried (NaysSO,4) and evaporated,
and the residue was purified by GCC on silica gel (25 g) with pe-
troleum ether-ether 7:3 as eluant, affording 1.3 g (61%) 5a as a
colorless oil. 'TH NMR (300 MHz, CDCls): 6 7.37-7.30 (10H, s,
Ar-H), 6.92 (1H, s, Ar,CHO), 4.22 (1H, s, H-3), 3.04 (1H, d, J =
4.2 Hz, H-6), 2.80 (1H, dd, /= 16.8, 3.9 Hz, H-2a), 2.70 (1H, dd,
J = 16.8, 8.4 Hz, H-2b), 2.44 (1H, m, H4a), 2.05 (1H, m, H-4b);
13C NMR (50 MHz, CDCls): 6 172.1 (s), 140.4 (s), 128.9 (d),
128.3 (d), 127.4 (d), 77.7 (d), 48.2 (d), 46.8 (t), 38.6 (t); CIMS:
295 (M+H)" (CoH1505 + H) ™.

Benzhydryl 3-hydroxyicosa-5,8,11,14-tetraynoate (7a). To a solution
of 5a (1.0 g, 3.4 mmol, 1 equiv) and 1-bromotetradeca-2,5,8-triyne
(6, 906 mg, 3.4 mmol, 1 equiv) in DMF (5ml), a well-amalgamated
(mortar) mixture of Cul (1.3 g, 6.8 mmol, 2 equiv), Nal (1.0 g,
6.8 mmol, 2 equiv), and K9COs3 (705 mg, 5.1 mmol, 1.5 equiv) was
added. The suspension was stirred at room temperature un-
der nitrogen atmosphere for 10 h, and then worked up by the
addition of 30% ammonia and ether. The organic phase was
washed with brine, dried, and evaporated, and the residue was
purified by GCC on silica gel (25 g, petroleum ether-ether 4/6
as eluant) to afford 1.1 g (78%) 7a as an orange oil. '"H NMR
(300 MHz, CDCls): 6 7.33-7.25 (10H, s, Ar-H), 6.91 (1H, s,
Ar,CHO), 4.17 (1H, s, H-3), 3.12 (6H, br s, H-7a,b + H-10a,b +
H-13a,b), 2.77 (1H, dd, J = 16.8, 3.9 Hz, H-2a), 2.63 (1H, dd, J =
16.8, 8.4 Hz, H-2b), 2.40 (2H, m, H-16a,b), 2.10 (2H, m, H-17a,b),
1.45 (2H, m, H-18a,b), 2.10 (2H, m, H-19a,b), 0.89 (3H, t,
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J = 6.5 Hz, H-20); '*C NMR (50 MHz, CDCly): & 171.6 (s), 140.0
(s), 128.7 (d), 128.2 (d), 127.2 (d), 81.6 (s), 78.2 (d), 76.8 (s),
76.0 (s), 75.2 (s), 74.7 (s), 74.3 (s), 66.8 (d), 40.7 (), 31.3 (1),
98.6 (1), 28.5 (1), 26.8 (1), 22.4 (1), 18.9 (1), 14.2 (1), 10.0 (1); CIMS:
479 (M+H)" (C3H5,05 + H) .

(3R, 57,87,117,147)-3-Hydroxyicosa-5,8, 11, 14-tetraenoic acid [3
(R)-HETE, 1a]. To a suspension of Ni(OAc)s (831 mg, 4.7 mmol)
in absolute ethanol (10 ml), NaBH, (178 mg, 4.7 mmol) was
added. After stirring at room temperature for 10 min, ethylendi-
amine (334 mg, 4.7 mmol) was added dropwise, and hydrogen
was then bubbled through the suspension for 10 min. A solution
of 7a (1.0 g, 2.1 mmol) in abs. ethanol (5 ml) was next added
dropwise, and the reaction was stirred at room temperature,
monitoring its course by TLC on silver-coated plates (petroleum
ether-ether 4:6; Rf starting material: 0.50; Rf reaction product:
0.70). After 250 min, the reaction was worked up by filtration over
Celite, dilution with water, and extraction with ether. The organic
phase was washed with 2N HySO,, dried (NasSO,), and evapo-
rated, and the residue was dissolved in CHoCl, (6.5 ml) and treated
with trifluoroacetic acid (TFA, 100 pl). After stirring at room tem-
perature for 10 min, the reaction was worked up by dilution with
brine and extraction with CHsCls. The organic phase was washed
with brine, dried, and evaporated, and the residue was purified by
GCC onssilica gel (12.5 g, petroleum ether/ether 3:7 as eluant) to
afford 342 mg (51% from 7a) 1a as a yellowish oil, whose '"H NMR
and "®C NMR data were identical to those reported in the litera-
ture (29).

(3R, 57,8Z,117, 147 )-3-Hydroxyicosa-5, 8,11, 14-tetraenoic acid ethanol
amide [3(R)-HEAA, 2a]. To a solution of 1a (50 mg, 0.14 mmol)
in CHsCls (1ml), triethylamine (78 pl) and PPAA (50% in
EtOAc, 102 ul) were added. After stirring 30 min at room tem-
perature, ethanolamine (78 wl, 57 mg, 0.56 mmol, 4 equivalents)
was added, and reaction was stirred at room temperature for 2 h,
and then worked up by the addition of 2N HsSO, and dilution
with CHsCls. The organic phase was washed with brine, dried,
and evaporated, and the residue was purified by GCC on silica
gel (2.5 g, petroleum ether/EtOAc 7:3 as eluant), to afford 23 mg
(48%) 2a as a pale-yellow oil. "H NMR (300 MHz, CDCls): & 6.28
(1H, br's, NH), 5.36 (2H, br m, H-6 + H-14), 5.35 (6H, br m, H-5 +
H-8 + H9 + H-11 + H-12 + H-15), 4.00 (1H, br m, H-3), 8.71 (2H,
brt, J= 5.8 Hz, H-2"), 3.45 (2H, br m, H-1"), 2.81 (6H, br m, H-7a,
b + H-10a,b + H-13a,b), 2.41 (1H, dd, /= 16.8, 4.0 Hz, H-2a), 2.29
(1H, dd, /= 16.8, 8.4 Hz, H-2b), 2.25 (2H, br m, H4a,b), 2.01 (2H,
br m, H-16a,b), 1.40-1.20 (6H, br m, H-17a,b + H-18a,b + H-19a,
b), 0.89 (8H, br t, ] = 6.2 Hz, H-20); CIMS: 346 (M+H-H,O) "
(CooH37NOg + H — HoO) ™.

Mass spectrometric analysis of synthetic and natural 3-HAEA

Liquid chromatography-atmospheric pressure chemical
ionization-mass spectrometry (LC-APCI-MS) was performed by
using a Shimadzu high-performance liquid chromatography
(HPLC) apparatus (LC-10ADVP) coupled to a Shimadzu quadru-
pole mass spectrometer (LCMS-2010) via a Shimadzu APCI inter-
face. The temperature of the APCI source was 400°C; the HPLC
column was a Phenomenex (5 pm, 150 X 4.5 mm) reverse phase
column, eluted by using methanol/water/acetic acid 85/15/0.01
as the mobile phase with a flow rate of 1 ml/min. High resolution
LC-MS/MS analysis was carried out with liquid chromatography-
electrospray-ion trap-time of flight (LC-ESI-IT-ToF) by using
an IT-ToF mass spectrometer (Shimadzu) in conjunction with
an LC-20AB (Shimadzu). LC separation was performed using a
Discovery® C18 column (15cm X 2.1mm, 5 wm) and methanol/
water/acetic acid 85/15/0.01 as the mobile phase with a flow rate
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of 0.15 ml/min. Identification of compounds was determined
using electrospray ionization (ESI) in positive mode, with nebuliz-
ing gas flow: 1.5 1/min and CDL temperature of 250°C.

TRPV1 receptor assays

HEK-293 cells stably overexpressing recombinant the human
TRPV1 ¢DNA (17) were grown as monolayers in minimum essen-
tial medium supplemented with nonessential amino acids, 10% fe-
tal calf serum, and 2 mM glutamine, and maintained under Oy/
COs (95%/5%) at 37°C. The effect of test substances on intra-
cellular Ca®* concentration was determined by using Fluo-4, a se-
lective intracellular fluorescent probe for Ca?". On the day of the
experiment, the cells were loaded for 1 h at 25°C with Fluo-4
methylester (Invitrogen) 4 uM in dimethyl sulfoxide containing
0.02% Pluronic® (Invitrogen), in minimum essential medium
without FBS. After the loading, cells were washed twice in Tyrode’s
buffer pH 7.4 (NaCl 145 mM; KCI 2.5 mM; CaCly, 1.5 mM; MgCl,
1.2 mM; D-Glucose 10 mM; HEPES 10 mM pH 7.4), resuspended
in Tyrode’s buffer and transferred (50—60,000 cells) to the quartz
cuvette of the fluorescence detector (Perkin-Elmer L.S50B) under
continuous stirring. Experiments were carried out by measuring
cell fluorescence at 25°C (A\gx = 488 nm, Apyy = 516 nm) before
and after the addition of the test compounds at various concentra-
tions (1 nM-50 wM). Agonist activity was determined in compar-
ison to the maximum increase of intracellular Ca®* due to the
application of 4 uM ionomycin (Sigma). EC5, values were deter-
mined as the concentration of test substances required to produce
half:maximal increases in [Ca®*];. All determinations were at least
performed in triplicate. Curve fitting and parameter estimation
was performed with GraphPad Prism® (GraphPad Software Inc.,
San Diego, CA). Statistical analysis of the data was performed by
ANOVA at each point using ANOVA followed by Bonferroni’s test.
Differences were considered significant at the P < 0.05.

0.3 O A
1. MCPBA (69%) BuLl, EtAICI
/j\o 2 Jacobsen resolution 2. TBAF
(35%) 0 O (overall 61%)

4a 38
4b 3R

Binding assays at CB; and CB, receptors

Membranes from HEK-293 cells transfected with the cDNA
encoding for the human recombinant CB; receptor (B,,,x=
2.5 pmol/mg protein) or the human recombinant CBy receptor
(Bmax= 4.7 pmol/mg protein), were incubated with [ H]CP-
55,940 (0.14nM, K4=0.18 nM or 0.084 nM, K4= 0.31 nM, respec-
tively, for the CB; or CBs receptor) as the high affinity ligand, and
displaced with 1 wM WIN 55212-2 as the heterologous competitor
for nonspecific binding (K; values 9.2 nM and 2.1 nM, respectively,
for the CB; and CBy receptor). All compounds were tested follow-
ing the procedure described by the manufacturer (Perkin Elmer,
Italy). Displacement curves were generated by incubating increas-
ing concentrations of compounds (10 nM-5 uM) with [®H]CP-
55,940 for 90 min at 30°C. K; values were calculated by applying the
Cheng-Prusoff equation to the ICs, values (obtained by GraphPad
Prsim®) for the displacement of the bound radioligand by the test
compounds. Data are means = SEM of at least n = 3 experiments.

Patch clamp electrophysiology

HEK 293 cells stably expressing TRPV1 were recorded in a con-
tinuously perfused recording chamber (500 wl volume) mounted
on the stage of an inverted microscope. The standard bath solu-
tion consisted of (in mM): 140 NaCl, 5 CsCl, 2 MgCls, 10 HEPES,
10 D-glucose pH 7.4 (NaOH). The pipette solution contained (in
mM) 140 CsCl, 4 MgCly, 5 EGTA, 10 HEPES, pH 7.2 (CsOH). All
experiments were performed at room temperature using a HEKA
EPC-9 amplifier (HEKA Electronics, Germany). Patch pipettes of
3-5 M() were fabricated from borosilicate glass capillaries. Exper-
iments were carried out and analyzed under the control of the
Pulse and Pulsefit software (HEKA Electronics, Germany). Series
resistances were <10 M{), and were compensated by 75-85%.
Stated membrane potentials always refer to the physiological in-
ner side of the membrane.

<59,

1. TMSacetylene

R1 R2
a(R) OH H
(S) H OH

7z N _# ¥
6

Cul,Nal Ry )

K2C0, 7a(R) OH H om0 O

(78%) 7b(S) H OH

Ri R

1. Ni{OAc),, NaBH, X Ethanolamine,
2.TFA PPAA
(overall 51%) OH (3%

Ry Ry
1a(R) OH H
() H OH

R1 R2
2a{(R) OH H
2b(S) H OH

Fig. 2. Asymmetric synthesis of 3(R)- and 3(S)-HAEA (2a and 2b, respectively). Yields for 2a are given

as representative.
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RESULTS

Enantiodivergent synthesis of 3-hydroxy-eicosatetraenoic
acid (3-HETE) and 3-HAEA enantiomers

Synthetic 3(R)-HETE was obtained by semisynthesis
from 5,6-epoxyarachidonic acid (25), or, alternatively, by
total synthesis from (R)-epichlorohydrin (26); we devel-
oped an alternative and more versatile asymmetric enantio-
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selective synthesis of enantiomers 3(R)-HAEA (2a) and 3(S)-
HAEA (2b) from benzhydryl-but-2-enoate oxide (3) (Fig. 2).
Jacobsen hydrolytic kinetic resolution was used to establish
the C-3 stereocenter and prepare multigram amounts of
the enantiopure (>95% ee) epoxides 4a and 4b, next regio-
selectively opened with the acetylenic alane derived from
trimethylsilylacetylene (27) to give, after desilylation, the
C-6 propargylic alcohols 5a and 5b. Coupling with the tri-

Fig. 3. Identification of 3-HAEA in D. uninucleata
cultures incubated with anandamide. A: HPLC chro-
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matogram of the organic extract of D. uninucleata
culture incubated for 6 h with 100 uM anandamide
(upper line) and the negative control (from extracts of
cells incubated with no anandamide, lower line). The
arrows indicate the retention times of anandamide
(20 min) and of the new formed peak (14 min) that
was subsequently analyzed by LC-MS and LC-MS-MS.
B: Mass spectrum (LC-APCI-MS) of HPLC fraction
13—16 shows peaks at m/z = 368, 346, and 328 identi-
fied as [M + Na — Ho0]", [M + H — H.0]" (base
peak), and [M + H — 2H,0]", respectively. The in-
set shows total ion current spectra of prepurified D.
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375 uninucleata organic extract with the relative selected
m/z extracted jons. C: Mass spectrum with high mass accu-

PO racy obtained by LC/MS/IT-ToF analysis of the HPLC
fraction 13—-16. Peaks at m/z = 368.2537 and 346.2715
correlate with the chemical formula [CooH35NOo +
Na — HyO]" and [CooH35NOy + H — HyO] ™, respec-
tively, within = 8 ppm. The inset shows the total ion
current spectrum of prepurified D. uninucleata or-
ganic extract with the relative selected extracted ions.
D: Mass spectrum with high mass accuracy obtained
by LC/MS/IT-ToF analysis of a synthetic standard
(1 nmol) of 3(R)-HAEA. The inset shows the total
ion current spectrum of the analysis with the relative
selected extracted ion. It should be noted that the
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acetylenic C-14 propargylic bromide 6 (28) under copper
(I) promotion, afforded the C-20 tetrayne esters 7a and
7b. Semireduction with Nickel boride to the corresponding
tetraenic esters, and deprotection with trifluoroacetic acid
led to the enantiomeric HETEs 1a and 1b, eventually cou-
pled with ethanolamine under PPAA (propylphosphonic
acid anhydride) (29) promotion to afford 3(R)-HAEA and
3(S)-HAEA (2a and 2b, respectively). After amidation with
ethanolamine, both homochiral 3-HAEA enantiomers
(>95% ee) were used for biological profiling.

Identification of 3-HAEA in D. uninucleata incubates

Lipid extracts from incubates of the D. uninucleata with
anandamide or vehicle were purified by semipreparative
reverse-phase HPLC (Fig. 3A). The HPLC fractions at
13—-16 min contained a component more hydrophilic than
anandamide (retention time 20 min, see later discussion),
which was produced in an yield of approximately 5% with
respect to the peak of anandamide. This HPLC compo-
nent was the only peak that was virtually absent from the
HPLC chromatogram relative to the incubate carried out
in the absence of anandamide (Fig. 3A, red line). Under
the same incubation conditions approximately 10% of AA
was transformed into 3-HETE (data not shown). Prelimi-
nary identification of this peak was performed by LC-
APCI-MS analysis. This allowed the identification of the
LC peak at retention time 8 min. The mass spectrum ex-
hibits the ions at m/z = 346, as the base peak, and 328, due
to the loss of one or two water molecules from the molec-
ular ion peak, respectively (Fig. 3B). The identity of 3-HAEA
was established through use of reverse-phase HPLC coupled
to electrospray IT-ToF mass spectrometry, which accom-
plishes high accuracy mass measurement. The mass spec-
trum, in positive mode, of the HPLC fraction 13-16 of
Fig. 3A displays a major HPLC peak at 8 min containing
a component with a base peak ion at m/z = 368.2537 iden-
tified as the Na™ adduct of the molecular ion of 3-HAEA
with loss of one molecule of water [M + Na — Ho0]"
(Co9H35NOg + Na). This peak was more abundant than frag-
ment [M + H — Hy0]", at m/z = 346.2715 (CosH35NO,)
(Fig. 3C). The retention time on HPLC and the measured
masses for each peak coincided with the theoretical ones
calculated from the corresponding chemical formula
within = 8 ppm (data not shown). The peak at m/z =
368.2537 was subjected to further analysis by MS®, which
yielded a major fragment at m/z = 350.2410 (data not shown),
corresponding to the chemical formula of CeoH3sNO +
Na, and interpreted as the parent ion with loss of one fur-
ther molecule of water ([M + Na — 2H0]"). The major
peak in the chromatogram shown in Fig. 3A (retention time
20 min) was identified as anandamide, which also yields as
the only peak the molecular ion plus Na® (CooH57NOs +
Na, m/z = 370.2750, within 8.9 ppm of the expected mass).
In agreement with the identity of the unknown compo-
nent as 3-HAEA, synthetic 3(R)-HAEA was analyzed by
LC-IT-ToF under the same conditions and yielded a peak
at exactly the same retention time and with a superimpos-
able MS fragmentation pattern, with m/z values almost
identical (within 2 ppm) to those of the compound isolated

from D. uninucleata extracts (Fig. 3D). It must be pointed
out, however, that the observed mass spectrum is also com-
patible with the molecular formula and fragmentation pat-
tern of the potential biosynthetic precursor of 3-HAEA via
the B-oxidation pathway (i.e., the 2,3-A-AEA, of which, un-
fortunately, we do not possess an authentic standard). At
any rate, when the synthetic compound was coanalyzed
with the extract, only one homogeneous peak with this frag-
mentation pattern was observed (data not shown).

Activity of 3(R)-HAEA and 3(S)-HAEA at human
recombinant TRPV1 receptors

Using a fluorometric test, we showed that human TRPV1-
expressing HEK293 cells exhibit a sharp increase in intracel-
lular Ca®" upon application of 3(R)-HAEA and 3(S)-HAEA.
The activity of the compounds was normalized to the max-
imum intracellular Ca®* elevation generated by application
of 4 uM ionomycin. Using this test, we determined the
concentration for half-maximal activation to be 0.45 *=
0.02 M (hill slope 0.92 = 0.02) and 0.39 = 0.02 puM (hill
slope 1.02 £ 0.02), respectively (Fig. 4 and Table 1). The
maximal effect at 10 uM was 78.3 * 0.6% and 79.4 =
0.7% of the effect of ionomycin 4 pM. Iodoresiniferatoxin
(0.1 M), a known blocker of TRPV1, inhibited the effect
at 10 M of both (96.8 = 3.2% and 96.6 = 3.7% inhibition,
respectively). 3(R)-HETE and 3(S)-HETE were signifi-
cantly less active (Fig. 4).

Activity of 3(R)-HAEA on TRPV1-mediated currents

We performed whole-cell voltage clamp recordings to
test whether TRPV1 currents can directly be activated by
3(R)-HAEA. HEK-293 cells heterologously expressing hu-
man TRPV1 responded with large inward and outward cur-
rent to the application of 20 uM 3(R)-HAEA (Fig. 5A).
The current voltage curves obtained resemble the basic
characteristics of TRPV1. Moreover, the elicited current
could be blocked by the TRPV1 antagonist capsazepine
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Fig. 4. Dose-response curves for the effect of the 3-hydroxy-
derivatives on intracellular Ca** in HEK-293 cells overexpressing
the human recombinant TRPV1 receptor. Data are expressed as per-
cent of the effect of 4 M ionomycin (maximal response). Data are
means of at least N = 3 experiments. Standard errors are not shown
for the sake of clarity and were never higher than 10% of the means.
HETE, hydroxyeicosatetraenoic acid; HAEA, hydroxy-anandamide.

Identification and bioactivity of 3-hydroxyanandamide 663

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 1. Affinity of 3-hydroxy-derivatives at human recombinant CB; and CBs receptors and functional activity
at human recombinant TRPV1 receptors

K; at CB, Max tested K; at CBy Max tested ECs59 on TRPV1 Max tested
Compound (LM) (% displacement) (0M) (% displacement) (rM) (% ionomycin)
AEA 0.02 £ 0.01 5 puM (98.1%) 0.11 = 0.02 5 puM (97.0%) 0.28 = 0.03 50 pM (60.4%)

N
3(R)-HAEA 185 = 027 5 puM (66.16%) 643 = 0.77 10 pM (68.8%)  0.45 + 0.04 50 pM (78.3%)
3(S)-HAFEA 146 = 0.33 5 uM (72.00%) 4.85 = 0.38 10 pM (84.1%)  0.39 = 0.03 50 pM (79.4%)
3(R)-HETE >5 5 uM (35.51%) >5 10 pM (23.8%) >50 50 uM (34.3%)
3(S)-HETE >5 5 uM (46.56%) >5 10 pM (32.4%) >50 50 WM (42.4%)

HETE, hydroxyeicosatetraenoic acid; HAEA, hydroxy-anandamide. The affinity of the 3-hydroxy-derivatives is
expressed in terms of absolute K; (uM) for the displacement of [*H]CP-55,940 from human recombinant CB; and
CB,, receptors. K; values are calculated by applying the Cheng-Prusoff equation to the ICj5, values for the displace-
ment of the bound radioligand by increasing concentrations of the test compound. The maximal concentrations
tested and their effects are also shown. The functional activity at TRPV1 receptors was measured by assessing the
effects of the drugs on TRPVI-mediated elevation of intracellular Ca®* concentrations, and the potency in this
assays is reported as ICs, values. Efficacy is reported as the effect of the maximal concentration tested as % of
the maximum observable effect on intracellular Ca®>* concentrations (i.e., that of 4 uM ionomycin, assessed in each

experiment). Data are means = SEM of at least n = 3 experiments.

(Fig. 5B). No current was evoked in control HEK293 cells
by 3(R)-HAEA (data not shown).

Affinity of 3(R)-HAEA and 3(S)-HAEA at human
recombinant CB; and CB; receptors

Both enantiomers of 3-HAEA exhibited similar affinity
for both human CB; and CBy receptors, and significantly
(~70-90-fold and ~40—-60-fold) lower affinity than the
parent compound anandamide, as shown in Table 1.

DISCUSSION

The first aim of this study was to investigate whether or
not anandamide, an endocannabinoid and endovanilloid
mediator, can be transformed by the Candida cognate fun-
gus D. uninucleata into its 3-hydroxy derivative. Additionally,
in order to assist with the identification of putative 3-HAEA
from the conversion experiments and eventually obtain it
in amounts sufficient to profile its activity at cannabinoid
and TRPVI receptors, we have synthesized here for the
first time 3(R)- and 3(S)-HAEA. We have shown that these
synthetic compounds are chromatographically and mass-
spectrometrically indistinguishable from a metabolite ob-
tained after incubation of D. uninucleata with anandamide,
and that, compared with the latter compound, they exhibit
dramatically reduced binding activity at both cannabinoid
receptors types, while retaining activity at TRPV1 receptors,
as shown by their capability to increase intracellular Ca**
and to induce cation-mediated currents in HEK-293 cells
overexpressing human recombinant TRPV1 channels.

Anandamide affinity and functional potency at TRPV1 re-
ceptors are about one order of magnitude lower than those
at CB; receptors (30-32). Therefore, endogenous anan-
damide can be predicted to act predominantly as an endo-
cannabinoid and, by activating CB; and CBy receptors, to
inhibit the pronociceptive and proinflammatory actions of
TRPV1 agonists (33, 34). However, anandamide was shown
to activate TRPV1 receptors when CB; receptors are blocked
and/or when TRPVI channels are sensitized by stimuli, like
those occurring during inflammatory reactions (17, 18,
35-39). TRPV1 sensitization likely occurs during candidia-
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sis, because increased expression of vulvar TRPV1 recep-
tors is observed during vulvodynia, a condition similar to
that caused by candidiasis (14), and clotrimazole, a widely
used antimycotic agent, was suggested to owe its inflamma-
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Fig. 5. TRPVI can be activated by 3(R)-hydroxy-anandamide in
whole-cell patch clamp recordings. A: Representative example of
a whole cell patch clamp recording of HEK-293 cells overexpress-
ing the human recombinant TRPV1 in response to 3(R)-hydroxy-
anandamide (n = 8), here denoted as “3-HETE-anandamide.” Data
are gathered from voltage-ramps and depict the current at +80 mV
and —80 mV. The zero current level is indicated by the dashed line.
Lowercase ‘a’ refers to traces obtained in the absence of capsazepine
(CPZ); lowercase ‘b’ refers to traces obtained in the presences of
CPZ. B: 500 ms voltage ramp from —80 mV to +80 mV applied at
the time points indicated as in A. 3(R)-hydroxy-anandamide and the
TRPV1 antagonist, capsazepine were applied at concentrations of
20 puM and 10 pM, respectively.
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tory and algogenic side effects to its capability to activate
TRPV1 receptors (40). On the other hand, several periph-
eral inflammatory conditions causing pain and/or itch are
known to be accompanied by elevated levels of ananda-
mide as an adaptive reaction to counteract these symptoms,
as suggested by the observation that compounds that pro-
long the life span of anandamide by inhibiting its inactiva-
tion exert anti-inflammatory effects (15, 16, 41-47). Thus, it
seems reasonable to hypothesize that, during candidiasis-
induced inflammation, on the one hand TRPV1 is sensitized,
and, on the other hand, anandamide is produced by host
or neighboring cells. Thus, Candida species might partly
transform endogenously produced anandamide into 3-
HAEA, as observed here for D. uninucleata, thus leading
to the formation of a predominantly antihyperalgesic and
anti-inflammatory mediator into a “pure” TRPV1 agonist.
This mechanism might contribute to some of the typical
symptoms of candidiasis.

Clearly, further experiments that are beyond the aims of
the present study are needed in order to corroborate or
rule out this hypothesis. First, it will be necessary to assess
if the conversion of anandamide into 3-HAEA does occur
also during candidiasis, and, if so, to what extent. The pro-
duction of 3-hydroxyeicosanoids like 3-hydroxyPGEs upon
infection of HeLa cells with C. albicans supports the hy-
pothesis that also 3-HAEA might be formed during infec-
tion with this pathogenic fungus (23). On the other hand,
still enough endogenous anandamide to activate CB; and
CBy receptors might remain even if this conversion were
to occur in vivo, and this would counteract the effects of
3-HAEA. A second issue for future studies should be the
assessment of the relative regulation of TRPV1 and cannabi-
noid receptors during candidiasis. Furthermore, the activity
of 3-HAEA should also be investigated in “native” cells that
constitutively express TRPV1 receptors, since a higher po-
tency has been reported, at least for anandamide, at acti-
vating these channels when they are overexpressed in cells
(30—32). Finally, the configuration of 3-HAEA produced
from D. uninucleata needs to be investigated to clarify if
this compound is produced through the same pathway ((3-
oxidation) as 3(R)-HETE, as it might seem unlikely given
the fact that anandamide is not capable of making the ester
with CoA, which is necessary for entering this catabolic
route. The alternative possibility that 3-HAEA is produced
by cytochrome p450/oxigenase-catalyzed 3-hydroxylation
of anandamide would be, instead, suggested by the fact that
this latter compound is recognized as substrate by several
enzymes of the AA cascade (24). At any rate, we have shown
here that the configuration of 3-HAEA has little biological
relevance in terms of activation of either TRPV1 or canna-
binoid receptors. It would be also important to assess if the
other major endocannabinoid, 2-arachidonoylglycerol,
which has little activity at TRPV1 receptors (30—-32), and is
more abundant than anandamide in tissues, is converted by
3-(R)-HETE-producing fungi.

In conclusion, we have provided evidence that a 3-HETE-
producing fungus can act in vitro upon the anandamide
potentially released by host or neighboring cells during
candidiasis, thus catalyzing its transformation into a com-

pound that is no longer capable to activate cannabinoid re-
ceptors but retains agonist activity at the TRPV1 channel.
Our study might suggest that compounds capable to pro-
long the lifespan of anandamide by inhibiting its inactiva-
tion, and that have proved useful in several animal models
of pain, inflammation, and itch (15, 16, 41-48), might not
be necessarily suitable for the symptomatic treatment of
candidiasis, as they might also promote the formation of
3-HAEA, a likely algogenic compound. Furthermore, our
data provide an unusual example of the typical capability
of pathogenic microorganisms to control, or even exploit, in-
nate defense mechanisms to facilitate infection (49, 50) Al

The authors thank Mr. Marco Allara, Endocannabinoid Research
Group, CNR, Italy for his technical assistance in binding assays.
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