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ABSTRACT: A series of unsaturated fatty acids in fish oil and their corresponding
ethanolamide metabolites were explored to find active fish oil components of
antiallergic activity in vitro. Ethanolamides of omega-3 fatty acids (α-linolenic acid,
EPA, and DHA) were found to possess promising antiallergic activity, whereas free
fatty acids and ethanolamides of other fatty acids exhibited no or weak potency.
Based on this finding, structure−activity relationships of DHA-ethanolamide
(DHEA) derivatives were investigated to yield better fatty acid derivatives with
enhanced antiallergic activity in vitro and in vivo. When the ethanolamide moiety
of DHEA was replaced by the substituted sulfonamide functionality, highly
promising potency was provided in vitro. Compound 59 showed improved
antiallergic activity in vivo over DHEA. The results indicate that optimized DHEA
derivatives have enhanced antiallergic activity in vitro and in vivo, and the resulting
structures will be an important basis for further development of bioavailable
derivatives with promising allergy suppressive activity.

■ INTRODUCTION

Allergy is one of the medical conditions triggered by stimulation
of a wide range of allergens such as food, chemicals, and pollen.
Mast cells of the immune system store a number of different
chemical mediators including histamine and various proteins in
coarse granules found throughout the cytoplasm of the cell. On
the stimulation by an allergen, the mast cells release the contents
of their granules by a process called degranulation.1−3 The
degranulated histamine induces a variety of allergic responses
such as atopic, asthma, dermatitis, allergic rhinitis, and
conjunctivitis.4,5 For the last ten years, the number of people
suffering from these allergic disorders has been increasing in the
developed countries including Japan, underlying that proper
protection or treatment of allergy is highly required.6,7

Fish oil is rich in omega-3 polyunsaturated fatty acids
(PUFAs) such as docosahexaenoic acid (DHA) and eicosa-
pentaenoic acid (EPA). Studies indicate that fish oil and omega-
3 PUFAs possess broad beneficial effects on human health. In
vitro and in vivo anti-inflammatory effects of fish oil and omega-
3 PUFAs are well addressed by some research groups.8,9 The risk
of cancers, cardiovascular disease, hypertension, and neuro-
logical disorders is known to be reduced by intake of fish oil or
omega-3 PUFAs.10−16 Recently, some studies have revealed that
consumed DHA and EPA are endogenously converted to an
ethanolamide metabolite, docosahexaenoyl ethanolamide
(DHEA), and eicosapentaenoyl ethanolamide (EPEA), respec-
tively, and the amide metabolites lead to the biological functions
as a lipid mediator in vitro and in vivo.11−13,16,17 This suggests
that the endogenous ethanolamide metabolites of DHA and/or

EPA are important mediators playing a role in showing their
wide beneficial effects in the body and that they have a great
potential to be used as pharmaceutical lead structures for the
treatment of the omega-3 PUFA-related diseases. On the other
hand, it has been also well known that fish oil or omega-3 PUFA
intake is associated with allergy protection.18−20 However, little
is clear about the mode of the antiallergic effect of fish oil or
omega-3 PUFAs. Based on reports, it can be assumed that
ethanolamide metabolites of omega-3 PUFAs or other fatty
acids in fish oil may play an important role in the control of
allergy such as other omega-3 PUFA-related disorders, as well.
In the present study, a series of long-chain unsaturated fatty

acids in fish oil and their corresponding ethanolamide
metabolites were investigated to elucidate active components
of fish oil with antiallergic activity in vitro. Based on the finding,
extensive structure−activity relationship (SAR) studies were
performed to discover further improved unsaturated fatty acid
derivatives with enhanced antiallergic activity in vitro and in
vivo.

■ RESULTS AND DISCUSSION
Chemistry. Ethanolamides of unsaturated fatty acid

components of fish oil (12, 13, and 17 in Table 1) were
synthesized as seen in Scheme 1. 2-Aminoethanol was coupled
with a corresponding fatty acid by using 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (EDCI) in the
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presence of 4-dimethylaminopyridine (DMAP) in dichloro-
methane to afford an ethanolamide of fatty acid in approximately
80% yield.21 By using the same reaction as that described in
Scheme 1, a number of amide or ester derivatives of DHA
(DHEA, 20−23, 26−30, 34−36 in Table 2, 37−50 in Table 3,
and 51−62 in Table 4) were prepared as depicted in Scheme 2.
A corresponding amine or alcohol was added to a solution of
DHA and EDCI in dichloromethane in the presence of DMAP
as a base to provide an amide or ester derivative in a range of 70−
95% yield.

Compound 19 was synthesized as outlined in Scheme 3. The
coupling of DHA with tert-butyl 2-aminoethylcarbamate in the
presence of EDCI and DMAP in dichloromethane gave a N-
proptected amine−amide intermediate, which was treated with
trifluoroacetic acid in dichloromethane to yield compound 19 in
78% yield.22 Syntheses of mono- (24) or di-methyl (25)-
substituted ethanolamide derivatives were carried out as
outlined in Scheme 4. The reaction of 2-aminoethanol with
di-tert-butyl dicarbonate in the presence of triethylamine as a
base gave a N-protected ethanolamine intermediate, which was
alkylated by using iodomethane in the presence of sodium

Table 1. Anti-degranulating Activity of Unsaturated Fatty Acids in Fish Oil and Their Corresponding Ethanolamides in Mast
Cells

aAnti-degranulating activity was evaluated by a β-hexosaminidase release assay. bEicosapentaenoyl ethanolamide (EPEA). cDocosahexaenoyl
ethanolamide (DHEA).

Scheme 1. Syntheses of Ethanolamides of Unsaturated Fatty Acidsa

aReagents and conditions: (a) 2-aminoethanol, EDCI, DMAP, dichloromethane, room temp.
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hydride in N,N-dimethylformamide (DMF) to provide a N-
protected ether amine in 87% yield.23 The protecting group of
the ether amine was then removed by adding trifluoroacetic acid
in dichloromethane to afford an ether amine, followed by
coupling with DHA by using EDCI and DMAP in dichloro-
methane to make compound 24 in 82% yield.22 Compound 25

was prepared in the same reactions as those used for the
synthesis of compound 24 by using 2-(methylamino)ethanol as
a starting material as shown in Scheme 4(II).
In order to yield a glycerol derivative (31), four reactions were

conducted as depicted in Scheme 5. The reaction of glycerol
with tert-butyldimethylchlorosilane in dichloromethane in the

Table 2. Anti-degranulating Activity of Alkylamide Derivatives of DHEA in Mast Cells

aAnti-degranulating activity was evaluated by a β-hexosaminidase release assay.

Table 3. Anti-degranulating Activity of Substituted Amide Derivatives of DHEA in Mast Cells

aAnti-degranulating activity was evaluated by β-hexosaminidase release assay.
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presence of DMAP and triethylamine synthesized a protected
glycerol intermediate. The free secondary alcohol of the
intermediate was coupled with DHA by using EDCI and
DMAP in dichloromethane to provide a protected glycerol ester
of DHA, followed by the reaction of tetrabutylammonium
fluoride in tetrahydrofuran (THF) to afford compound 31 in
35% overall yield.
Syntheses of acetate (33) and acetic acid (32) derivatives

were carried out as shown in Scheme 6. Glycine was reacted with
chlorotrimethylsilane in methanol to prepare the corresponding
methyl ester hydrochloride,24 which was then used for the
coupling with DHA by using EDCI and DMAP in the presence

of triethylamine in dichloromethane to afford compound 33 in
approximately 97% yield. Compound 33 was hydrolyzed by
using 1 N sodium hydroxide in methanol to give the
corresponding acid derivative (32) in 98% yield.

Structure−Activity Relationships. Although DHA and
EPA are major components of fish oil, a wide range of saturated
and unsaturated fatty acids exist in fish oil, and proportions of
the fatty acids vary depending on fish species,25,26 implying that
the antiallergic effect of fish oil can emerge from not only DHA
or EPA but also other lipids in fish oil. In this study, we especially
focused on unsaturated fish oil components including DHA and
EPA for the evaluation of antiallergic activity. Because, as

Table 4. Anti-degranulating Activity of Arylamide Derivatives of DHEA in Mast Cells

aAnti-degranulating activity was evaluated by β-hexosaminidase release assay.

Scheme 2. Syntheses of Amide or Ester Derivatives of DHAa

aReagents and conditions: (a) a corresponding amine or ester, EDCI, DMAP, CH2Cl2, room temp.

Scheme 3. Synthesis of (4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Aminoethyl)docosa-4,7,10,13,16,19-hexaenamide (19)a

aReagents and conditions: (a) tert-butyl 2-aminoethylcarbamate, EDCI, DMAP, CH2Cl2, room temp; (b) TFA, CH2Cl2, room temp.
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previously indicated, the conversion of the free acid function of
DHA or EPA to the corresponding ethanolamide is essential for
leading to a variety of biological functions in the body,11−13,16,17

nine different common unsaturated fatty acids in fish oil and
their corresponding ethanolamide metabolites were examined

for suppressive activity on mast cell degranulation using rat
basophilic leukemia RBL-2H3 cells, which are commonly used
as a model of mast cells.27,28 As shown in Table 1, all free fatty
acids (1−9) tested did not show any anti-degranulating activity.
The omega-3 fatty acids, EPA (6) and DHA (9), which are the

Scheme 4. Syntheses of (4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Methoxyethyl)docosa-4,7,10,13,16,19-hexaenamide (24) and
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Methoxyethyl)-N-methyldocosa-4,7,10,13,16,19-hexaenamide (25)a

aReagents and conditions: (a) (Boc)2O, Et3N, CH2Cl2, room temp; (b) NaH, CH3I, DMF, room temp; (c) TFA, CH2Cl2, room temp; (d) Et3N, 0
°C, then DHA, EDCI, DMAP, CH2Cl2, room temp.

Scheme 5. Synthesis of (4Z,7Z,10Z,13Z,16Z,19Z)-1,3-Dihydroxypropan-2-yl Docosa-4,7,10,13,16,19-hexaenoate (31)a

aReagents and conditions: (a) TBSCl, DMAP, Et3N, CH2Cl2, room temp; (b) DHA, EDCI, DMAP, CH2Cl2, room temp; (c) TBAF, THF, 0 °C.

Scheme 6. Syntheses of Methyl 2-((4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenamido)acetate (33) and 2-
((4Z,7Z,10Z,13Z,16Z,19Z)-Docosa-4,7,10,13,16,19-hexaenamido)acetic Acid (32)a

aReagents and conditions: (a) TMSCl, MeOH, room temp; (b) DHA, EDCI, DMAP, Et3N, CH2Cl2, room temp; (c) 1 N NaOH, MeOH, room
temp.
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main components of fish oil, induced no anti-degranulating
activity. Other omega-9, -6, or -3 fatty acids (1−5, 7, and 8) such
as oleic acid, α-linolenic acid, and arachidonic acid were also
found to have no activity. These results are in line with a
previous study reporting that DHA, EPA, and arachidonic acid
do not reduce IgE-mediated degranulation of human mast cell
line LAD2 cells.29 However, surprisingly, the incorporation of
the ethanolamide function to the place of the free acid of the
fatty acids produced anti-degranulating activity. Comparing C18
fatty acids with ethanolamide (10−12), an omega-9 fatty acid,
oleic acid ethanolamide with one double bond (10) had no anti-
degranulating activity. Ethanolamide of linoleic acid with two
double bonds (11), an omega-6 fatty acid, showed weak activity.
However, in an omega-3 fatty acid, α-linolenic acid ethanola-
mide with three double bonds (12), a significant enhancement
in anti-degranulating activity was observed. It seems that three
consecutive double bonds from the omega-3 position of C18
fatty acid ethanolamides (12) are important for affording
antiallergic activity. When this finding was compared to the
results of C20 (13−15) and C22 (16−18) fatty acid
ethanolamides, a similar trend was observed. As seen in
compounds 13 and 14, C20 fatty acid ethanolamides that
have three or four consecutive double bonds from the omega-6
position exhibited no activity, whereas ethanolamide of EPA
(15), a C20 fatty acid with five consecutive double bonds from
the omega-3 position, was effective for suppressing the allergic
reaction. This indicates that not the number of double bonds but
the position of the consecutive double bonds in fatty acids is
more important for yielding antiallergic activity. On the other
hand, Cruz et al.30 have reported that ethanolamide of
arachidonic acid (14) inhibits IgE-mediated degranulation of
murine bone marrow-derived mast cells, indicating that a
different result can be observed depending on the cells used for
evaluating mast cell degranulation. Likewise, a C22 omega-9
fatty acid ethanolamide with one double bond (16) or a C22
omega-6 fatty acid ethanolamide with two double bonds (17)
did not produce antiallergic activity. However, in a C22 omega-3
fatty acid ethanolamide with six consecutive double bonds from
the omega-3 position (18; DHEA), similar antiallergic activity to
that of C18 omega-3 (12) and C20 omega-3 fatty acid (15)
ethanolamides was gained. These results indicate that at least
three consecutive double bonds from the omega-3 position of
C18 (12), C20 (15), or C22 (18) fatty acid ethanolamides are
necessary to induce antiallergic activity and that the carbon
chain length of the omega-3 fatty acids is not a critical factor to
generate antiallergic activity. The results in Table 1 indicate that
polyunsaturated omega-3 free fatty acids such as α-linolenic
acid, EPA, or DHA are not effective for suppressing
degranulation, but their ethanolamide metabolites play an
important role in the control of the allergic process. This
suggests that the corresponding ethanolamides of the omega-3
fatty acids are active mediators leading to antiallergic effects of
fish oil, which is consistent with previous reports that
ethanolamides of DHA and EPA are modulators with biological
functions such as anti-inflammation or anticancer ef-
fect.11−13,16,17 Moreover, unexpectedly, α-linolenic acid, which
is not a major omega-3 fatty acid present less than 1% in fish oil,
was found to possess promising antiallergic activity, implying
that the antiallergic effect can be further discovered from
unexpected fatty acid structures in fish oil or by structural
optimizations. Although it has been well known that fish oil rich
in DHA and EPA is effective for controlling allergic disorders, no
studies verified its mode of action in the body. The finding in

Table 1 elucidates that antiallergic effects of fish oil are derived
from the action of ethanolamides of the omega-3 fatty acids. The
SARs in Table 1, which were explored based on the part of the
common fatty acids in fish oil, are useful for discovering new
fatty acids or novel chemical structures with better antiallergic
activity.
Based on the above results, we further tried to yield better

omega-3 fatty acid derivatives with improved antiallergic activity
in vitro and in vivo by using extensive SAR studies. Among
omega-3 fatty acids with antiallergic activity found in this study,
EPEA andDHEA yielded better activity than ethanolamide of α-
linolenic acid. In addition, some studies indicate that DHEA is
an important lipid mediator related to a variety of biological
functions such as anticancer and anti-inflammation in in vitro
and in vivo experiments,8−17 which implies that DHEA
derivatives with improved biological activity have a big potential
to be used for the treatment of a wide range of DHEA-related
disorders including allergy. Thus, DHEA was used as a lead
structure for the SARs in this study. Structural optimizations
were made in the ethanolamidemoiety of DHEA fixing the long-
chain lipid part of DHEA to increase antiallergic activity (Figure
1).

As shown in Table 2, a series of substituted or nonsubstituted
alkylamide derivatives were first synthesized and their anti-
degranulating activity was determined in the mast cells. As seen
in compound 19, anti-degranulating activity of DHEA
disappeared when OH of the ethanolamide moiety was replaced
by NH2. No activity was also observed in compounds without
OH (20 and 21), indicating that the OH group in the
ethanolamide moiety of DHEA is important for retaining
antiallergic activity. Replacing NH of the amide function in the
ethanolamide moiety of DHEA by oxygen (22) dropped
activity, indicating that amide functionality is necessary for the
antiallergic action of DHEA. In order to see whether
incorporating a substituent onto NH, OH, or the ethyl chain
of the ethanolamidemoiety affects antiallergic activity, a series of
substituted derivatives were synthesized (23−31). When a
methyl group was added to NH (23) or OH (24) of the
ethanolamide moiety, no activity was induced. In compounds
substituted with two methyl groups on both NH and OH (25),
no significant activity was also observed, suggesting that
substitution on the NH or OH group of the ethanolamide
moiety is not favorable for improving potency and the hydrogen
atoms on both the NH and OH groups play a highly important
role in generating anti-degranulating activity. On the other hand,
a methyl group incorporated onto the ethyl chain of the
ethanolamidemoiety did not affect potency (26 and 27). Similar
(26) or a little lower (27) activity compared to that of DHEA
was obtained, indicating that the ethyl chain in the ethanolamide

Figure 1. Structural optimization of (4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-
hydroxyethyl)docosa-4,7,10,13,16,19-hexaenamide (DHEA). The
ethanolamide moiety of DHEA was optimized by a wide range of
functional groups without modifying the unsaturated lipid part.
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moiety can be an optimal position for substitutions to improve
antiallergic activity. Interestingly, when a hydroxymethyl group
(28 and 29) was introduced to the ethyl chain of the
ethanolamide moiety instead of a methyl group (26 and 27),
significantly enhanced activity over that of DHEA was gained.
This suggests that a polar hydroxymethyl group is a highly useful
substituent over a nonpolar methyl group for making better fatty
acid derivatives with improved potency. Further, it was verified
that the ethyl chain of the ethanolamide moiety is a suitable
position for adding substituents to increase potency. However, a
polar hydroxyethyl group present on NH of the amide function
of the ethanolamide moiety (30) caused a big loss in activity,
which was consistent with the result of compound 23 with a
methyl group on NH of the amide. As expected, the
corresponding ester analogue of compound 28 (31) possessed
no activity, supporting again that amide function with no
substituent is crucial for maintaining significant potency. As seen
in compound 32, acetic acid introduced instead of ethanol of
DHEA led to similar antiallergic activity to that of DHEA,
whereas the corresponding methyl acetate analogue (33) did
not have any potency, which indicates that a polar functionality
containing a hydrogen atom such as an acid or a primary alcohol
is necessary for exhibiting decent antiallergic activity.
Furthermore, increased potency over that of DHEA was
exhibited when the ethanol of DHEA was replaced by propanol
(34). A diethylene glycol derivative (35) had also similar
potency to that of the propanol compound (34), suggesting that
introducing alcohol functions with a longer alkyl chain than
ethanol is very useful for enhancing antiallergic activity.
Switching the amide function of compound 35 with potent
activity to the corresponding ester (36) decreased activity a lot,
which was similar to the results of the ester compounds 23 and
31. The results in Table 2 show that antiallergic activity of
DHEA is enhanced by optimizing the ethanolamide moiety by a
series of substituted and nonsubstituted alkyl groups. It was
found that two hydrogen atoms on both NH and OH of the
ethanolamide moiety of DHEA are essential for maintaining
antiallergic activity and that a polar functional group such as
hydroxymethyl present on the ethyl chain of the ethanolamide
moiety yields better fatty acid derivatives with improved activity
over DHEA. Moreover, a longer alkyl chain of alcohol
functionalities such as propanol and diethylene glycol than
that of the ethanol of the ethanolamide moiety is highly effective
for making better fatty acids of improved potency.
Next, in order to see whether improved antiallergic activity

can be gained by other substituents, we attempted to switch the
ethanolamide moiety of DHEA with a series of substituted aryls
(37−39), cyclolalkyls (40−43), and sulfones (44−50) as listed
in Table 3. Because amide functionality and a primary alcohol
were found to be useful to increase antiallergic activity as
indicated in Table 2, amide derivatives with one or two OH
groups on the benzene ring were synthesized. As observed in
compounds 37−39, no activity was yielded in hydroxylated
arylamide derivatives in contrast to the results obtained from
hydroxyalkylamide compounds (28, 29, 34, and 35 in Table 2),
implying that OH groups present on the benzene ring are not
useful for producing antiallergic activity. In addition, no
significant potency was induced by the addition of hetero-
cycloalkylamide derivatives with morpholine (40), hydropyran
(41 and 42), methylpiperazine (43), or methylsulfonylpiper-
azine (44), showing that heterocycloalkyls are not effective for
potency, as well. Methylsulfonamide (45) missing piperazine
from compound 26 did not make any change in activity.

However, interestingly, replacing the methyl group of the
methylsulfonamide moiety of compound 45 with a tert-butyl
(46) resulted in a dramatic increase in potency, implying that a
tert-butyl group attached on sulfonamide is a highly effective
substituent to give potent activity. Furthermore, it was implied
that substituted sulfonamide is a useful functionality to improve
antiallergic activity of DHEA. When the sulfonyl group of
compound 46 was eliminated to see whether it is necessary for
inducing activity, nomeaningful potency was observed as seen in
compound 47, proving that the polar sulfonyl function of the
tert-butylsulfonamide moiety of compound 46 plays a critical
role in the generation of activity. In order to further optimize
compound 46, the replacement of the tert-butyl of the tert-
butylsulfonamide moiety of compound 46 was tried by a
cyclopropyl (48), a trifluoromethyl (49), or a pentafluoroethyl
(50). No significant or more than 2-fold decreased activity was
observed in cyclopropyl (48) and trifluoromethyl (49)
derivatives, respectively, whereas a little reduced potency
compared to that of compound 46 was gained from
pentafluoroethylamide compound (50). This indicates that a
tert-butyl group is the most promising function among other
alkyl substituents tested for the sulfonamide moiety to make
improved fatty acid derivatives with enhanced antiallergic
activity. The fatty acid attached with tert-butylsulfonamide
(46) had better antiallergic activity than DHEA, which was
similar to that of hydroxyalkylamide derivatives (28, 29, 34, and
35 in Table 2). In addition, it was found that hydroxyarylamides
and heterocycloalkylamides are not useful for producing
promising fatty acid derivatives.
In order to further optimize the sulfonamide function, a series

of aryls were incorporated to the sulfonamide moiety instead of
the tert-butyl group of compound 46 in Table 3. As shown in
Table 4, fatty acid derivatives with substituted (53−61) or
nonsubstituted (51, 52, and 62) arylsulfonamide were
synthesized and evaluated for anti-degranulating activity in the
mast cells. As seen in compound 51, sulfonamide with a phenyl
group gave no activity, whereas the replacement of the phenyl
group of compound 51 by a benzyl (52) dramatically increased
activity.When incorporating amethyl group on the benzene ring
of compound 51 (53), improved potency was also gained, which
is similar to that of DHEA. These results indicate that one
carbon chain present between the sulfonyl and the benzene ring
(52) or on the benzene ring (53) in the arylsulfonamide moiety
is highly effective for producing significant activity. On the other
hand, in compound 54 with a hydroxy on the benzene ring
instead of the methyl group of compound 53, no activity was
observed, implying that a hydroxy group on the aryl moiety is
not useful for affording relevant activity in arylsulfonamide
derivatives. This was a similar result to that found in compounds
with hydroxyphenylamide derivatives (37−39 in Table 3).
However, it was contrast to the result that hydroxyalkylamide
compounds (28, 29, 34, and 35 in Table 2) exhibited very
potent activity. Substituting a fluoro (55) or a chloro (56) group
on the benzene ring led to similar potency to that of DHEA,
which implies that a halogen atom added to the benzene ring of
the arylsulfonamide moiety is effective for retaining antiallergic
activity comparable to that of DHEA. Furthermore, the presence
of a trifluoromethyl (57) or a trifluoromethoxy (58) group on
the benzene ring provided further enhanced activity, suggesting
that the incorporation of halogen atom-containing substituents
on the benzene ring is necessary to yield very potent
arylsulfonamide fatty acid derivatives. Interestingly, compound
with a nitro group on the benzene ring (59) had very potent
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antiallergic activity, as well, implying that a strong electron-
withdrawing group on the aryl moiety is highly effective to
generate promising arylsulfonamide derivatives. On the other
hand, in the benzoic acid derivative (60), no activity was gained,
but the corresponding methyl benzoate (61) showed signifi-
cantly improved activity, which indicates that an ester function is
more effective than the corresponding acid in arylsulfonamide
derivatives for inducing activity. This was different from the
result shown in Table 2 that free acid function (32) is better for
activity over the corresponding ester (33) in alkylamide
derivatives. The compound attached with thiophenesulfona-
mide (62) did not lead to meaningful potency, implying that the
addition of a heteroaryl substituent to the arylsulfonamide
moiety does not work for making relevant potency. It was found
in Table 4 that arylsulfonamides with a substituent such as a
methyl or a halogen atom produce potent fatty acid derivatives
comparable to DHEA. Moreover, substituents, such as a
trifluoromethyl, a trifluoromethoxy, and a nitro group, on the

aryl moiety of arylsulfonamide derivatives are highly effective for
yielding very potent antiallergic activity.
DHEA derivatives with promising in vitro antiallergic activity

were found as shown in Tables 2−4. Among them, twelve
compounds with better potency than that of DHEA were
selected and then used for the evaluation of in vivo antiallergic
activity by using an IgE-dependent passive cutaneous
anaphylaxis (PCA) reaction in mice.31−33 Because PCA is a
localized cutaneous allergic response caused by an allergen
exposure, PCA suppressive activity is widely used for assessing
the in vivo antiallergic effect of bioactive compounds.32,33 As
shown in Table 5, orally administered DHEA suppressed PCA
reaction in mice about 30%, whereas almost no suppressive
effect on PCA reaction was observed in DHA treated mice,
suggesting that DHEA with antiallergic activity in vitro is
effective for attenuating an allergic response in vivo, as well. It
was also indicated that in vivo antiallergic activity observed by
the treatment of DHEA is induced by DHEA in mice not by

Table 5. PCA Suppressive Activity of DHEA Derivatives in Mice

aAnti-degranulating activity was evaluated by β-hexosaminidase release assay. bSuppression of PCA reaction (%) relative to the control group at
1000 mg/kg. Data are expressed as the mean of each group. clog P: calculated log P by Crippen’s method by using CS ChemDraw 6.0 version. dNot
determined. eThe peak of DHA was detected by HPLC analysis after the incubation of each compound with the human FAAH. fNo FAAH
inhibition activity when IC50 is over 50 μM. gThe peak of DHA was not detectable after the incubation of each compound with the human FAAH.
hIC50 (μM). iSuppression of PCA reaction (%) relative to the control group at 50 mg/kg. Fexofenadine is a histamine H1 antagonist (Ki = 10 nM).
*P < 0.05 by Dunnett’s test.
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other bioactive fatty acids converted from DHA, a metabolite of
DHEA, because DHA treatment led to very low PCA
suppression in mice in this study. On the other hand, studies
indicate that DHEA is also oxygenated to a range of bioactive
metabolites effective for the treatment of inflammatory and
neurological disorders.34−36 When ethanolamide of linolenic
acid (12) with a similar in vitro activity to that of DHEA was
examined for in vivo potency, almost the same result as that of
DHEA was gained, indicating that a difference in the length of
the lipid part of DHEA and compound 12 does not affect in vivo
potency. However, substituted alkylamide derivatives with
better in vitro antiallergic activity (26, 28, 29, 32, 34, and 35)
than that of DHEA did not exert increased in vivo activity over
that of DHEA. Compounds 26, 28, 29, and 35 made 7−23%
suppression in PCA reaction and compounds 32 and 34 did not
provide any suppressive effect. Similar results were observed in
substituted sulfonamide derivatives (46, 52, 55, 57, and 58),
which showed 0−19% suppressive activity of PCA reaction.
Although the test compounds were more potent than DHEA in
vitro, they were less potent in vivo. However, in compound 59
with 4-nitrophenylsulfonamide, approximately 50% suppressive
activity of PCA reaction was gained, which was 20% higher in
comparison to the result of DHEA. However, it was
approximately 150-fold less potent compared to that of a
positive control (fexofenadine) with antiallergic activity, mean-
ing that further structural optimizations need to be conducted to
develop compounds with better potency in vitro and in vivo in
the future research. In this study, only compound 59 showed
expected in vivo result corresponding to the in vitro potency.
There are many factors that can influence bioavailability. For
example, undesirable physical properties of compounds such as
high lipophilicity or low water solubility can lead to reduced
bioactivity.21 When lipophilicity (log P) of test compounds in
Table 5 was calculated, substituted alkylamide derivatives had
similar lipophilicity to that of DHEA. On the other hand, much
higher lipophilicity than that of DHEA was observed in
substituted sulfonamide compounds except compound 59.
Interestingly, lipophilicity of compound 59 was almost same as
that of DHEA, implying that lipophilicity can be one of the
important factors to affect in vivo activity of the fatty acid
derivatives. On the other hand, DHEA is reported as a substrate
of fatty acid amide hydrolase (FAAH),37 which degrades DHEA
into DHA and 2-aminoethanol. Thus, hydrolysis of DHEA and
its derivatives by FAAH can result in a loss of activity in vivo by
producing less potent DHA. In addition, it is reported that
cellular uptake of ethanolamide of arachidonic acid (14) is
affected by the FAAH expression level,38 indicating that the
hydrolyzing enzyme may play a key role in the modulation of in
vivo activity of DHEA and fatty acid derivatives. We thus
investigated whether or not the fatty acids interact with human
FAAH. As shown in Table 5, as expected, DHEAwas hydrolyzed
by the human FAAH to less potent DHA.Most of the derivatives
in Table 5 were also hydrolyzed to DHA by the enzyme activity
except compounds 26, 28, 46, and 59. Although compounds 26,
28, and 46 were not substrates for the human FAAH, lower in
vivo potency than that of DHEA was exerted. Only compound
59 that is not a substrate of the human FAAHhad better potency
compared to that of DHEA, indicating that there is no
reasonable relationship between hydrolysis by the human
FAAH and in vivo antiallergic activity and that FAAH-mediated
cellular uptake does not affect in vivo potency of compound 59.
Furthermore, when inhibition of the human FAAH by DHEA
and fatty acid derivatives was examined, most of compounds in

Table 5 did not inhibit FAAH activity except compounds 32 and
59. Compounds with no FAAH inhibition activity had
decreased antiallergic activity in vivo compared to that of
DHEA. In the case of compound 32 with FAAH inhibition
potency, it seems that it acts as a substrate for the enzyme with a
higher affinity rather than behaving as an inhibitor of the human
FAAH, resulting in no antiallergic activity in vivo. Interestingly,
compound 59, which is not a FAAH substrate, was found as a
potent inhibitor of the enzyme. This result implies that the
ability of FAAH inhibition of compound 59 is one of critical
properties to make it a potent compound with high antiallergic
activity in vivo over DHEA. Surprisingly, when DHEA was co-
treated with a FAAH inhibitor, in vitro antiallergic activity of
DHEA was improved about 3-fold compared to that without an
inhibitor (Table 6), again suggesting that suppressing FAAH

activity is highly important to produce enhanced antiallergic
activity in vitro and in vivo. Compounds with a dual action of
anti-degranulation activity and FAAH inhibition activity will be
highly promising for the effective treatment of allergy. Overall
results in Tables 5 and 6 indicate that a physical property such as
lipophilicity and a biochemical property such as inhibition of the
human FAAH are closely related to in vivo antiallergic activity of
the fatty acid derivatives, whereas no direct relationship with
hydrolysis by the human FAAH is observed.
DHEA is known to act via cannabinoid receptor 1 (CB1) and

CB2 when it exerts its biological functions.37 Because RBL-2H3
cells used in this study express CB2, but not CB1,39 the effect of
CB2 antagonism on anti-degranulation activity of DHEA was
investigated. When anti-dinitrophenol (DNP) IgE-sensitized
RBL-2H3 cells were treated with DHEA in the presence of 10
μMAM630 (a CB2 antagonist), almost same anti-degranulation
result as that of the cells treated with DHEA only was observed
(Table 6). This suggests that DHEA does not interact with CB2
when it shows its anti-degranulation activity in vitro. Recently, it
has been reported that DHEA interacts with a receptor called
GPR110 expressed on nerve cells,40 showing that this may be a
potential target molecule that DHEA binds to in exerting the
antiallergic effect. It will be valuable to investigate the
relationship between anti-degranulation activity of fatty acid
derivatives and GPR110 to elucidate a physiological target of the
fatty acids in the future research. In the present study, we found
improved DHEA derivatives both in vitro and in vivo by using
extensive SAR studies, but it was also implied that further
optimizations are necessary for developing improved com-
pounds in vitro and in vivo. The SAR data established through
this study will be a highly useful base for the future research.

■ CONCLUSIONS
This report focused on investigating SARs of unsaturated fatty
acid derivatives toward developing novel fatty acids with
promising antiallergic activity in vitro and in vivo. First, in
order to find fatty acid components with antiallergic activity in

Table 6. Anti-degranulating Activity of DHEA and DHEA
Co-Treated with URB597 (a FAAH Inhibitor) or AM630 (a
CB2 Antagonist) in RBL-2H3 Cells

no. IC50 (μM)a

DHEA 25
DHEA + URB597 7.6
DHEA + AM630 25

aThe activity was evaluated by a β-hexosaminidase release assay.
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fish oil, a series of unsaturated fatty acids present in fish oil and
their corresponding ethanolamide metabolites were prepared
and assessed for anti-degranulating activity in themast cells as an
anti-allergic activity (Table 1). The data indicated that
ethanolamides of three omega-3 fatty acids (12, 15, and 18)
are effective for the suppression of allergic reaction in the cells.
However, the corresponding free omega-3 fatty acids (3, α-
linolenic acid; 6, EPA; 9, DHA) themselves were found not to
have antiallergic activity. Other omega-6 or -9 fatty acids and
their corresponding ethanolamides did not show significant
potency, either. These results suggest that the converted
ethanolamide metabolites of the omega-3 fatty acids are active
ingredients to exert antiallergic activity in the body. Based on
this finding, extensive SAR studies were carried out by using
DHA-ethanolamide (DHEA) as a lead structure to develop fatty
acid derivatives with improved antiallergic activity in vitro and in
vivo (Tables 2−5). When the ethanolamide moiety of DHEA
was modified by a variety of substituted alkylamides (Table 2),
improved fatty acids with better antiallergic activity over that of
DHEA were produced by the incorporation of a polar
hydroxymethyl group to the ethyl chain of the moiety (34 and
35). However, in compounds with a methyl substituent on the
ethyl chain (26 and 27), NH (23 and 25), or OH (24) of the
ethanolamide moiety, decreased or no activity was gained. The
corresponding ester analogue (22) of DHEA possessed no
activity, suggesting that the nonsubstituted amide functionality
and polar group incorporation are structurally required to yield
enhanced activity in alkylamide derivatives. Furthermore, longer
alcohol functions (34 and 35) than ethanol of the moiety were
useful for making promising fatty acid derivatives. Next, a variety
of substituted arylamides (37−39), cycloalkylamides (40−43),
and sulfonamides (44−50) were synthesized (Table 3). The
results showed that a tert-butylsulfonamide group (46) present
in the place of the ethanolamide moiety of DHEA is a highly
promising function for yielding potent antiallergic activity over
that of DHEA. However, the replacement of the tert-butyl group
of compound 46with a methyl (45) or other functions (48−50)
dropped activity. In addition, no activity was observed in
substituted arylamides (37−39) and cycloalkylamides (40−
43), suggesting that alkylsulfonamide is a novel functionality
effective for the production of fatty acids with improved
antiallergic activity (Table 3). In order to further optimize the
sulfonamide function, a series of substituted arylsulfonamide
derivatives were synthesized (Table 4). Interestingly, com-
pounds with a trifluoromethyl (57), a trifluoromethoxy (58), or
a nitro (59) group on the benzene ring of the arylsulfonamide
function exhibited very potent activity comparable to that of
compound 46. In replacing a nitro group on the benzene ring of
compound 59 by a methyl (53) or a halogen atom (55−56),
decreased activity was observed. A benzyl (52) or benzoate (61)
induced a reduction in activity, as well. In other substituents (51,
54, 60, and 62), no antiallergic activity was seen, suggesting that
a halogenated alkyl (57−58) or a strong electron withdrawing
group (59) on the benzene ring of the arylsulfonamide moiety is
a highly effective substituent to yield promising fatty acid
derivatives better than DHEA. In the present study, significant
DHEA derivatives with antiallergic activity were found through
extensive SAR studies as shown in Tables 2−4. Among them,
twelve compounds with better in vitro antiallergic activity than
that of DHEA were used to investigate suppressive activity of
PCA reaction in mice as an in vivo antiallergic activity (Table 5).
The result indicated that DHEA has approximately 30%
suppressive activity of PCA reaction in mice, whereas no

suppression is gained by the treatment of DHA with no in vitro
antiallergic activity, suggesting that compounds with antiallergic
activity in vitro exhibit reasonable activity in vivo, as well. When
twelve compounds were orally administered to mice, only
compound 59 with nitrophenylsulfonamide showed approx-
imately 20% increased PCA suppressive activity in mice
compared to that of DHEA. Other compounds had decreased
or no in vivo activity although they were more potent in vitro
than DHEA. When lipophilicity of test compounds was
calculated, compound 59 showed almost same hydrophobicity
as that of DHEA, whereas much higher hydrophobility was
obtained from other arylsulfonamide derivatives, implying that
lipophilicity of fatty acid derivatives may be one of the important
factors that affect in vivo availability. In addition, compound 59
with an amide function was not hydrolyzed by the human
FAAH, whereas DHEA and most of fatty acid derivatives were
subjected to hydrolysis by the enzyme. Interestingly, even
compound 59 inhibited activity of the human FAAH, suggesting
that the biochemical property of compound 59 is a critical factor
to make it a potent antiallergic agent in vivo compared to DHEA
and other derivatives. A significant improvement in in vitro
antiallergic activity of DHEA with a co-treatment of a FAAH
inhibitor further supported the importance of FAAH inhibition
by fatty acid derivatives for producing potent antiallergic activity
in vivo. In this study, valuable fatty acid derivatives with
enhanced activity in vitro and in vivo were found, and they will
be important lead structures for further development of novel
fatty acids with improved in vitro and in vivo activity. Moreover,
the resulting compounds will be useful tools for investigating
DHA- or DHEA-related biological functions and treating the
disorders associated with DHEAsuch as allergy.

■ EXPERIMENTAL SECTION
Chemistry. Unless otherwise noted, all materials were purchased

from commercial suppliers and used without further purification. 1H
NMR and 13C NMR spectra were recorded on a JEOL JNM-EX400
spectrometer (JEOL, Japan) using tetramethylsilane as an internal
standard. High-resolution mass spectra (HRMS) were recorded on a
Xevo quadrupole time-of-flight mass spectrometer (Waters, Milford,
MA, USA) in the positive/negative ion mode. Thin-layer chromatog-
raphy was performed on EMD precoated silica gel 60 F254 plates, and
spots were visualized with UV light and stained with basic KMnO4.
Synthetic methods are described for representative compounds. Based
on the HPLC analysis described below, the purity of all final
compounds was determined to be greater than 95% unless otherwise
indicated. HPLC purity analysis was conducted on an Acquity UPLC
system (Waters) with a diode array detector. Chromatographic
separations were conducted using an Acquity UPLC BEH C18 (1.7
μm, 2.1 × 100 mm) column (Waters). A flow rate of 0.4 mL/min was
used with an isocratic mobile phase of 95% acetonitrile. The absorbance
was detected at 210 nm.

(9Z,12Z,15Z)-N-(2-Hydroxyethyl)octadeca-9,12,15-trienamide
(12). To a solution of α-linoleic acid (0.20 g, 0.71 mmol), DMAP (0.11
g, 0.86 mmol) and 2-aminoethanol (88 mg, 1.43 mmol) in dry
dichloromethane (5 mL) were added EDCI (0.17 g, 0.86 mmol) at
room temperature. The reaction was stirred overnight under nitrogen
gas. The product was extracted with ethyl acetate (50 mL × 2). The
combined organic solutions were washed with an aqueous solution of 1
N hydrochloric acid (15 mL) and brine (70 mL × 2), dried over
magnesium sulfate, and evaporated to dryness. The residue was purified
by using silica gel column chromatography (hexane/ethyl acetate =
2:1) to afford compound 12 in 78% yield. 1H NMR: δ (CDCl3) 0.97
(3H, t, J = 7.2 Hz), 1.25−1.40 (8H, m), 1.59−1.66 (2H, m), 2.02−2.11
(4H,m), 2.20 (2H, t, J = 7.2Hz), 2.76−2.83 (4H,m), 2.99 (1H, s), 3.42
(2H, q, J = 7.2 Hz), 3.72 (2H, t, J = 7.2 Hz), 5.29−5.42 (6H, m), 6.05
(1H, s). 13C NMR: δ (CDCl3) 14.26, 20.51, 25.49, 25.58, 25.67, 27.16,
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29.09, 29.22, 29.55, 36.63, 42.40, 62.51, 127.06, 127.69, 128.20, 128.24,
130.22, 131.94, 174.57. HRMS (ESI) m/z: calcd for C20H35NO2 [M +
H]+, 322.2746; found [M + H]+, 322.2748.
Compounds 13 and 17 were synthesized in the same procedure

performed for the preparation of compound 12 by using a
corresponding fatty acid instead of α-linoleic acid.
(8Z,11Z,14Z)-N-(2-Hydroxyethyl)icosa-8,11,14-trienamide (13).

1H NMR: δ (CDCl3) 0.89 (3H, t, J = 7.2 Hz), 1.23−1.39 (12H, m),
1.61−1.66 (2H, m), 2.05 (4H, quint, J = 7.2 Hz), 2.21 (2H, t, J = 7.2
Hz), 2.64 (1H, t, J = 7.2 Hz), 2.81 (4H, t, J = 7.2 Hz), 3.43 (2H, q, J =
7.2 Hz), 3.73 (2H, q, J = 7.2 Hz), 5.30−5.43 (6H, m), 5.90 (1H, s). 13C
NMR: δ (CDCl3) 14.08, 22.56, 25.60, 27.14, 27.20, 28.96, 29.31, 29.44,
31.51, 36.62, 42.48, 62.75, 127.59, 127.81, 128.18, 128.30, 130.12,
130.43, 174.48. HRMS (ESI) m/z: calcd for C22H39NO2 [M + H]+,
350.3059; found [M + H]+, 350.3090.
(13Z,16Z)-N-(2-Hydroxyethyl)docosa-13,16-dienamide (17). 1H

NMR: δ (CDCl3) 0.89 (3H, t, J = 7.2 Hz), 1.26−1.39 (22H, m), 1.61−
1.65 (2H, m), 2.05 (4H, quint, J = 7.2 Hz), 2.20 (2H, t, J = 7.2 Hz), 2.60
(1H, t, J = 7.2 Hz), 2.77 (2H, t, J = 7.2 Hz), 3.43 (2H, q, J = 7.2 Hz),
3.73 (2H, q, J = 7.2 Hz), 5.29−5.41 (4H, m), 5.88 (1H, s). 13C NMR: δ
(CDCl3) 14.08, 25.60, 25.69, 27.18, 29.33, 29.47, 29.53, 29.59, 29.67,
36.67, 42.50, 62.81, 127.91, 130.17, 174.56. HRMS (ESI) m/z: calcd
for C24H45NO2 [M + H]+, 380.3529; found [M + H]+, 380.3565.
(4Z ,7Z,10Z,13Z,16Z ,19Z)-N- (2-Hydroxyethyl )docosa-

4,7,10,13,16,19-hexaenamide (18, DHEA). To a solution of DHA
(0.30 g, 0.91 mmol), DMAP (0.13 g, 1.09 mmol) and 2-aminoethanol
(0.082 g, 1.09 mmol) in dry dichloromethane (7 mL) were added
EDCI (0.21 g, 1.09 mmol) at room temperature. The reaction mixture
was stirred overnight at room temperature under nitrogen gas. The
product was extracted with ethyl acetate (50 mL × 2). The combined
organic solutions were washed with an aqueous solution of 1 N
hydrochloric acid (15 mL) and brine (70 mL × 2), dried over
magnesium sulfate, and evaporated to dryness. The residue was purified
by using silica gel column chromatography eluting ethyl acetate to
afford 18 (DHEA) in 92% yield. 1H NMR: δ (CDCl3) 0.97 (3H, t, J =
7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.27 (2H, t, J = 7.2 Hz), 2.42 (2H,
q, J = 7.2 Hz), 2.65 (1H, s), 2.80−2.88 (10H, m), 3.43 (2H, q, J = 7.2
Hz), 3.72 (2H, t, J = 7.2 Hz), 5.25−5.44 (12H, m), 5.95 (1H, s). 13C
NMR: δ (CDCl3) 14.27, 20.53, 23.35, 25.51, 25.60, 36.30, 42.47, 62.56,
126.97, 127.83, 127.97, 128.03, 128.25, 128.30, 128.55, 129.46, 132.03,
173.64. HRMS (ESI) m/z: calcd for C24H37NO2 [M + H]+, 372.2903;
found [M + H]+, 372.2919.
Compounds 20−23, 26−30, 34−61, and 62 were synthesized in the

same manner used for the preparation of DHEA by using a
corresponding amine or ester instead of 2-aminoethanol.
( 4Z ,7Z ,10Z ,13Z ,16Z ,19Z ) -N - (2 -Aminoe thy l )docosa -

4,7,10,13,16,19-hexaenamide (19). To a solution of DHA (0.10 g,
0.30 mmol), DMAP (37 mg, 0.30 mmol) and tert-butyl 2-amino-
ethylcarbamate (48 mg, 0.30 mmol) in dry dichloromethane (7 mL)
were added EDCI (58 mg, 0.30 mmol) at room temperature. The
reaction mixture was stirred overnight at room temperature under
nitrogen gas. The product was extracted with ethyl acetate (50mL× 2).
The combined organic solutions were washed with an aqueous solution
of 1 N hydrochloric acid (15 mL) and brine (70 mL × 2), dried over
magnesium sulfate, and evaporated to dryness. To the residue dissolved
in dichloromethane (5 mL) was added trifluoroacetic acid (1 mL). The
reactionmixture was stirred for 1 h at room temperature. Triethylamine
(2mL) was then added to the reactionmixture at 0 °C, and the reaction
was stirred for 10min. The product was extracted with ethyl acetate (50
mL × 2). The combined organic solutions were washed with brine (70
mL× 2), dried over magnesium sulfate, and evaporated to dryness. The
residue was purified by using silica gel column chromatography
(hexane/acetone = 2:1) to afford compound 19 in 57% yield. 1HNMR:
δ (CDCl3) 0.97 (3H, t, J = 7.2Hz), 1.25 (2H, s), 2.07 (2H, quint, J = 7.2
Hz), 2.26 (2H, t, J = 7.2 Hz), 2.40 (2H, q, J = 7.2 Hz), 2.79−2.94 (12H,
m), 3.35 (2H, s), 5.27−5.43 (12H, m), 6.36 (1H, s). 13C NMR: δ
(CDCl3) 14.26, 20.53, 23.37, 25.50, 25.59, 29.68, 36.37, 40.94, 126.97,
127.83, 128.04, 128.22, 128.54, 129.24, 132.01, 172.97. HRMS (ESI)
m/z: calcd for C24H38N2O [M + H]+, 371.3062; found [M + H]+,
371.3091.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-Propyldocosa-4,7,10,13,16,19-hexae-
namide (20). 1H NMR: δ (CDCl3) 0.91−0.99 (6H, m), 1.51 (2H, sext,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.22 (2H, t, J = 7.2 Hz), 2.41
(2H, q, J = 7.2 Hz), 2.80−2.84 (10H, m), 3.21 (2H, q, J = 7.2 Hz),
5.26−5.42 (13H, m). 13C NMR: δ (CDCl3) 11.35, 14.26, 20.53, 22.87,
23.46, 25.50, 25.60, 36.54, 41.18, 126.97, 127.83, 128.03, 128.22,
128.30, 128.54, 129.24, 132.02, 172.22. HRMS (ESI) m/z: calcd for
C25H39NO [M + H]+, 370.3110; [M + H]+, 370.3137.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-Isopropyldocosa-4,7,10,13,16,19-
hexaenamide (21). 1H NMR: δ (CDCl3) 0.97 (3H, t, J = 7.2 Hz), 1.14
(6H, d, J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.18 (2H, t, J = 7.2Hz),
2.40 (2H, q, J = 7.2 Hz), 2.80−2.86 (10H, m), 4.03−4.12 (1H, m),
5.28−5.44 (13H, m). 13C NMR: δ (CDCl3) 14.26, 20.53, 22.82, 23.46,
25.51, 25.59, 36.63, 41.26, 126.98, 127.84, 128.07, 128.23, 128.31,
128.55, 129.19, 132.02, 171.32. HRMS (ESI)m/z: calcd for C25H39NO
[M + H]+, 370.3110; found [M + H]+, 370.3129.

( 4Z , 7Z , 10Z ,13Z ,16Z ,19Z ) -2 -Hyd roxye thy l Docosa -
4,7,10,13,16,19-hexaenoate (22). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.40−2.44 (4H,m), 2.80−2.88
(10H, m), 3.80−3.84 (2H, m), 4.21−4.23 (2H, m), 5.25−5.45 (12H,
m). 13C NMR: δ (CDCl3) 14.26, 20.53, 22.72, 25.50, 25.59, 34.03,
61.25, 66.03, 126.97, 127.75, 127.83, 127.96, 128.04, 128.22, 128.24,
128.28, 128.54, 129.43, 132.02, 173.41. HRMS (ESI) m/z: calcd for
C24H36O3 [M + H]+, 373.2743; found [M + H]+, 373.2796.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Hydroxyethyl)-N-methyldocosa-
4,7,10,13,16,19-hexaenamide (23). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.37−2.47 (4H,m), 2.80−2.88
(10H, m), 3.06 (3H, s), 3.56 (2H, t, J = 7.2 Hz), 3.78 (2H, t, J = 7.2Hz),
5.30−5.42 (12H, m). 13C NMR: δ (CDCl3) 14.26, 20.53, 22.78, 25.50,
25.60, 33.37, 36.80, 51.57, 61.84, 126.98, 127.84, 128.12, 128.22,
128.40, 128.53, 128.82, 129.04, 132.01, 174.59. HRMS (ESI) m/z:
calcd for C25H39NO2 [M + H]+, 386.3059; found [M + H]+, 386.3081.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Methoxyethyl )docosa-
4,7,10,13,16,19-hexaenamide (24). To a solution of di-tert-
butyldicarbonate (5.35 g, 24.5 mmol) in dichloromethane (7 mL)
was added 2-aminoethanol (1.50 g, 24.5 mmol) at 0 °C. The reaction
was stirred overnight at room temperature. The product was extracted
with ethyl acetate (70 mL × 4). The combined organic solutions were
washed with water (70 mL), dried over magnesium sulfate, and
evaporated to dryness to give tert-butyl 2-hydroxyethylcarbamate in
95% yield. To a suspension of sodium hydride (0.21 g, 5.21 mmol) in
dry DMF (5 mL) was added the protected aminoethanol (0.70 g, 4.34
mmol) in dry DMF (1 mL) at 0 °C. After stirring for 5 min,
iodomethane (0.74 g, 5.21 mmol) in DMF (1 mL) was added to the
reaction. The reaction mixture was stirred overnight at room
temperature, and water (15 mL) was added to the reaction to quench
the reactivity of remained sodium hydride. The product was extracted
with diethyl ether (70 mL × 2). The organic layer was washed with
water (70 mL × 2), dried over magnesium sulfate, and evaporated to
dryness. The residue was purified by using silica gel column
chromatography (hexane/ethyl acetate = 5:1) to afford tert-butyl 2-
methoxyethylcarbamate in 87% yield.

To a solution of the above-protected amine intermediate (0.16 g,
0.91 mmol) in dichloromethane (5 mL) was added trifluoroacetic acid
(1.04 g, 9.13 mmol) at room temperature. The reaction was stirred
overnight and triethylamine (1.07 g, 10.6 mmol) was then added to the
reaction mixture at 0 °C. After stirring for 15 min at this temperature,
DHA (0.25 g, 0.76 mmol), DMAP (0.11 g, 0.91 mmol), and EDCI
(0.18 g, 0.91 mmol) were added to the reaction mixture at room
temperature. The reaction was stirred overnight under nitrogen gas.
The product was extracted with ethyl acetate (70 mL × 2). The
combined organic solutions were washed with an aqueous solution of 1
N hydrochloric acid (15 mL) and brine (70 mL × 2), dried over
magnesium sulfate, and evaporated to dryness. The residue was purified
by using silica gel column chromatography (hexane/ethyl acetate =
2:1) to afford compound 24 in 82% yield. 1H NMR: δ (CDCl3) 0.97
(3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.25 (2H, t, J = 7.2 Hz),
2.41 (2H, q, J = 7.2 Hz), 2.80−2.88 (10H, m), 3.35 (3H, s), 3.43−3.46
(4H, s), 5.25−5.44 (12H, m), 5.86 (1H, s). 13C NMR: δ (CDCl3)
14.27, 20.53, 23.38, 25.51, 25.60, 36.39, 39.15, 58.74, 71.17, 126.98,
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127.84, 128.06, 128.15, 128.24, 128.54, 129.29, 132.02, 172.49. HRMS
(ESI)m/z: calcd for C25H39NO2 [M+H]+, 386.3059; found [M +H]+,
386.3102.
Compound 25 was synthesized in the same reactions used for the

preparation of compound 24 by using 2-(methylamino)ethanol instead
of 2-aminoethanol.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Methoxyethyl)-N-methyldocosa-

4,7,10,13,16,19-hexaenamide (25). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.35−2.44 (4H,m), 2.80−2.88
(10H, m), 3.06 (3H, s), 3.33 (3H, s), 3.48 (2H, s), 3.51−3.58 (2H, m),
5.25−5.45 (12H, m). 13C NMR: δ (CDCl3) 14.27, 20.53, 22.88, 25.51,
25.59, 33.32, 37.04, 47.87, 58.77, 71.09, 126.99, 127.86, 128.07, 128.19,
128.22, 128.53, 128.59, 128.87, 132.01, 172.64. HRMS (ESI) m/z:
calcd for C26H41NO2 [M + H]+, 400.3216; found [M + H]+, 400.3217.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(1-Hydroxypropan-2-yl)docosa-

4,7,10,13,16,19-hexaenamide (26). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.17 (3H, d, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.25
(2H, t, J = 7.2Hz), 2.41 (2H, q, J = 7.2Hz), 2.80−2.88 (10H,m), 3.50−
3.55 (1H, m), 3.64−3.67 (1H, m), 4.02−4.11 (1H, m), 5.27−5.46
(12H, m), 5.63 (1H, s). 13C NMR: δ (CDCl3) 14.27, 17.03, 20.54,
23.38, 25.51, 25.61, 36.43, 47.88, 67.37, 126.98, 127.84, 127.98, 128.04,
128.25, 128.32, 128.56, 129.46, 132.03, 173.16. HRMS (ESI) m/z:
calcd for C25H39NO2 [M + H]+, 386.3059; found [M + H]+, 386.3083.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Hydroxypropyl)docosa-

4,7,10,13,16,19-hexaenamide (27). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.18 (3H, d, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.27
(2H, t, J = 7.2 Hz), 2.42 (2H, q, J = 7.2 Hz), 2.57 (1H, s), 2.80−2.88
(10H, m), 3.07−3.14 (1H, m), 3.41−3.47 (1H, m), 3.90−3.93 (1H,
m), 5.27−5.46 (12H, m), 5.92 (1H, s). 13C NMR: δ (CDCl3) 14.27,
20.54, 20.96, 23.39, 25.52, 25.61, 36.35, 47.05, 67.58, 126.98, 127.84,
127.98, 128.00, 128.07, 128.26, 128.29, 128.56, 129.45, 132.04, 173.48.
HRMS (ESI) m/z: calcd for C25H39NO2 [M + H]+, 386.3059; found
[M + H]+, 386.3100.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(1,3-Dihydroxypropan-2-yl)docosa-

4,7,10,13,16,19-hexaenamide (28). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.30 (2H, t, J = 7.2 Hz), 2.43
(2H, q, J = 7.2 Hz), 2.64 (2H, s), 2.80−2.88 (10H, m), 3.72−3.87(4H,
m), 3.92−3.97 (1H, m), 5.27−5.46 (12H, m), 6.22 (1H, s). 13C NMR:
δ (CDCl3) 14.28, 20.54, 23.38, 25.52, 25.61, 36.42, 52.26, 63.70,
126.98, 127.85, 127.98, 128.06, 128.25, 128.34, 128.56, 129.52, 132.04,
173.28. HRMS (ESI) m/z: calcd for C25H39NO3 [M + H]+, 402.3008;
found [M + H]+, 402.3035.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2,3-Dihydroxypropyl)docosa-

4,7,10,13,16,19-hexaenamide (29). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.29 (2H, t, J = 7.2 Hz), 2.42
(2H, q, J = 7.2 Hz), 2.77−2.88 (10H, m), 3.00 (2H, s), 3.36−3.45 (2H,
m), 3.51−3.58 (2H, m), 3.73−3.77 (1H, m), 5.27−5.47 (12H, m), 5.95
(1H, s). 13C NMR: δ (CDCl3) 14.27, 20.54, 23.32, 25.52, 25.62, 36.23,
42.16, 63.45, 71.13, 126.99, 127.84, 127.90, 128.04, 128.28, 128.38,
128.58, 129.72, 132.05, 174.46. HRMS (ESI) m/z: calcd for
C25H39NO3 [M + H]+, 402.3008; found [M + H]+, 402.3040.
(4Z,7Z,10Z,13Z,16Z,19Z)-N,N-Bis(2-hydroxyethyl)docosa-

4,7,10,13,16,19-hexaenamide (30). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.40−2.48 (4H,m), 2.80−2.88
(10H,m), 3.50 (2H, t, J = 7.2Hz), 3.56 (2H, t, J = 7.2Hz), 3.78 (2H, t, J
= 7.2 Hz), 3.86 (2H, t, J = 7.2 Hz), 5.25−5.44 (12H, m). 13C NMR: δ
(CDCl3) 14.26, 20.53, 22.99, 25.50, 25.59, 33.33, 50.52, 52.12, 60.85,
61.73, 126.98, 127.84, 128.06, 128.12, 128.21, 128.43, 128.54, 129.04,
132.02, 174.82. HRMS (ESI) m/z: calcd for C26H41NO3 [M + H]+,
416.3165; found [M + H]+, 416.3202.
(4Z,7Z,10Z,13Z,16Z,19Z)-1,3-Dihydroxypropan-2-yl Docosa-

4,7,10,13,16,19-hexaenoate (31). To a solution of glycerol (0.70 g,
7.60 mmol), DMAP (1.39 g, 11.4 mmol), and triethylamine (1.92 g,
19.0 mmol) in dichloromethane (15 mL) was added tert-
butyldimethylchlorosilane (2.29 g, 15.2 mmol) in dichloromethane
(5 mL). The reaction mixture was stirred overnight at room
temperature. The product was extracted with diethyl ether (70 mL ×
2). The organic layer was washed with an aqueous solution saturated
with ammonium chloride (70 mL), an aqueous solution of 1 N
hydrochloric acid (20 mL), and water (70 mL × 2), dried over

magnesium sulfate, and evaporated to dryness. The residue was purified
by using silica gel column chromatography (hexane/ethyl acetate =
2:1) to afford 1,3-protected glycerol in 50% yield.

To a solution of DHA (0.30 g, 0.91 mmol), DMAP (0.13 g, 1.09
mmol) and the above 1,3-protected glycerol (0.35 g, 1.09 mmol) in dry
dichloromethane (7 mL) were added EDCI (0.21 g, 1.09 mmol) at
room temperature. The reaction mixture was stirred overnight at room
temperature under nitrogen gas. The product was extracted with ethyl
acetate (50 mL × 2). The combined organic solutions were washed
with an aqueous solution of 1 N hydrochloric acid (15 mL) and brine
(70 mL × 2), dried over magnesium sulfate, and evaporated to dryness.
The residue was purified by using silica gel column chromatography
(hexane/ethyl acetate = 10:1) to afford DHA−glycerol ester
intermediate in 82% yield.

1 N of tetrabutylammonium fluoride in THF (0.71 mL) was added
to a solution of the glycerol ester intermediated (0.30 g, 0.47 mmol) in
THF (15 mL) at 0 °C. The reaction was stirred overnight at room
temperature. An aqueous solution saturated with ammonium chloride
was added to the reaction (20 mL), and the reaction mixture was stirred
for 5 min. The product was then extracted with ethyl acetate (70 mL ×
2). The combined organic solutions were washed with brine (70 mL ×
2), dried over magnesium sulfate, and evaporated to dryness. The
residue was purified by using silica gel column chromatography
(hexane/ethyl acetate = 2:1) to give compound 31 in 95% yield. 1H
NMR: δ (CDCl3) 0.97 (3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz),
2.37−2.46 (4H, m), 2.80−2.88 (10H, m), 3.61−3.93 (4H, m), 4.13−
4.23 (1H, m), 5.25−5.44 (12H,m). 13CNMR: δ (CDCl3) 14.27, 20.54,
22.70, 25.51, 25.60, 34.00, 63.25, 65.28, 70.16, 126.98, 127.62, 127.84,
127.92, 128.04, 128.26, 128.33, 128.56, 129.57, 132.04, 173.54. HRMS
(ESI) m/z: calcd for C25H38O4 [M + H]+, 403.2848; found [M + H]+,
403.2868.

2-( (4Z,7Z ,10Z,13Z ,16Z,19Z)-Docosa-4 ,7 ,10 ,13 ,16 ,19-
hexaenamido)acetic Acid (32).To a solution of compound 33 (50mg,
0.12mmol) inmethanol (10mL)was added an aqueous solution of 1N
sodium hydroxide (3 mL). The reaction was stirred for 30 min at room
temperature. After adjusting the pH to 9 by adding an aqueous solution
of 1 N hydrochloric acid, the product was extracted with ethyl acetate
(50 mL × 2). The combined organic solutions were washed with brine
(70 mL × 2), dried over magnesium sulfate, and evaporated to dryness.
The residue was purified by using silica gel column chromatography
(100% ethyl acetate) to afford compound 32 in 98% yield. 1H NMR: δ
(CDCl3) 0.97 (3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.33
(2H, t, J = 7.2 Hz), 2.42 (2H, q, J = 7.2 Hz), 2.80−2.85 (10H, m), 4.07
(2H, d, J = 7.2 Hz), 5.27−5.41 (12H, m), 6.23 (1H, s). 13C NMR: δ
(CDCl3) 14.26, 20.53, 23.13, 25.50, 25.59, 35.93, 41.45, 126.97,
127.68, 127.83, 127.91, 128.03, 128.25, 128.33, 128.55, 129.68, 132.03,
172.88, 173.59. HRMS (ESI) m/z: calcd for C24H35NO3 [M + H]+,
386.2695; found [M + H]+, 386.2722.

Methyl 2-((4Z,7Z,10Z,13Z,16Z,19Z)-Docosa-4,7,10,13,16,19-
hexaenamido)acetate (33). A mixture of 2-aminoacetic acid (0.50 g,
6.66 mmol) and chlorotrimethylsilane (1.45 g, 13.3 mmol) was stirred
at room temperature for 10 min. Methanol (6 mL) was then added to
the mixture, and the reaction was stirred for 48 h at room temperature.
The produced solid was filtered, washed with ethyl acetate, and dried
under the vacuum to afford methyl 2-aminoacetate hydrochloride in
100% yield.

To a solution of DHA (0.10 g, 0.30 mmol), DMAP (37 mg, 0.30
mmol), triethylamine (31 mg, 0.30 mmol) in dry dichloromethane (5
mL) was added methyl 2-aminoacetate hydrochloride (38 mg, 0.30
mmol) at room temperature. After stirring for 5 min, EDCI (58 mg,
0.30 mmol) was added to the mixture, and the reaction was stirred
overnight at room temperature under nitrogen gas. The product was
extracted with ethyl acetate (50 mL × 2). The combined organic
solutions were washed with an aqueous solution of 1 N hydrochloric
acid (15mL) and brine (70mL× 2), dried over magnesium sulfate, and
evaporated to dryness. The residue was purified by using silica gel
column chromatography (hexane/ethyl acetate = 5:1) to afford
compound 33 in 97% yield. 1H NMR: δ (CDCl3) 0.97 (3H, t, J = 7.2
Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.30 (2H, t, J = 7.2 Hz), 2.41 (2H, q, J
= 7.2 Hz), 2.80−2.85 (10H, m), 3.76 (3H, s), 4.05 (2H, d, J = 7.2 Hz),
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5.27−5.41 (12H, m), 5.97 (1H, s). 13C NMR: δ (CDCl3) 14.27, 20.54,
23.19, 25.51, 25.61, 36.05, 41.19, 52.39, 126.99, 127.85, 128.02, 128.06,
128.24, 128.54, 129.45, 132.02, 170.49, 172.42. HRMS (ESI) m/z:
calcd for C25H37NO3 [M + H]+, 400.2852; found [M + H]+, 400.2875.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(3-Hydroxypropyl)docosa-

4,7,10,13,16,19-hexaenamide (34). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.64−1.69 (2H, m), 2.07 (2H, quint, J = 7.2 Hz), 2.26 (2H,
t, J = 7.2 Hz), 2.41 (2H, q, J = 7.2 Hz), 2.80−2.86 (10H, m), 3.30 (1H,
s), 3.41 (2H, q, J = 7.2 Hz), 3.61 (2H, t, J = 7.2 Hz), 5.27−5.41 (12H,
m), 5.85 (1H, s). 13C NMR: δ (CDCl3) 14.26, 20.53, 23.40, 25.50,
25.60, 32.23, 36.06, 36.37, 59.01, 129.96, 127.82, 127.95, 128.00,
128.03, 128.24, 128.30, 128.55, 129.51, 132.03, 173.71. HRMS (ESI)
m/z: calcd for C25H39NO2 [M + H]+, 386.3059; found [M + H]+,
386.3098.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-(2-Hydroxyethoxy)ethyl)docosa-

4,7,10,13,16,19-hexaenamide (35). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.73 (1H, s), 2.07 (2H, quint, J = 7.2 Hz), 2.24 (2H, t, J =
7.2 Hz), 2.42 (2H, q, J = 7.2 Hz), 2.80−2.85 (10H, m), 3.45 (2H, q, J =
7.2 Hz), 3.56 (4H, m), 3.73 (2H, t, J = 7.2 Hz), 5.26−5.42 (12H, m),
5.97 (1H, s). 13C NMR: δ (CDCl3) 14.26, 20.53, 23.35, 25.50, 25.59,
36.39, 39.17, 61.74, 69.93, 72.13, 126.97, 127.83, 128.04, 128.20,
128.25, 128.54, 129.26, 132.02, 172.51. HRMS (ESI) m/z: calcd for
C26H41NO3 [M + H]+, 416.3165; found [M + H]+, 416.3207.
(4Z,7Z,10Z,13Z,16Z,19Z)-2-(2-Hydroxyethoxy)ethyl Docosa-

4,7,10,13,16,19-hexaenoate (36). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.38−2.43 (4H,m), 2.80−2.88
(10H, m), 3.60 (2H, t, J = 7.2 Hz), 3.69−3.77 (4H, m), 4.25 (2H, t, J =
7.2 Hz), 5.25−5.44 (12H, m). 13C NMR: δ (CDCl3) 14.26, 20.53,
22.68, 22.50, 25.55, 25.59, 34.03, 61.70, 63.36, 69.10, 72.27, 126.98,
127.78, 127.83, 128.02, 128.08, 128.20, 128.23, 128.53, 129.32, 132.01,
173.08. HRMS (ESI) m/z: calcd for C26H40O4 [M + H]+, 417.3005;
found [M + H]+, 417.3022.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-Hydroxyphenyl)docosa-

4,7,10,13,16,19-hexaenamide (37). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.49−2.53 (4H,m), 2.77−2.88
(10H, m), 5.27−5.54 (12H, m), 6.83−6.87 (1H, m), 6.94−6.96 (1H,
m), 7.00−7.03 (1H, m), 7.11−7.15 (1H, m), 7.48 (1H, s), 8.76 (1H, s).
13C NMR: δ (CDCl3) 14.27, 20.53, 23.36, 25.51, 25.61, 36.64, 120.02,
120.37, 122.06, 125.40, 126.97, 127.27, 127.67, 127.83, 127.96, 128.01,
128.27, 128.50, 128.55, 130.41, 132.04, 148.80, 172.73. HRMS (ESI)
m/z: calcd for C28H37NO2 [M + H]+, 420.2903; found [M + H]+,
420.2917.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(3-Hydroxyphenyl)docosa-

4,7,10,13,16,19-hexaenamide (38). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.47−2.53 (2H,m), 2.57−2.61
(2H, m), 2.79−2.91 (10H, m), 3.71 (2H, s), 5.27−5.49 (12H, m), 6.39
(1H, t, J = 2.4 Hz), 6.45 (1H, d, J = 8.8 Hz), 6.52 (1H, d, J = 8.8 Hz),
7.13 (1H, t, J = 8.0 Hz). 13C NMR: δ (CDCl3) 14.28, 20.54, 22.80,
25.51, 25.60, 34.29, 108.22, 111.36, 112.55, 127.58, 128.01, 128.05,
128.22, 128.28, 129.59, 130.04, 132.04, 147.58, 151.65, 171.57. HRMS
(ESI)m/z: calcd for C28H37NO2 [M+H]+, 420.2903; found [M +H]+,
420.2939.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(3,4-Dihydroxyphenethyl)docosa-

4,7,10,13,16,19-hexaenamide (39). 1H NMR: δ (CDCl3) 0.96 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.21 (2H, t, J = 7.2 Hz), 2.38
(2H, q, J = 7.2 Hz), 2.68 (2H, t, J = 7.2 Hz), 2.78−2.87 (10H, m), 3.47
(2H, q, J = 7.2 Hz), 5.27−5.43 (12H, m), 5.68 (1H, s), 6.07 (1H, s),
6.56 (1H, d, J = 7.2 Hz), 6.75 (1H, s), 6.80 (1H, d, J = 7.2 Hz), 7.74
(1H, s). 13C NMR: δ (CDCl3) 14.27, 20.54, 23.34, 25.56, 25.61, 34.92,
36.49, 41.09, 115.07, 115.35, 120.41, 126.99, 127.69, 127.84, 128.04,
128.29, 128.38, 128.58, 129.71, 132.01, 143.11, 144.27, 173.54. HRMS
(ESI)m/z: calcd for C30H41NO3 [M+H]+, 464.3165; found [M +H]+,
464.3162.
(4Z,7Z,10Z,13Z,16Z,19Z)-1-Morpholinodocosa-4,7,10,13,16,19-

hexaen-1-one (40). 1H NMR: δ (CDCl3) 0.97 (3H, t, J = 7.2 Hz), 2.07
(2H, quint, J = 7.2 Hz), 2.34−2.45 (4H, m), 2.80−2.88 (10H, m), 3.46
(2H, t, J = 7.2 Hz), 3.61−3.68 (6H, m), 5.27−5.44 (12H, m). 13C
NMR: δ (CDCl3) 14.27, 20.53, 22.93, 25.51, 25.59, 25.60, 32.82, 41.86,
45.89, 66.60, 66.91, 126.97, 127.83, 128.03, 128.07, 128.23, 128.40,

128.54, 129.05, 132.01, 170.98. HRMS (ESI) m/z: calcd for
C26H39NO2 [M + H]+, 398.3059; found [M + H]+, 398.3102.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(Tetrahydro-2H-pyran-4-yl)docosa-
4,7,10,13,16,19-hexaenamide (41). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.38−1.48 (2H, m), 1.86−1.91 (2H, m), 2.07 (2H, quint, J
= 7.2 Hz), 2.21 (2H, t, J = 7.2 Hz), 2.41 (2H, q, J = 7.2 Hz), 2.80−2.88
(10H, m), 3.47 (2H, t, J = 7.2 Hz), 3.92−4.05 (3H, m), 5.27−5.44
(13H, m). 13C NMR: δ (CDCl3) 14.28, 20.54, 23.39, 25.52, 25.60,
33.20, 36.52, 45.57, 66.77, 126.97, 127.83, 127.99, 128.03, 128.15,
128.25, 128.56, 129.37, 132.03, 171.52. HRMS (ESI) m/z: calcd for
C27H41NO2 [M + H]+, 412.3216; found [M + H]+, 412.3252.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-((Tetrahydro-2H-pyran-4-yl)methyl)-
docosa-4,7,10,13,16,19-hexaenamide (42). 1H NMR: δ (CDCl3)
0.97 (3H, t, J = 7.2 Hz), 1.24−1.35 (2H, m), 1.57−1.61 (2H, m), 1.69−
1.80 (1H, m), 2.07 (2H, quint, J = 7.2 Hz), 2.23 (2H, t, J = 7.2 Hz), 2.41
(2H, q, J = 7.2 Hz), 2.80−2.88 (10H, m), 3.15 (2H, t, J = 7.2 Hz), 3.35
(2H, t, J = 7.2 Hz), 3.96 (2H, d, J = 7.2 Hz), 5.27−5.44 (12H, m), 5.53
(1H, s). 13C NMR: δ (CDCl3) 14.27, 20.53, 23.41, 25.51, 25.60, 30.57,
35.22, 36.50, 45.13, 67.56, 126.96, 127.81, 127.97, 128.02, 128.21,
128.26, 128.55, 129.38, 132.03, 172.38. HRMS (ESI) m/z: calcd for
C28H43NO2 [M + H]+, 426.3372; found [M + H]+, 426.3406.

(4Z,7Z,10Z,13Z,16Z,19Z)-1-(4-Methylpeperazin-1-yl)docosa-
4,7,10,13,16,19-hexaen-1-one (43). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.30 (3H, s), 2.34−2.47 (8H,
m), 2.80−2.88 (10H, m), 3.47 (2H, t, J = 7.2 Hz), 3.64 (2H, t, J = 7.2
Hz), 5.27−5.44 (12H, m). 13C NMR: δ (CDCl3) 14.27, 20.53, 23.05,
25.51, 25.59, 33.00, 41.45, 45.39, 46.04, 54.70, 55.13, 126.98, 127.84,
128.05, 128.09, 128.15, 128.20, 128.23, 128.53, 128.56, 128.90, 132.01,
170.75. HRMS (ESI) m/z: calcd for C27H42N2O [M + H]+, 411.3375;
found [M + H]+, 411.3403.

(4Z,7Z,10Z,13Z,16Z,19Z)-1-(4-(Methylsulfonyl)peperazin-1-yl)-
docosa-4,7,10,13,16,19-hexaen-1-one (44). 1H NMR: δ (CDCl3)
0.97 (3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.36−2.44 (4H,
m), 2.79 (3H, s), 2.81−2.88 (10H, m), 3.19−3.24 (4H, m), 3.57−3.59
(2H, m), 3.74−3.76 (2H, m), 5.28−5.45 (12H, m). 13C NMR: δ
(CDCl3) 14.27, 20.52, 22.85, 25.50, 25.58, 32.95, 34.70, 41.08, 45.10,
45.62, 45.87, 126.95, 127.81, 128.00, 128.16, 128.26, 128.30, 128.55,
129.24, 132.02, 170.85. HRMS (ESI) m/z: calcd for C27H42N2O3S [M
+ H]+, 475.2994; found [M + H]+, 475.2996.

(4Z ,7Z ,10Z ,13Z ,16Z ,19Z) -N- (Methy lsu l fonyl )docosa-
4,7,10,13,16,19-hexaenamide (45). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.37−2.47 (4H,m), 2.80−2.88
(10H, m), 3.30 (3H, s), 5.27−5.41 (12H, m), 8.22 (1H, s). 13CNMR: δ
(CDCl3) 14.27, 20.53, 22.13, 25.51, 25.61, 36.26, 41.60, 126.82,
126.97, 127.61, 127.82, 127.94, 128.01, 128.29, 128.32, 128.56, 130.48,
132.04, 171.06. HRMS (ESI) m/z: calcd for C23H35NO3S [M + H]+,
406.2416; found [M + H]+, 406.2459.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(tert-Butylsulfonyl)docosa-
4,7,10,13,16,19-hexaenamide (46). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.47 (9H, s), 2.07 (2H, quint, J = 7.2 Hz), 2.43−2.50 (4H,
m), 2.80−2.86 (10H,m), 5.28−5.41 (12H,m), 7.82 (1H, s). 13CNMR:
δ (CDCl3) 14.28, 20.54, 22.36, 24.31, 25.52, 25.61, 36.44, 62.11,
126.98, 127.13, 127.77, 127.84, 128.03, 128.27, 128.44, 128.56, 130.19,
132.03, 170.75. HRMS (ESI) m/z: calcd for C26H41NO3S [M + H]+,
448.2885; found [M + H]+, 448.2920.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(tert-Butyl)docosa-4,7,10,13,16,19-
hexaenamide (47). 1H NMR: δ (CDCl3) 0.97 (3H, t, J = 7.2 Hz), 1.34
(9H, s), 2.07 (2H, quint, J = 7.2 Hz), 2.14 (2H, t, J = 7.2 Hz), 2.38 (2H,
q, J = 7.2 Hz), 2.80−2.86 (10H, m), 5.28−5.41 (13H, m). 13C NMR: δ
(CDCl3) 14.27, 20.54, 23.47, 25.51, 25.59, 28.80, 37.34, 51.14, 126.99,
127.85, 128.06, 128.11, 128.21, 128.24, 128.39, 128.54, 129.09, 132.02,
171.65. HRMS (ESI) m/z: calcd for C26H41NO [M + H]+, 384.3266;
found [M + H]+, 384.3279.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(Cyclopropylsulfonyl)docosa-
4,7,10,13,16,19-hexaenamide (48). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 1.12 (2H, d, J = 7.2 Hz), 1.38 (2H, d, J = 7.2 Hz), 2.07 (2H,
quint, J = 7.2 Hz), 2.37−2.47 (4H, m), 2.74−2.88 (10H, m), 2.90−2.97
(1H, m), 5.28−5.50 (12H, m), 8.06 (1H, s). 13C NMR: δ (CDCl3)
6.31, 14.26, 20.53, 22.23, 25.52, 25.62, 31.32, 36.21, 126.97, 127.68,
127.83, 127,97, 128.02, 128,29, 128,32, 128.52, 128.57, 130.36, 132.04,
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170.63. HRMS (ESI)m/z: calcd for C25H37NO3S [M +H]+, 432.2572;
found [M + H]+, 432.2579.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(Trifluoromethylsulfonyl)docosa-

4,7,10,13,16,19-hexaenamide (49). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.45 (2H, q, J = 7.2 Hz), 2.58
(2H, t, J = 7.2 Hz), 2.80−2.88 (10H, m), 5.27−5.53 (12H, m). 13C
NMR: δ (CDCl3) 14.25, 20.54, 21.84, 25.52, 25.57, 25.61, 36.01,
126.41, 126.99, 127.52, 127.84, 127.94, 128.02, 128.34, 128.62, 130.84,
132.07, 169.57. HRMS (ESI)m/z: calcd for C23H32F3NO3S [M−H]−,
458.1977; found [M − H]−, 458.1966.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(Pentafluoroethanesulfonyl)docosa-

4,7,10,13,16,19-hexaenamide (50). 1H NMR: δ (CDCl3) 0.96 (3H, t,
J = 7.2 Hz), 2.06 (2H, quint, J = 7.2 Hz), 2.32 (4H, s), 2.78−2.84 (10H,
m), 3.18 (1H, s), 5.26−5.42 (12H, m). 13C NMR: δ (CDCl3) 14.23,
20.52, 22.92, 25.40, 25.49, 25.54, 30.96, 39.69, 126.97, 127.81, 128.02,
128.04, 128.18, 128.25, 128.53, 128.88, 131.99, 183.77. HRMS (ESI)
m/z: calcd for C24H32F5NO3S [M −H]−, 508.1945; found [M − H]−,
508.1927.
(4Z ,7Z ,10Z ,13Z ,16Z ,19Z) -N- (Pheny lsu l fony l )docosa-

4,7,10,13,16,19-hexaenamide (51). 1H NMR: δ (CDCl3) 0.96 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.29−2.37 (4H,m), 2.72−2.84
(10H,m), 5.22−5.42 (12H,m), 7.55 (2H, t, J = 8.0Hz), 7.66 (1H, t, J =
8.0 Hz), 8.06 (2H, d, J = 8.0 Hz), 8.31 (1H, s). 13C NMR: δ (CDCl3)
14.26, 20.53, 22.05, 25.51, 25.59, 36.09, 126.85, 126.98, 127.66, 127.84,
127.97, 128.02, 128.28, 128.34, 128.45, 128.57, 129.00, 130.28, 132.04,
134.03, 169.88. HRMS (ESI) m/z: calcd for C28H37NO3S [M + H]+,
468.2572; found [M + H]+, 468.2580.
(4Z ,7Z ,10Z ,13Z ,16Z ,19Z) -N- (Benzy l su l fony l )docosa-

4,7,10,13,16,19-hexaenamide (52). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.27 (2H, t, J = 7.2 Hz), 2.38
(2H, q, J = 7.2 Hz), 2.79−2.88 (10H, m), 4.63 (2H, s), 5.27−5.49
(12H, m), 7.32−7.42 (5H, m), 7.63 (1H, s). 13C NMR: δ (CDCl3)
14.27, 20.54, 22.06, 25.53, 25.58, 25.63, 36.13, 58.83, 126.92, 126.99,
127.61, 127.84, 127.96, 128.02, 128.32, 128.36, 128.59, 128.98, 130.48,
130.66, 132.06, 171.13. HRMS (ESI)m/z: calcd for C29H39NO3S [M +
H]+, 482.2729; found [M + H]+, 482.2730.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-Tosyldocosa-4,7,10,13,16,19-hexae-

namide (53). 1H NMR: δ (CDCl3) 0.96 (3H, t, J = 7.2 Hz), 2.07 (2H,
quint, J = 7.2 Hz), 2.28−2.34 (4H, m), 2.44 (3H, s), 2.73−2.84 (10H,
m), 5.23−5.41 (12H, m), 7.34 (2H, d, J = 8.4 Hz), 7.93 (2H, d, J = 8.4
Hz), 8.30 (1H, s). 13C NMR: δ (CDCl3) 14.26, 20.53, 21.69, 22.06,
25.49, 25.59, 36.07, 126.92, 126.98, 127.69, 127.84, 127.98, 128.02,
128.28, 128.40, 128.56, 129.61, 130.22, 132.04, 145.17, 169.91. HRMS
(ESI) m/z: calcd for C29H39NO3S [M + H]+, 482.2729; found [M +
H]+, 482.2720.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-Hydroxyphenylsulfonyl)docosa-

4,7,10,13,16,19-hexaenamide (54). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.52 (2H, q, J = 7.2 Hz), 2.66
(2H, t, J = 7.2 Hz), 2.79−2.91 (10H, m), 4.84 (2H, s), 5.27−5.52 (12H,
m), 7.23−7.26 (2H, m), 7.94−7.96 (2H, m). 13C NMR: δ (CDCl3)
14.27, 20.54, 22.62, 25.52, 25.62, 34.20, 122.44, 126.98, 127.14, 127.82,
128.02, 128.20, 128.28, 128.43, 128.58, 130.00, 132.06, 139.13, 153.91,
170.94. HRMS (ESI) m/z: calcd for C28H37NO4S [M − H]−,
482.2365; found [M − H]−, 482.2407.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-Fluorophenylsulfonyl)docosa-

4,7,10,13,16,19-hexaenamide (55). 1H NMR: δ (CDCl3) 0.96 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.28−2.36 (4H,m), 2.74−2.88
(10H, m), 5.23−5.43 (12H, m), 7.19−7.26 (2H, m), 8.07−8.12 (2H,
m). 13C NMR: δ (CDCl3) 14.27, 20.53, 22.02, 25.50, 25.59, 36.12,
116.18, 116.41, 126.79, 126.98, 127.58, 127.81, 127.92, 128.01, 128.28,
128.50, 128.56, 130.35, 131.36, 131.47, 132.04, 134.35, 164.64, 169.87.
HRMS (ESI)m/z: calcd for C28H36FNO3S [M +H]+, 486.2478; found
[M + H]+, 486.2518.
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-Chlorophenylsulfonyl)docosa-

4,7,10,13,16,19-hexaenamide (56). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.28−2.36 (4H,m), 2.74−2.85
(10H, m), 5.23−5.44 (12H, m), 7.52 (2H, d, J = 8.4 Hz), 8.00 (2H, d, J
= 8.4 Hz), 8.25 (1H, s). 13C NMR: δ (CDCl3) 14.27, 20.54, 22.04,
25.52, 25.61, 36.16, 126.75, 126.99, 127.58, 127.84, 127.95, 128.02,
128.33, 128.54, 128.59, 129.31, 129.94, 130.47, 132.06, 136.82, 169.79.

HRMS (ESI) m/z: calcd for C28H36ClNO3S [M + H]+, 502.2183;
found [M + H]+, 502.2251.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-(Trifluoromethyl)phenylsulfonyl)-
docosa-4,7,10,13,16,19-hexaenamide (57). 1H NMR: δ (CDCl3)
0.96 (3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.30−2.38 (4H,
m), 2.74−2.88 (10H, m), 5.23−5.44 (12H, m), 7.81 (2H, d, J = 8.0
Hz), 8.20 (2H, d, J = 8.0Hz), 8.35 (1H, s). 13CNMR: δ (CDCl3) 14.23,
20.53, 22.00, 25.52, 25.60, 36.18, 126.14, 126.17, 126.66, 126.98,
127.51, 127.83, 127.91, 128.00, 128.31, 128.34, 128.58, 129.06, 130.56,
132.04, 141.83, 169.86. HRMS (ESI)m/z: calcd for C29H36F3NO3S [M
+ H]+, 536.2446; found [M + H]+, 536.2483.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-Trifluoromethoxyphenylsulfonyl)-
docosa-4,7,10,13,16,19-hexaenamide (58). 1H NMR: δ (CDCl3)
0.96 (3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2 Hz), 2.24−2.37 (4H,
m), 2.75−2.85 (10H, m), 5.23−5.44 (12H, m), 7.36 (2H, d, J = 8.4
Hz), 8.13 (2H, d, J = 8.4 Hz), 8.25 (1H, s). NMR: δ (CDCl3) 14.25,
20.53, 22.02, 25.52, 25.60, 36.17, 120.58, 126.72, 126.98, 127.55,
127.83, 127.92, 128.01, 128.34, 128.56, 130.50, 130.83, 132.05, 136.49,
153.14, 169.80. HRMS (ESI)m/z: calcd for C29H36F3NO4S [M + H]+,
552.2395; found [M + H]+, 552.2465.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-Nitrophenylsulfonyl)docosa-
4,7,10,13,16,19-hexaenamide (59). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.30−2.37 (4H,m), 2.75−2.87
(10H, m), 5.23−5.46 (12H, m), 8.28 (2H, d, J = 8.4 Hz), 8.38 (2H, d, J
= 8.4 Hz). 13C NMR: δ (CDCl3) 14.27, 20.54, 21.98, 25.53, 25.61,
36.21, 124.15, 126.57, 126.98, 127.44, 127.82, 127.98, 128.34, 128.39,
128.61, 129.99, 130.75, 132.07, 143.85, 150.83, 169.72. HRMS (ESI)
m/z: calcd for C28H36N2O5S [M − H]−, 511.2267; found [M − H]−,
511.2245.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-Carboxyphenylsulfonyl)docosa-
4,7,10,13,16,19-hexaenamide (60). 1H NMR: δ (CDCl3) 0.96 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.32−2.38 (4H,m), 2.75−2.85
(10H, m), 5.24−5.45 (12H, m), 8.17 (2H, d, J = 8.4 Hz), 8.26 (2H, d, J
= 8.4 Hz), 8.40 (1H, s). 13C NMR: δ (CDCl3) 14.25, 20.53, 22.01,
25.51, 25.59, 36.15, 126.71, 126.98, 127.57, 127.83, 127.92, 128.01,
128.30, 128.54, 128.58, 130.72, 132.05, 134.02, 142.97, 169.18, 170.10.
HRMS (ESI) m/z: calcd for C29H37NO5S [M + H]+, 512.2471; found
[M + H]+, 512.2474.

( 4Z , 7Z , 10Z ,13Z ,16Z ,19Z ) -N - ( ( 4 -Me thoxyca rbony l ) -
phenylsulfonyl)docosa-4,7,10,13,16,19-hexaenamide (61). 1H
NMR: δ (CDCl3) 0.97 (3H, t, J = 7.2 Hz), 2.07 (2H, quint, J = 7.2
Hz), 2.29−2.36 (4H, m), 2.73−2.87 (10H, m), 3.96 (3H, s), 5.22−5.44
(12H, m), 8.13 (2H, d, J = 8.4 Hz), 8.20 (2H, d, J = 8.4 Hz), 8.26 (1H,
s). 13CNMR: δ (CDCl3) 14.26, 20.54, 22.02, 25.51, 25.60, 36.16, 52.75,
126.72, 126.99, 127.57, 127.84, 127.93, 128.30, 128.32, 128.48, 128.53,
128.58, 130.13, 130.49, 132.05, 134.02, 142.18, 165.41, 169.78. HRMS
(ESI) m/z: calcd for C30H39NO5S [M + H]+, 526.2627; found [M +
H]+, 526.2635.

(4Z,7Z,10Z,13Z,16Z,19Z)-N-((2-Thiophene)sulfonyl)docosa-
4,7,10,13,16,19-hexaenamide (62). 1H NMR: δ (CDCl3) 0.97 (3H, t,
J = 7.2Hz), 2.07 (2H, quint, J = 7.2Hz), 2.33−2.41 (4H,m), 2.76−2.88
(10H, m), 5.26−5.45 (12H, m), 7.12 (1H, t, J = 8.0 Hz), 7.70 (1H, d, J
= 8.0 Hz), 7.90 (1H, d, J = 8.0 Hz), 8.32 (1H, s). 13C NMR: δ (CDCl3)
14.26, 20.54, 22.08, 25.52, 25.60, 36.15, 126.84, 126.98, 127.40, 127.65,
127.84, 127.98, 128.02, 128.29, 128.48, 128.57, 130.39, 132.05, 134.07,
135.30, 169.87. HRMS (ESI) m/z: calcd for C26H35NO3S2 [M + H]+,
474.2137; found [M + H]+, 474.2147.

β-Hexosaminidase Release Assay. The assay was performed as
previously reported with some modifications.41 RBL-2H3 cells
(American Type Culture Collection, Rockvile, MD, USA) were
cultured in DMEM supplemented with 100 U/mL of penicillin, 100
μg/mL of streptomycin, and 10% heat-inactivated FBS at 37 °C under
humidified 5% CO2 in air. RBL-2H3 cells were seeded at 4.0 × 104

cells/well in a 96-well culture plate and sensitized with anti-DNP IgE
(50 ng/mL) at 37 °C overnight. After washing the cells with modified
Tyrode’s (MT) buffer (20 mMHEPES, 135 mMNaCl, 5 mMKCl, 1.8
mM CaCl2, 1 mM MgCl2, 5.6 mM glucose, and 0.05% BSA, pH 7.4)
twice, the cells were treated with 120 μL of MT buffer containing
various concentrations of compounds or 0.1% (v/v) ethanol (vehicle)
for 30 min at 37 °C. When the effect of CB2 antagonism on DHEA
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activity was investigated, the cells were treated with various
concentrations of DHEA in the presence of 10 μM AM630 (a CB2
antagonist) for 30 min. When the effect of FAAH inhibition on DHEA
activity was investigated, the cells were treated with various
concentrations of DHEA in the presence of 10 μM URB597 (a
FAAH inhibitor) for 30 min. The cells were then stimulated with 10 μL
of DNP−human serum albumin (HSA) (625 ng/mL) for 30 min at 37
°C. After stimulation, the supernatant was collected from each well, and
the cells were sonicated in 130 μL of MT buffer containing 0.1% Triton
X-100 for 5 s on ice. Both the supernatant and cell lysate were
transferred to a new 96-well microplate at 50 μL/well and incubated for
5 min at 37 °C. One hundred μL of 3.3 mM4-nitrophenyl 2-acetamido-
2-deoxy-β-D-glucopyranoside dissolved in 0.1 M citrate buffer (pH 4.5)
was then added to each well and incubated for 25 min at 37 °C. The
enzyme reaction was terminated by adding 100 μL of 2M glycine buffer
(pH 10.4), and the absorbance was measured at 405 nm using a
microplate reader (SH-8000Lab; Corona Electric, Hitachinaka, Japan).
A β-hexosaminidase release rate (%) was calculated as follows

A A

A A A A

( )

( ) ( )
supernatant blank of supernatant

supernatant blank of supernatant cell lysate blank of cell lysate

−
{ − + − }
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in which “A” is the absorbance of each well.
IgE-Mediated PCA in Mice. An IgE-dependent PCA experiment

was conducted according to the method of Nishi et al. with some
modifications.31 Female BALB/c mice were purchased fromClea Japan
(Tokyo, Japan) and housed in a temperature-controlled (24 ± 2 °C)
environment under 12 h light/dark cycle. Animals received standard
chow (Rodent LabDiet EQ 5L37; Nutrition International, Brentwood,
MO, USA) and water ad libitum. After acclimating to their housing
environment for 1 week, 8-week-old female BALB/c mice were
randomly divided into groups (five mice per group). Mice were orally
administered 20 μL of test compounds (DHEA, 26, 32, 34, 35, 46, 52,
55, and 57) or 20 μL of water as a control. In the case of solid
compounds (28, 29, 58, and 59), mice were orally administered 20 mg
of test compounds suspended in 10 μL of mineral oil or 30 μL of
mineral oil as a control. Oral administration was conducted once a day
for 5 consecutive days (day 0 to day 4). On day 3, all mice were
intradermally injected with 0.1 μg of anti-DNP IgE dissolved in 10 μL of
PBS and with 10 μL of PBS alone into their left and right ears,
respectively. On day 4, 0.2 mg of DNP−HSA and 0.5% (w/v) Evans
blue dye dissolved in 0.2 mL of PBS were intravenously injected 1 h
after oral administration. The mice were euthanized 30 min after
intravenous injection, and their ears were collected. The extravagated
dye was then extracted from each ear with 400 μL of formamide at 70
°C overnight. The absorbance was then measured at 620 nm using an
Ultrospec 3000 spectrophotometer (Amersham Pharmacia Biotech,
Uppsala, Sweden). The absorbance of the dye extracted from the left
ear was subtracted with that from the right ear. Statistical analysis was
performed using GraphPad Prism version 7.02 (GraphPad Software, La
Jolla, CA, USA). One-way analysis of variance followed by Dunnett’s
multiple comparison tests was used to assess the statistical significance.
Values of *P < 0.05 were considered statistically significant. A protocol
of the PCA experiment was approved by the Animal Experiment
Committee of Ehime University. All animal experiments were carried
out in accordance with the Guidelines of Animal Experiments of Ehime
University.
FAAH Substrate Assay. Transgenic expression of the human

FAAH in a baculovirus expression system using Sf9 cells was performed
by following a method described previously.42 Test compounds in
Table 5 diluted in 0.2 mL of 20 mM Tris buffer (pH 8.0) were
incubated with Sf9 cell lysate (10 μg protein) for 60 min at 37 °C and
subsequently mixed with 0.6 mL of acetonitrile. After centrifugation,
the supernatant was subjected to the HPLC analysis conducted on an
Acquity UPLC system (Waters) with a diode array detector.
Chromatographic separations were conducted using an Acquity
UPLC BEH C18 (1.7 μm, 2.1 × 100 mm) column (Waters). The
absorbance was detected at 210 nm tomeasure the appearance of DHA.
FAAH Inhibition Assay. Sensitive fluorescent-based FAAH

inhibition assay was performed by using N-(6-methoxypyridin-3-

yl)octanamide as a fluorescent substrate as described previously.42 Test
compounds mixed with Sf9 cell lysate (1 μg protein) in 0.1 mL of 20
mMTris buffer (pH 8.0) were further mixed with 0.1 mL of 0.5 mMN-
(6-methoxypyridin-3-yl)octanamide. The fluorescence intensity was
immediately monitored for 15min with an excitation wavelength of 302
nm and an emission wavelength of 396 nm using a microplate reader
(SH-8000Lab; Corona Electric, Hitachinaka, Japan).
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APPENDIX

Supplementary Table S1. Pre-index “Selected” Comorbid Conditions among SCIT and Control Cohorts

Condition Code Type Codes

Acute Upper
Respiratory

Infection

ICD-9 Dx 032.0, 032.1, 032.2, 032.3, 033.0, 033.1, 033.8, 033.9, 460, 461.0, 461.1, 461.2, 461.3, 461.8,
461.9, 462, 463, 464.00, 464.01, 464.10, 464.11, 464.20, 464.21, 464.30, 464.31, 464.4,
464.50, 464.51, 465.0, 465.8, 465.9, 475, 478.21, 478.22, 478.24, 478.71

ICD-10 Dx

A155, A360, A361, A362, A3700, A3701, A3710, A3711, A3780, A3781, A3790, A3791, A5003,
A545, A564, B002, B085, B302, B873, J00, J0100, J0101, J0110, J0111, J0120, J0121, J0130,
J0131, J0140, J0141, J0180, J0181, J0190, J0191, J020, J028, J029, J0300, J0301, J0380, J0381,
J0390, J0391, J040, J0410, J0411, J042, J0430, J0431, J050, J0510, J0511, J060, J069, J09X2,
J201, J202, J203, J204, J205, J206, J207, J208, J209, J36, J390, J391, J852

Asthma
ICD-9 Dx 493.00, 493.01, 493.02, 493.10, 493.11, 493.12, 493.81, 493.82, 493.90, 493.91, 493.92,

E945.7
ICD-10 Dx J4520, J4521, J4522, J4530, J4531, J4532, J4540, J4541, J4542, J4550, J4551, J4552, J45901,

J45902, J45909, J45990, J45991, J45998
Chronic
Sinusitis

ICD-9 Dx 473.0, 473.1, 473.2, 473.3, 473.8, 473.9
ICD-10 Dx J320, J321, J322, J323, J324, J328, J329

COPD
ICD-9 Dx 490, 491.0, 491.1, 491.20, 491.21, 491.22, 491.8, 491.9, 492.0, 492.8, 493.20, 493.21, 493.22,

496
ICD-10 Dx J40, J410, J411, J418, J42, J430, J431, J432, J438, J439, J440, J441, J449

Cough
ICD-9 Dx 786.2

ICD-10 Dx R05

Hyperlipidemia
ICD-9 Dx 272.0, 272.1, 272.2, 272.3, 272.4

ICD-10 Dx E780, E781, E782, E783, E784, E785

Hypertension
ICD-9 Dx 401.0, 401.1, 401.9, 405.01, 405.09, 405.11, 405.19, 405.91, 405.99, 997.91

ICD-10 Dx I10, I150, I151, I152, I158, I159

Influenza
ICD-9 Dx 487.0, 487.1, 487.8, 488.01, 488.02, 488.09, 488.11, 488.12, 488.19, 488.81, 488.82, 488.89

ICD-10 Dx J09X1, J09X3, J09X9, J1000, J1001, J1008, J101, J102, J1081, J1082, J1083, J1089, J1100, J1108,
J111, J112, J1181, J1182, J1183, J1189

Other Upper
Respiratory
Conditions

ICD-9 Dx
470, 472.0, 472.1, 472.2, 474.00, 474.01, 474.02, 474.10, 474.11, 474.12, 474.2, 474.8, 474.9,
476.0, 476.1, 478.0, 478.11, 478.19, 478.20, 478.25, 478.26, 478.29, 478.30, 478.31, 478.32,
478.33, 478.34, 478.4, 478.5, 478.6, 478.70, 478.74, 478.75, 478.79, 478.8, 478.9, 519.00,
519.01, 519.02, 519.09, 519.11, 519.19

ICD-10 Dx A5005, J310, J311, J312, J342, J343, J3481, J3489, J349, J3501, J3502, J3503, J351, J352, J353,
J358, J359, J370, J371, J3800, J3801, J3802, J381, J382, J383, J384, J385, J386, J387, J392, J393,
J398, J399, J471, J479

Pneumonia

ICD-9 Dx

003.22, 011.60, 011.61, 011.62, 011.63, 011.64, 011.65, 011.66, 041.3, 055.1, 073.0, 115.05,
115.15, 115.95, 480.0, 480.1, 480.2, 480.3, 480.8, 480.9, 481, 482.0, 482.1, 482.2, 482.30,
482.31, 482.32, 482.39, 482.40, 482.41, 482.42, 482.49, 482.81, 482.82, 482.83, 482.89, 482.9,
483.0, 483.1, 483.8, 484.1, 484.3, 484.5, 484.6, 484.7, 484.8, 485, 486, 516.30, 516.35, 516.36,
516.37, 517.1, 770.0, 997.31

ICD-10 Dx
A0103, A0222, A403, A5004, A5484, B012, B052, B0681, B7781, B953, B960, B961, J120, J121,
J122, J123, J1281, J1289, J129, J13, J14, J150, J151, J1520, J15211, J15212, J1529, J153, J154,
J155, J156, J157, J158, J159, J160, J168, J17, J180, J181, J182, J188, J189, J200, J84111, J84116,
J84117, J842, J851, J95851



Supplementary Table S2. CPT Codes for SCIT and Related Procedures

Category Code Description

SCIT

95117 Professional services for AIT not including provision of allergenic extracts; 2 or more injections

95115 Professional services for AIT not including provision of allergenic extracts; single injection
95125 Professional services for AIT in the office or institution of the prescribing physician or other qualified

health care professional, including provision of allergenic extract; 2 or more injections

95120 Professional services for AIT in the office or institution of the prescribing physician or other qualified
health care professional, including provision of allergenic extract; single injection

95144 Professional services for the supervision of preparation and provision of antigens for AIT, single dose
vial(s) (specify number of vials)

95165 Professional services for the supervision of preparation and provision of antigens for AIT; single or
multiple antigens (specify number of doses)

95180 Rapid desensitization procedure, each hour (e.g., insulin, penicillin, equine serum)
95199 Unlisted allergy/clinical immunologic service or procedure

Skin testing

95004 Percutaneous tests (scratch, puncture, prick) with allergenic extracts, immediate type reaction,
including test interpretation and report, specify number of tests

95010
Percutaneous tests (scratch, puncture, prick) sequential and incremental, with drugs, biologicals or
venoms, immediate type reaction, including test interpretation and report by a physician, specify
number of tests

95015
Intracutaneous (intradermal) tests, sequential and incremental, with drugs, biologicals, or venoms,
immediate type reaction, including test interpretation and report by a physician, specify number of
tests

95018
Allergy testing, any combination of percutaneous (scratch, puncture, prick) and intracutaneous
(intradermal), sequential and incremental, with drugs or biologicals, immediate type reaction,
including test interpretation and report, specify number of tests

95024 Intracutaneous (intradermal) tests with allergenic extracts, immediate type reaction, including test
interpretation and report, specify number of tests

95027 Intracutaneous (intradermal) tests, sequential and incremental, with allergenic extracts for airborne
allergens, immediate type reaction, including test interpretation and report, specify number of tests

95028 Intracutaneous (intradermal) tests with allergenic extracts, delayed type reaction, including reading,
specify number of tests

95044 Patch or application test(s) (specify number of tests)
95052 Photo patch test(s) (specify number of tests)
95056 Photo tests

Laboratory
testing

82785 Gamma globulin (immunoglobulin); IgE
86001 Allergen specific IgG quantitative or semiquantitative, each allergen
86003 Allergen specific IgE; quantitative or semiquantitative, each allergen

86005 Allergen specific IgE; qualitative, multi-allergen screen (dipstick, paddle, or disk)
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