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ABSTRACT: Low-temperature-induced fatty acid desaturation is highly
conserved in animals, plants, and bacteria. Allyl isothiocyanate (AITC) is
an agonist of the transient receptor potential ankyrin 1 (TRPA1), which is
activated by various chemophysiological stimuli, including low temperature.
However, whether AITC induces fatty acid desaturation remains unknown.
We showed here that AITC increased levels of glycerophospholipids (GP)
esterified with unsaturated fatty acids, especially docosahexaenoic acid
(DHA) in TRPA1-expressing HEK cells. Additionally, GP-DHA including
phosphatidylcholine (18:0/22:6) and phosphatidylethanolamine (18:0/
22:6) was increased in the brain and liver of AITC-administered mice.
Moreover, intragastrical injection of AITC in ovariectomized (OVX)
female C57BL/6J mice dose-dependently shortened the Δlatency time
determined by the Morris water maze test, indicating AITC ameliorated the
cognitive function decline in these mice. Thus, the oral administration of AITC maintains GP-DHA in the liver and brain, proving to
be a potential strategy for preventing cognitive decline.

■ INTRODUCTION
One of the most promising functional food factors,
isothiocyanates (ITCs), are natural ingredients present in
Brassica species, such as cabbage, broccoli, radish, mustard, and
wasabi.1,2 Sulforaphane, benzyl ITC, and phenethyl ITC are
some of the well-studied ITCs. ITCs have several health
benefits, including cancer chemoprevention,3−6 anti-obe-
sity,7−10 anti-diabetic,11−13 and anti-atherosclerosis3,7 activities.
ITCs covalently bind to the target proteins owing to their
electrophilic nature and trigger multiple cell signaling pathways
associated with various ITC-induced bioactivities.1,14 Most
importantly, Kelch-like ECH-associated protein 1 (Keap1), a
critical target for ITCs to induce the antioxidant and
xenobiotic-metabolizing enzymes, including NAD(P)H qui-
none oxidoreductase 1 (NQO1), glutathione S-transferase
(GST), and glutamate-cysteine ligase catalytic subunit
(GCLC), is regulated by the Keap1−nuclear factor-erythroid
2-related factor 2 (Nrf2) system.15 Many other proteins have
also been identified as targets for ITCs, such as tubulin for cell
cycle arrest and apoptosis induction,16,17 migration inhibitory
factor for anti-inflammatory activities,18−20 overexpressed
MAPK/ERK kinase 1 in LNCaP cells for cell cycle growth
inhibition,21 recombinant topoisomerase IIα,22 and other
ubiquitously expressed proteins (such as the heat shock

protein 90β, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH),23 and albumin24,25). Transient receptor potential
ankyrin 1 (TRPA1), an ion channel, is also a target for ITCs,
especially allyl isothiocyanate (AITC).26 TRPA1 is a chemo-
sensor activated by various stimuli, including natural
compounds (such as AITC), low temperature, calcium,
hydrogen peroxide, gaseous molecules (such as H2S and
NO), and oxidized lipids (such as 5,6-epoxyeicosatrienoic acid
and 4-hydroxy-2-nonenal27,28). AITC is a strong agonist of
TRPA1 via the covalent modifications of multiple cysteine
residues.29,30 TRPA1 is widely conserved in humans, mice, and
several insects.31,32 Although it is still controversial whether
TRPA1 is a cold sensor, cold stimuli-induced lipid composition
changes, especially fatty acid desaturation, have been observed
in various bacteria,33 plants,34 and mammals.35 However,
whether AITC-induced TRPA1 activation causes changes in
lipid composition has not yet been clarified.
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Many studies have reported the health benefits of n-3
polyunsaturated fatty acids (PUFAs), such as docosahexaenoic
acid (DHA), eicosapentaenoic acid (EPA), and α-linolenic
acid (ALA), that are often consumed as diet supplements.36,37

DHA plays an important role in the development and
maintenance of brain function.38,39 DHA constitutes 10−20%
of the total lipids and is the most abundant n-3 PUFA (over
90%) in the brain.40 The level of DHA in the brain decreases
in an age-dependent manner, showing ∼22% reduction at 52−
80 years compared with that at 29−35 years.41 Age-dependent
reduction in DHA is suggested to be strongly associated with
cognitive function decline.38,40 DHA is not synthesized de novo
but can be converted from a precursor ALA via sequential
metabolism comprising desaturation and elongation in the
endoplasmic reticulum and β-oxidation in the peroxisomes.
However, the capacity of the human brain for DHA
biosynthesis from ALA is very low, estimated to be less than
1%. Brain DHA is mainly synthesized in the liver and
transported through the bloodstream.42 DHA supplementation
increases blood DHA levels but does not show clear beneficial
effects on mild cognitive impairment, dementia, and
Alzheimer’s disease.43−45 The administration of 6-
(methylsulfinyl)hexyl ITC (6-MSITC) was found to improve
impaired cognition in the Alzheimer’s disease model AppNLGF

mice by suppressing oxidative stress and neuroinflammation
via the Nrf2-Keap1 pathway.46 However, the association of
brain cognitive functions with ITC-induced lipid composition
changes has not yet been determined. Therefore, it is not clear
whether AITC induces PUFAs and whether AITC-induced
PUFAs contribute to brain functions.
In this study, we evaluated whether AITC-TRPA1 signaling

induced changes in lipid composition in vitro and in vivo.
Lipidomics analysis based on liquid chromatography−mass
spectrometry (LC-MS) was performed to evaluate the lipid
composition changes, especially focusing on the level of
unsaturation (the number of unsaturated double bonds) of
fatty acids in phospholipids. We found that AITC increased the
levels of DHA-acylated phospholipids via the TRPA1 signaling
pathway in TRPA1-expressing HEK cells. Moreover, the
elevated levels of DHA-acylated phospholipids in the brain
and liver of AITC-administered mice may be involved in the
improvement of ovariectomy (OVX)-induced cognitive decline
in the brain. These results indicate that DHA uptake from
dietary supplements and an increase in DHA-containing lipids
may be potential preventive strategies for mild cognitive
impairment in aging.

■ MATERIALS AND METHODS
Cell Culture. T-RExTM-293 cells (Thermo Fisher

Scientific, Waltham, MA) derived from HEK293 cells were
stably transfected with a tetracycline-regulating TRPA1
expression vector to prepare human TRPA1-expressing cells
(HEK_hTRPA1 cells), as previously described.47−49

HEK_hTRPA1 cells were maintained in Dulbecco’s modified
Eagle’s medium (Nissui Pharmaceutical Co. Ltd., Tokyo,
Japan) supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, 100 μg/mL streptomycin, 500 μg/mL zeocin, and
10 μg/mL blasticidin. HEK(−) cells were cultured at 37 °C in
a 5% CO2 humidified incubator and passaged twice a week.
TRPA1 expression was induced by the addition of 1 μg/mL
tetracycline for 24 h. After loading Fluo-4 AM (Thermo Fisher
Scientific), TRPA1 activity was confirmed using a FlexStation
II microplate reader system (Molecular Devices, Sunnyvale,

CA).47−49 Cytotoxicity of AITC was determined using the
AlamarBlue assay, as described previously.50,51

Lipidomics Analysis. Lipidomics analyses were performed
as described previously.52,53 For lipid extraction from
HEK_hTRPA1 cells, the cell pellet harvested from a 3.5 mm
dish was sonicated in 150 μL of MeOH and 500 μL of methyl
tert-butyl ether (MTBE), containing 50 μg/mL 1,2-dihepta-
decanoyl-sn-glycero-3-phosphocholine (DHDPC) and 0.2 mg/
mL dibutylhydroxytoluene (BHT). Samples were incubated in
a shaker at 1500 rpm for 1 h at room temperature, combined
and vortexed with 125 μL ultrapure water (MQ), and left to
stand for 10 min. After centrifugation at 100g for 10 min at 4
°C, the organic phases were separated and washed with 150 μL
of MeOH, 500 μL of MTBE, and 125 μL of MQ. The organic
phases were combined with the former and then dried using a
centrifuge evaporator. The residues were dissolved in 100 μL
of MeCN/IPA/MQ (65:30:5, v/v/v). For the lipid extraction
from mouse tissues, 10 mg (wet weight) of brain or liver in 100
μL of MQ was microdestructed (2500 rpm, 4 °C, 20 s) by
MicroSmash MS-100R (TOMY, Japan) with a 5.0 φ zirconia
(ZrO2) bead. Aliquots (50 μL) of the homogenate were
collected in new tubes and mixed with 100 μL of MeOH and
500 μL of MTBE, containing 50 μg/mL DHDPC and 0.2 mg/
mL BHT. Samples were incubated in a shaker at 1500 rpm for
1 h at room temperature, combined, and vortexed with 75 μL
of MQ, and then left to stand for 10 min. After centrifugation
at 100g for 10 min at 4 °C, the organic phases were separated
and washed with 30 μL of MeOH, 100 μL of MTBE, and 25
μL of MQ. The organic phases were combined with the former
and then dried using a centrifuge evaporator. The residues
were dissolved in 100 μL of MeCN/IPA/MQ (65:30:5, v/v/
v).

Extracted lipids were analyzed using LC-MS consisting of
AQUITY UPLC (Waters, Milford, MA) coupled with
micrOTOFQII (Bruker Daltonics, Bremen, Germany). Ultra-
performance liquid chromatography (UPLC) separation54,55

was performed with a TSKgel ODS-120H column (1.9 μm, 50
mm × 2.0 mm i.d., TOSOH) at 40 °C, using solvent A (60:40
MQ/MeCN in 5 mM ammonium formate and 0.1% formic
acid) and solvent B (90:10 IPA/MeCN in 5 mM ammonium
formate and 0.1% formic acid). The samples were eluted from
the column using a linear gradient of 10% solvent B at 0 min,
50% solvent B at 1 min, and 70% solvent B at 20 min. The flow
rate of the mobile phase was 0.4 mL/min. Quadrupole time-of-
flight mass spectrometry (Q-TOF-MS) was operated in
negative-ion mode using an electrospray ionization source.
The detector conditions were as follows: capillary voltage,
3900 V; nebulizer, 2.0 bar, drying gas flow, 10 L/min; drying
gas temperature, 200 °C; mass range, 50−1500 m/z. All
analyses were performed by using a sodium formate solution
(5 mM NaOH and 0.1% formic acid in 50% MeOH) to
accurately calibrate the mass. MS peak data from UPLC-TOF-
MS analyses were subjected to Compass Data Analysis
(Bruker) and Signpost (Reifycs, Tokyo, Japan) for peak
detection and integration, and Mass Profiler Professional
software (Agilent Technologies) was used for principal
component analysis. To identify the lipid species, MS/MS
spectra obtained with a CID of 30 eV were searched against
the LIPID MAPS database (https://www.lipidmaps.org/).

Morris Water Maze Test. All animal experimental
protocols were approved by the Animal Ethics Committee of
the University of Shizuoka (approval number 205289) and
performed according to the ARRIVE guidelines. Eight-week-
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old female C57BL/6J mice were purchased from Japan SLC
(Hamamatsu, Japan). All animals were fed a standard chow
diet (MF; Oriental Yeast, Co., Ltd., Tokyo, Japan), housed in
plastic cages, and had free access to drinking water under
controlled conditions of humidity (55 ± 5%), light (12/12 h
light/dark cycle), and temperature (23 ± 1 °C). Fatty acid
composition in MF diet used in this study was shown in
Supporting Table S1. After a 1-week adaptation period, mice
were subjected to either ovariectomy (OVX) or a sham
operation (on day 7). After 10 days of recovery from the
surgical operation, AITC (0, 1, or 10 mg/kg body weight) in a
suspended solution (dimethyl sulfoxide (DMSO):Tween
80:saline = 5:10:85) was intragastrically injected every day
until the end of the experiment (on days 18−35). The Morris
water maze test56 was started on day 30 using mice (total n =
32) grouped in Sham (n = 6), Sham + AITC (10) (n = 6),
OVX (n = 7), OVX + AITC (1) (n = 6), and OVX + AITC (n
= 7), which were prepared by the above method. A transparent
platform was installed under the water surface in a pool (120
cm diameter) filled with water (22 ± 2 °C). Each mouse was
placed in the pool, and the time taken to reach the platform
was measured (up to a maximum of 40 s). Four trials were
performed on 1 day at 1 min intervals, and this was repeated
for 5 d. The locations of the mice in the pool were randomly
changed after each trial. Memory of the platform location was
assessed by quantifying the mean latency to reach the platform
on day 5. In the initial trial on day 1, the pool was virtually
divided into four divisions (north, south, east, and west), and
the number of times the mice crossed each division was
measured to evaluate their motility. If mice got to the platform
by chance, the number of crossings was corrected to the
number of crossings per 40 s. The behavior of the mice during
the experiment was recorded by using a video camera (GoPro
Inc., San Mateo, CA). The latency time to reach the platform
and motility in the Morris water maze test were measured by
analyzing the video data using a video tracking system (ANY-
maze version 5.3; Muromachi Kikai, Tokyo, Japan).

Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR). Cells cultured in a 35 mm
dish were washed twice with ice-cold phosphate-buffered saline
(PBS) (pH 7.4), 1 mL of TRIzol reagent (Invitrogen), and
collected using cell scraper. Total RNA was extracted
according to the manufacturer’s protocol and converted into
cDNA using the PrimeScript RT Master Mix (TaKaRa Bio,
Japan). To quantitatively estimate the expression level of each
gene, qPCR was performed using gene-specific primers, cDNA,
and SYBR Premix (TaKaRa Bio). The sequences of the PCR
primer pairs used were as follows: mGAPDH: 5′-AAA ATG
GTG AAG GTC GGT GTG-3′ and 5′-AAT GAA GGG GTC
GTT GAT GG-3′; mouse ELOVL fatty acid elongase 2
(mElovl2): 5′-ACC GGA AAA AGC CAG TGA AG-3′ and 5′-
TTG TCC GTC ATG CCA TTA GC-3′; mElovl5: 5′-TTT
TTC TGC CAG GGA ACA CG-3′ and 5′-TGG TGG TTG
TTC TTG CGA AG-3′; mouse fatty acid desaturase 1
(mFads1): 5′-ATG CAT TTC CAG CAC CAT GC-3′and 5′-
TGT GCT GAT GGT TGT ATG GC-3′; mFads2: 5′-TTT
CCA ACA CCA TGC CAA GC-3′ and 5′-TCG CCA AGG
ACA AAC ACA TG-3; mouse 1-acylglycerol-3-phosphate O-
acyltransferase 3 (mAGPAT3/mLPAAT3): 5′-TCA TTG
GCT TCG TCT TCG TG-3′and 5′-ATA CGG CGG TAT
AGG TGC TTG-3′; mouse acyl-CoA synthetase long-chain
family member 6 (mACSL6): 5′-TCG GGC TTT CTG AAA
GTG AC-3′ and 5′-ACC ATG CGC TCA AAC ATG TG-3′.

Statistical Analysis. All data are presented as the mean ±
standard error of the mean (SEM). All statistical analyses were
performed using EZR (Saitama Medical Center, Jichi Medical
University), a graphical user interface for R (The R
Foundation for Statistical Computing). Statistical analyses of
data were performed using the Student’s t-test, one-way
analysis of variance (ANOVA) followed by Tukey honest
significant difference post hoc test, or two-way ANOVA with
multiple testing correction using the Bonferroni family-wise
error rate. Differences were considered to be statistically
significant at P < 0.05.

Figure 1. AITC induced n-3 polyunsaturated fatty acid (PUFA)-acylated phospholipids via the TRPA1 pathway in HEK_hTRPA1 cells.
HEK_hTRPA1 cells were treated with or without tetracycline for 24 h to induce TRPA1 expression and exposed to 10 μM AITC or dimethyl
sulfoxide (DMSO) (vehicle). The extracted lipid fractions were subjected to lipidomics analysis. On the principal component analysis (PCA) score
plot, four experimental groups, including ATIC/TRPA1 (+), DMSO/TRPA1 (+), ATIC/TRPA1 (−), and DMSO/TRPA1 (−), were individually
surrounded by a gray ellipse. On the PCA loading plot, edged circles indicate the identified phospholipids. Levels of unsaturation (the number of
unsaturated double bonds) are shown by a black and white gradation. Unidentified lipid molecules are shown by small light gray circles.
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■ RESULTS
AITC Increased the Levels of PUFAs in TRPA1-

Overexpressing HEK Cells. To investigate the agonistic
activities of AITC, we prepared HEK cells with TRPA1
expression regulated by the tetracycline system, hTRPA1(+)
and HEK_hTRPA1(−), were prepared. We confirmed that up
to 10 μM AITC treatment induced TRPA1 activation without
cytotoxicity.48 Lipid fractions prepared from hTRPA1(+) and
HEK_hTRPA1(−) cells treated with 10 μM AITC or DMSO
(vehicle) were subjected to lipidomic analysis, which detected
119 phospholipid molecules, 52 of which were identified
(Supporting Table S2). As shown in Figure 1, four
experimental groups including AITC- or DMSO (vehicle)
treated HEK_hTRPA1(+) and HEK_hTRPA1(−) cells,
respectively, were distributed on score plot. The distribution
along PC1 was dependent on AITC treatment, and PC3
separation was dependent on TRPA1 expression. The AITC/
TRPA1 (−) group was located relatively close to AITC/
TRPA1 (+), possibly due to the leakage of TRPA1 expression
in the tetracycline system. The loading plot demonstrated that
the level of unsaturation in the fatty acid residues of
phospholipids was apparent along PC1. The location of
DHA (22:6)-containing phospholipids, such as PC (16:0/
22:6), PE (16:0/22:6), and PE (p-18:1/22:6), was strongly
associated with the distribution of the AITC/TRPA1 (+)
group (Figure 1). On the other hand, many phospholipids with
lower levels of unsaturated fatty acid residues, such as PC
(14:0/14:0) and PC (16:0/16:1), were located in the opposite
area of AITC/TRPA1 (+). Additionally, 10 μM AITC hardly
induced genes regulated by Nrf2, including NQO1, GCLC,
and GSTP1 in AITC/TRPA1 (+) cells (Supporting Figure
S1). These results suggest that AITC induces phospholipids
containing unsaturated fatty acid residues in HEK_hTRPA1-
(+) cells, depending on the TRPA1 pathway rather than the
Keap1/Nrf2 pathway.

AITC Ameliorated the Decline in Cognitive Function
in OVX Mice. Although the extent to which central nervous
system functions are affected in postmenopausal women is not

clear,57 ovariectomy (OVX) have a negative effect on cognitive
function, including attention, learning, and memory.58−60

Additionally it was also observed that the level of hepatic
DHA was slightly decreased in OVX rats.61 Since DHA is
important for maintaining brain function,62 whether AITC-
induced lipid composition changes influenced cognitive
functions was investigated. AITC (1 or 10 mg/kg body
weight) or vehicle was intragastrically injected every day into
ovariectomized or sham mice until the end of the experimental
period. On the last 5 days, Morris water maze tests were
performed to evaluate spatial cognitive function. Body weight
on days 25 and 29 in OVX and OVX + AITC 10 groups were
significantly higher than sham mice, indicating that loss of
ovarian hormones influences body weight (Supporting Figure
S2A). In all experimental groups, escape latency times
gradually decreased as the daily tests were repeated (Figure
2A). In particular, the sham group seemed to have shown an
efficient learning effect, although statistical significance (P <
0.05) was not observed in the escape latency time among the
experimental groups (Figure 2A). However, as shown in Figure
2B, the sham and sham + AITC (10) groups demonstrated
significantly superior scores in delta (Δ) latency time
compared to the OVX group. Moreover, AITC improved the
Δlatency in ovariectomized mice in a dose-dependent manner
(Figure 2B). There was no difference in tissue weight of
hippocampus and cerebral cortex collected on day 35
(Supporting Figure S2B). These results suggest that the oral
administration of AITC affects cognitive function in the mouse
brain.

Compositional Changes in Lipids in the Brain and
Liver of AITC-Administered Mice. To explore the
involvement of AITC in improving cognitive function decline
in OVX mice with changes in lipid composition, brain
(hippocampus and cerebral cortex) and liver samples were
prepared after Morris water maze tests. Lipid fractions were
extracted, injected into LC-MS, and analyzed by principal
component analysis (PCA). In the score plot in Figure 3A,
ovariectomized mice grouped as OVX, OVX + AITC (1), and
OVX + AITC (10) were distributed in a different area than

Figure 2. AITC ameliorated ovariectomy (OVX)-induced cognitive function impairment. Female C57BL/6J mice that received sham or OVX
operation were intragastrically injected with AITC for 18 d. Morris water maze tests were performed to evaluate the spatial cognitive function on
the last 5 d of the experiment. (A) The escape latency time was measured for 5 d. Values are represented as the mean ± SEM (n = 6 or 7 mice/
groups × 4 trial/day). Statistical significance was determined by two-way repeated analysis of variance (ANOVA) and one-way ANOVA followed
by Tukey honest significant difference (HSD) post hoc test. (B) The delta time (Δlatency time) was adjusted by averaging the difference between
the score of day 0 and the respective scores of days 2−5. Values are represented as the mean ± SEM (n = 6 or 7 mice/groups × 4 trial/day).
Statistical significance was determined by one-way ANOVA followed by Tukey HSD post hoc test. *P < 0.05 and **P < 0.01.
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sham-operated mice. In particular, the OVX group was
distributed along the PC1 axis from the sham group. The
OVX + AITC (1) and OVX + AITC (10) groups showed a
merging distribution between the OVX and the sham groups.
The loading plot showed that nine phospholipids containing
DHA contributed to the distribution of the sham and sham
AITC (10) groups. PE (18:1/22:6), PC (16:0/22:6), PE

(16:0/22:6), and PE (18:0/22:6) were strong contributors to
PC1 (Table 1). In the cerebral cortex and liver, the OVX and
sham groups were clearly separated along the principal
component axes (Figure 3B,3C). The distribution of AITC-
administered ovariectomized mice (OVX + AITC (1) and
OVX + AITC (10) groups) was intermediate between that of
the sham and OVX groups. PC (18:0/22:6) and PE (18:0/

Figure 3. AITC administration induced the phospholipids containing docosahexaenoic acid (DHA). C57BL/6J mice were subjected to OVX or
sham operation. After 10 d of recovery, intragastric injections of AITC (0, 1, or 10 mg/kg body weight) were given daily for 18 d. Lipid fractions
prepared from the hippocampus (A), cerebral cortex (B), and liver (C) were analyzed by liquid chromatography−mass spectrometry (LC-MS),
and PCA was performed. Mice grouped in sham (●), sham + AITC 10 mg/kg bw (▲), OVX (□), OVX + AITC 1 mg/kg bw (△), and OVX +
AITC 10 mg/kg bw (▲) were shown in PCA score plots. Sham groups are circled by solid lines and OVX groups are circled by dashed lines. On
the PCA loading plot, phospholipids containing DHA are shown by closed black circles and others by small light gray circles.
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22:6) were strong contributors to PC2 in the cerebral cortex
and liver (Table 1). Additionally, the levels of PC (16:0/22:6)
and PE (16:0/22:6) in the hippocampus and liver and PE
(18:0/22:6) in the hippocampus, cerebral cortex, and liver
were significantly reduced by OVX when compared to Sham or
Sham + AITC (Figure 4). These results indicated that AITC
induced DHA-acylated phospholipids, especially PC (16:0/
22:6), PE (16:0/22:6), and PE (18:0/22:6) in the brain
(hippocampus and cerebral cortex) and liver, which may
contribute to the improvement of cognitive decline observed in
OVX mice.

Expression Levels of Genes Associated with DHA
Metabolism. To investigate the molecular mechanism of
DHA-acylated phospholipid biosynthesis, the expression of
genes involved in DHA was determined. The expression of
genes involved in DHA and DHA-acylated phospholipid
biosynthesis, including fatty acid elongase (Elovl2 and
Elovl5), fatty acid desaturase (Fads1 and Fads2), 1-acylglycer-
ol-3-phosphate O-acyltransferase 3/lysophospholipid acyl-
transferase (Agpat3/Lpaat3), and acyl-CoA synthetase long-
chain family member 6 (Acsl6), was determined. Although no
significant differences were observed in the genes we tested,
the expression of Elovl2 and Elovl5 in the liver was slightly
decreased by OVX, which appeared to be improved by 1 mg/
kg AITC treatment (Figure 5). Although the hepatic
expression of Acsl6 was below the detection limit, Acsl6 in
the brain tended to be increased by AITC in sham and OVX
mice. These results suggest that AITC-induced DHA-acylated

phospholipids in the brain might be regulated by Elovl2 and
Elovl5 in the liver and Acsl6-mediated acyl-CoA biosynthesis in
the brain.

■ DISCUSSION
Low-temperature-induced fatty acid desaturation is widely
conserved among organisms.33−35 We evaluated whether
AITC, a strong agonist of TRPA1, influences the lipid
composition in vitro and in vivo. In vitro analysis using
TRPA1-expressing HEK cells revealed that AITC increased the
number of PUFA-acylated phospholipids, including PC (16:0/
22:6) and PE (16:0/22:6), depending on the TRPA1 pathway
(Figure 1). Meanwhile, in the in vivo analysis, DHA-acylated
phospholipids, including PC (18:0/22:6) and PE (18:0/22:6),
were increased in the liver and brain of AITC-administered
mice (Figure 3 and Table 1). As DHA plays an important role
in brain development, maintenance, and functions, DHA-
acylated phospholipid induction by AITC might contribute to
the amelioration of cognitive function decline in OVX mice
(Figure 2). These results indicate that not only DHA uptake
from dietary supplements but also the enhancement of
inherent abilities to up-regulate DHA-containing lipids may
be a potential strategy for mild cognitive impairment in aging.

TRPA1 is a member of the large TRP family of ion channels
and functions as a Ca2+ permeable nonselective cation channel.
TRPA1 is expressed in sensory neurons, including the dorsal
root and trigeminal ganglion. Although the expression was very
low, TRPA1 mRNA and protein are also expressed in many
other organs and tissues, including the brain, liver, heart, small
intestine, lung, skeletal muscle, and pancreas.63 TRPA1
therefore plays several roles in many different cell processes,
including the central nervous system, cardiovascular system,
gastrointestinal tract, and respiratory system.64 Interestingly,
TRPA1 knockout mice showed significant memory loss in the
novel object recognition test and radial arm maze test.65

Additionally, it has been reported that orally administered 6-
MSITC, one of the other ITCs, reached the brain.46 Therefore,
the molecular mechanisms of AITC-induced DHA-acylated
phospholipids in mice are at least partly mediated by TRPA1
in the liver and brain rather than via the vagus nerve in the
neuronal system.

DHA is an essential fatty acid in animals. Therefore, either
dietary uptake or synthesis from precursor n-3 fatty acids,
including ALA and EPA, is necessary. In the case of
biosynthesis from n-3 fatty acids, precursor fatty acids are
metabolized by sequential enzymatic processes, such as
desaturation, elongation, and β-oxidation, to form DHA.
Although these enzyme genes are expressed in several tissues,66

DHA biosynthesis is mainly performed in the liver.67 The
transformation ratio of orally administered ALA to DHA was
very low (less than 5%), which was not sufficient to maintain
the required DHA level. Additionally, these enzymatic
processes for DHA biosynthesis compete with the abundant
n-6 PUFA, linoleic acid (18:2). Therefore, it is recommended
to use DHA itself to obtain the concentration required for
human health.40 While it is clear that plasma unesterified DHA
can enter the brain,68,69 DHA-lysoPC appears to be a preferred
source of DHA for the brain.70 It has been reported that DHA-
lysoPC accumulates in the brain 10 times more than free-
DHA.71,72 Brain DHA is concentrated in the gray matter,
which has been observed to lose volume owing to cognitive
impairment, depression, and aging.41,73 The brain requires a
constant supply of DHA from the blood to replace DHA

Table 1. Principal Component Score of Phospholipids
Containing DHAa

hippocampus PC1 (39.86%) PC2 (15.1%)

PC(18:1/22:6) 2.31 −2.94
PE(p-16:0/22:6) 2.79 0.80
PE(p-18:0/22:6) 3.31 1.17
PC(18:0/22:6) 3.34 −1.14
PS(16:0/22:6) 4.08 0.91
PE(18:0/22:6) 4.75 −1.31
PE(16:0/22:6) 4.79 0.62
PC(16:0/22:6) 4.87 −1.56
PE(18:1/22:6) 5.02 −0.51
cerebral cortex PC2 (23.39%) PC 4 (4.42%)

PC(18:0/22:6) −5.08 0.35
PC(18:1/22:6) −4.67 1.61
PC(16:0/22:6) −4.57 −0.90
PE(18:0/22:6) −3.94 1.03
PE(16:0/22:6) −3.51 −0.02
PE(p-16:0/22:6) −2.59 1.64
PE(18:1/22:6) −2.49 0.52
PE(p-18:1/22:6) −0.39 2.17
PS(16:0/22:6) 0.82 −1.86

liver PC2 (16.41%) PC3 (10.76%)

PE(18:0/22:6) −4.25 0.59
PC(18:0/22:6) −4.07 −1.97
PE(16:0/22:6) −3.93 1.79
PS(16:0/22:6) −3.86 −0.28
PC(16:0/22:6) −3.43 0.75
PE(18:1/22:6) 0.53 0.07
PC(18:1/22:6) 1.58 −2.62

aPrinciple component scores of glycerophospholipids containing
DHA detected in lipidomics analysis of hippocampus, cerebral cortex,
and liver shown in Figure 3 were summarized.
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consumed in metabolic reactions. Fernandez et al. recently
found that ACSL6, a member of the long-chain acyl-CoA
synthetase (ACSL) family, is essential for enriching brain
DHA, and ACSL6 knockout in mice affected motor function,
memory, and age-related neuroinflammation in mice.74,75

Here, we showed that the expression of ACSL6 in the
hippocampus was slightly upregulated on AITC administration
(Figure 5). There are no reports on the functional food factors
that induce ACSL6. Therefore, our results may indicate that
the ACSL6 could be a potential target to maintain the brain
DHA. Moreover, DHA biosynthesis, hepatic excretion, trans-
port, and uptake into the brain may be promising targets for
exploring functional foods for brain functions. DHA-acylated
PC and PE are critical biomarkers for screening for promising
compounds in cell culture systems. The levels of DHA-
containing phospholipids in the brain and liver were
downregulated by OVX, and their levels were rescued by
AITC administration (Figure 4). In contrast, total DHA levels
in brain, liver, and plasma may have been affected by OVX and

AITC administration but were not statistically different
between experimental groups (Supporting Figure S3). These
results suggest that AITC could activate the reconstitution of
DHA-containing phospholipids in the brain, rather than DHA
biosynthesis enzymes, including Elovl2/5 and Fads1/2. Further
analyses are required to clarify which form of DHA is present
in the brain (free-DHA, DHA-GP, and DHA-lysoGP, etc.) to
discuss how increasing DHA-GP protects against cognitive
decline without changing total DHA. Additionally, since
TRPA1 increases cellular Ca2+ levels, Ca2+-dependent
phospholipase A2 activation may be associated with the
reconstitution of DHA-phospholipid. Interestingly, Wu et al.
reported that curcumin, a component of the spice turmeric,
induced DHA synthesizing enzymes, FADS2 and elongase 2,
resulting in the induction of DHA biosynthesis from its
precursor, α-linolenic acid (C18:3 n-3; ALA), in both liver and
brain tissues.76 The combination of ALA (2.7% in fat) and
curcumin (500 ppm in the diet) increased 1.5-fold DHA in the
rat liver and brain. In contrast, a single treatment with

Figure 4. Levels of phosphatidylcholine (PC) and phosphatidylethanolamines (PE) containing acylated DHA. Relative levels of PC (16:0/22:6),
PE (16:0/22:6), and PE (18:0/22:6) in the (A) hippocampus, (B) cerebral cortex, and (C) liver after the intragastric injections of AITC (0, 1, or
10 mg/kg body weight) for 18 d into the sham and OVX mice are shown. Values are represented as the mean ± SEM (n = 6 or 7). Statistical
significance was determined by one-way ANOVA followed by Tukey HSD post hoc test. *P < 0.05. Bars designated with the same letter are not
statistically different (P ≥ 0.05).
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curcumin or ALA induced DHA in the liver but not in the
brain. It was also argued that in vivo cotreatment with
curcumin and ALA improved anxiety-like behavior in SD
rats.76 In the current study, all mice were fed the MF diet
during the experimental period, so the influence of dietary ALA
supply could not be evaluated. Therefore, the cotreatment of
DHA precursors with stimulators, such as curcumin or AITC,
may be more efficient in supplying DHA to the brain. The co-
ingestion of DHA precursors and biosynthesizers may be an
important strategy for maintaining brain function.
A recent animal study demonstrated that 6-MSITC

improved impaired cognition in Alzheimer’s disease model
AppNLGF mice by antioxidative and anti-inflammatory activities
via the Nrf2-Keap1 pathway.46 The levels of some plasmalogen
phosphatidylethanolamine (PlsPE) molecules containing
DHA, such as PlsPE (d16:0/22:6) and (d18:0/22:6), were
significantly decreased in the brains of Alzheimer’s disease

model APPNLGF mice (hippocampi). However, the decline in
these lipid molecules was rescued in the genetic Nrf2 induction
model (APPNLGF::Keap1FA/FA mice), although the physiological
significance of PlsPE-containing DHA has not been fully
elucidated.46 Since Nrf2-induced antioxidative and anti-
inflammatory properties may also result in the upregulation
of DHA-containing lipids, further analysis is required to
determine the involvement of the Keap1-Nrf2 pathway in
AITC-induced cognitive repair. Additionally, in the current
study, DHA-acylated phospholipids were downregulated in the
brain and liver of OVX mice. Since estrogens are plausible
regulators of DHA concentration in humans77 and fish,78

steroidal sex hormone homeostasis could be another target to
regulate DHA biosynthesis and brain function. Since DHA
biosynthesis in the liver has been reported to be higher in
females,79 it may be necessary to confirm whether AITC
induces DHA-acylated phospholipids in the male brain.

Figure 5. Gene expression levels in AITC-administered sham and OVX mice. After the intragastric injections of AITC (0, 1, or 10 mg/kg body
weight) for 18 d, total RNA in the hippocampus, cortex, and liver were extracted from the sham and OVX mice. Relative gene expression were
analyzed by reverse transcription-quantitative polymerase chain reaction. Mean value (open bars) with individual data (plots, n = 5−7) are shown.
Statistical significance was not observed by one-way ANOVA.
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Taken together, we showed that AITC induced DHA-
containing phospholipids in vitro and in vivo. Moreover, the
AITC-activating TRPA1 signaling pathway mediated the
desaturation of fatty acids acylated with phospholipids. Several
clinical trials are currently underway to assess the effects of
ITCs on brain cognitive functions.80,81 One study reported
showed that 12 weeks of intervention with sulforaphane, a
promising ITC, significantly improved cognitive function.82

Therefore, AITC-induced DHA phospholipids may prevent
cognitive function decline; however, the underlying molecular
mechanism requires further investigation.
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