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Annexin Al accounts for an anti-inflammatory binding target

of sesamin metabolites
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Sesamin [(70,7'0,8a,8'a)-3,4:3',4’-bis(methylenedioxy)-7,9":7’,9-diepoxylignane] is a major lignan in sesame seeds. Sesamin is
converted to the catechol metabolite, SC1 [(70,7'a,80,8'0)-3',4’-methylenedioxy-7,9":7',9-diepoxylignane-3,4-diol] with anti-
inflammatory effects after oral administration. However, its molecular target remains unknown. Analysis using high-performance
affinity nanobeads led to the identification of annexin A1 (ANX A1) as an SC1-binding protein. SC1 was found to bind to the annexin
repeat 3 region of ANX A1 with a high-affinity constant (Kd =2.77 umol L™"). In U937 cells, SC1 exhibited an anti-inflammatory
effect dependent on ANX A1. Furthermore, administration of sesamin or SC1 attenuated carbon tetrachloride-induced liver damage
in mice and concurrently suppressed inflammatory responses dependent on ANX A1. The mechanism involved SC1-induced ANX
A1 phosphorylation at serine 27 that facilitates extracellular ANX A1 release. Consequently, the ANX A1 released into the
extracellular space suppressed the production of tumor necrosis factor a. This study demonstrates that ANX A1 acts as a pivotal
target of sesamin metabolites to attenuate inflammatory responses.
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INTRODUCTION

Sesame (Sesamum indicum L.), which is consumed as sesame
seeds or oil, has been traditionally used as a natural remedy in
Asia and the Middle East.' Sesamin [(7a,7'0,8a,8'a)-3,4:3,4"-bis
(methylenedioxy)-7,9":7',9-diepoxylignane] is a major lignan in
sesame seeds that is thought to potently attenuate inflammation,
but the molecular mechanisms underlying its effects remain
largely unknown. Sesamin administration has been shown to
suppress tumor necrosis factor-a (TNFa) expression and liver injury
in a carbon tetrachloride (CCly)-induced acute’? and chronic?
hepatitis model in rodents. Furthermore, sesamin has been shown
to suppress TNFa or monocyte chemotactic protein-1 (MCP-1) in
the plasma of lipopolysaccharide (LPS)-treated mice* and inhibit
chemotaxis activation in human monocytes and mouse leuco-
cytes.’ Sesamin intake improved liver function in a human study.®
Sesamin is metabolised in the liver” As shown in Fig. 1a,
methylene dioxide groups of sesamin are catalysed by cyto-
chromes P450 such as CYP2C9® and converted to catechol-type
metabolites, SC1 [(70,7'0,80,8'a)-3’,4’-methylenedioxy-7,9":7',9-die-
poxylignane-3,4-diol] and SC2 [(7a,7'a,80,8'a)-7,9":7,9-diepoxy-
lignane-3,3',4,4'-tetraol], respectively. The catechol group is
further methylated to generate SC1m or SC2m via catechol O-
methyl transferase.” A pharmacokinetics study of sesamin in
human blood showed that high concentrations of SC1, but not
sesamin, were observed, indicating that sesamin is quickly
converted into SC1 as a major metabolite.” Recently, it was
reported that SC1 exhibited a potent anti-inflammatory effect on
LPS-induced nitric oxide (NO) production in monocytes compared
to sesamin’s effect.'® However, the molecular mechanism of
action of SC1 remains unclear.

Annexins are a multigene family of the Ca®"-regulated
phospholipid-binding and membrane-binding proteins that bind
Ca®" at multiple EF hand motifs called annexin repeats.'"'?
Annexin A1 (ANX A1) was first identified as an inducible factor,
namely lipocortin 1, using glucocorticoids that could inhibit
cPLA,.">'™ ANX A1 has a unique N-terminal region embedded
within its core annexin repeat domain 3, which is exposed by
binding with Ca®"."*'® Furthermore, the N-terminal peptide of
ANX A1 also exhibits anti-inflammatory effects.'”'® ANX A1 is
known to be regulated by its translocation to the cell surface or
extracellular secretion, which is induced by ANX A1 phosphoryla-
tion at the Ser27 residue via mitogen-activated protein kinase
(MAPK), phosphoinositide 3-kinase, and protein kinase C (PKC)-
dependent signalling pathways.'® Recently, several anti-
inflammatory drugs like cromolyn were shown to exhibit anti-
inflammatory activity by accelerating the extracellular release of
ANX A1 in mast cells, leucocytes, or monocytes.?%22

We previously developed an application for high-performance
affinity nanobeads, which enable the direct purification of binding
proteins for small-molecule compounds.?®>?* Using the beads,
various receptor proteins have been identified for chemical
compounds, including drugs, metabolites, or natural products.?>~
We recently identified the sesamin-binding protein in the sesame
plant, and characterised its roles in plant growth.** Here, we
identified ANX A1 as a pivotal target protein for the sesamin
metabolite, SC1. SC1 exhibits an anti-inflammatory effect by
promoting phosphorylation and extracellular ANX A1 release.
Furthermore, ANX A1 is required for sesamin’s hepato-protective
effect in a mouse model of CCls-induced liver injury.
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RESULTS
Identification of ANX A1 as the SC1-binding protein

Affinity nanobeads were used here to identify the binding proteins
of sesamin derivatives. For conjugating with the amino-modified
affinity nanobeads, we prepared the derivatives introducing the
carboxyl group for sesamin, SC1, SC1m, or curcumin used as a
negative control polyphenol compound, respectively (Fig. S1). As
shown in the schematic diagram in Fig. 1b, these compounds were
conjugated using amine coupling to the beads. Using these beads,
we attempted to purify the proteins binding to sesamin
derivatives from human leukaemia U937 cell extract (Fig. 1c).
Among several proteins observed, a protein with a molecular
weight of ~37 kDa specifically bound to the SC1 beads. This band
was identified as ANX A1 using electrospray ionisation-mass
spectrometry (ESI-MS) analysis. To confirm this, we prepared the
purified recombinant ANX A1 protein expressed in Escherichia coli.
As shown in Fig. 1d, recombinant ANX A1 was bound to SCI1
beads. In addition, no binding was observed when using
recombinant ANX V (Fig. S2a), suggesting that ANX A1l is a
specific binding protein for SC1.

The structural conformation of ANX A1 is changed by binding
with Ca®" on its annexin repeat regions. We examined whether
SC1 binding to ANX A1 was Ca’"-dependent. While apo-ANX AT
treated with ion chelator EDTA was hardly able to bind SC1 beads,
the Ca®™ ANX A1 form could bind SC1 beads (Fig. S2b). Binding
analysis with isothermal titration calorimetry (ITC) revealed that
SC1 bound to the Ca®* form of ANX A1, but not apo-ANX A1, and
the binding affinity (Kd) was calculated as 2.77 umol LT (Fig. 2a).
Furthermore, sesamin derivative SC2 also bound to the Ca*>" form
of ANX A1 with a binding affinity (Kd) of 8.05 umol L™'. We were
unable to detect any binding activity between sesamin and ANX
A1 using ITC analysis. ANX A1 contains four Ca*"-binding motifs
(annexin repeats). A binding assay was also performed to
determine the binding domain of SC1 using deletion mutant
proteins of ANX A1 (Fig. 2b). The SC1 beads bound to the ANX A1
proteins containing the repeat 3 (R3) domain (WT, R3-4, or R3),
but the binding activity disappeared when using mutants lacking
the R3 domain (R1-2, or R4), suggesting that SC1 specifically
recognised R3 domain of ANX A1.

We next performed three-dimensional computational model-
ling analysis to identify the possible interaction modes between
SC1 and ANX A1 (Fig. 2c). The analysis revealed that SC1 bound to
a pocket on the R3 domain of ANX A1, and the catechol group of
SC1 was associated with Ca®" of ANX A1 R3 via hydrogen
bonding. To confirm this binding model, ITC binding analysis was
performed using recombinant ANX A1 mutated in Gly210
(G210W), Phe221 (F221S), or Val251 (V251W), which is located in
the SC1-binding pocket on R3. As shown in Fig. S3, all ANX A1
mutants (G210W, F221S, and V251W) disrupted the binding
activity to SC1 in contrast with ANX A1 WT binding, suggesting
that SC1 binds to the pocket on the R3 domain of ANX A1.

SC1 exhibits an anti-inflammatory effect dependent on ANX A1

ANX A1 has been reported to play a role in several anti-
inflammatory activities.'>° We first examined the effect of
sesamin derivatives on TNFa production in U937 cells. TNFa
production induced by LPS and phorbol 12-myristate 13-acetate
(PMA) was significantly inhibited by adding SC1 and SC2 in a dose-
dependent manner, while little inhibitory effect was observed with
sesamin (Fig. 3a). The inhibitory rate (ICso) was calculated as 1Csq of
SC1=22umolL " and ICso of SC2=10.3 umol L', respectively
(Fig. 3a, right panel). These concentrations were comparable to
the binding constant with ANX A1 determined using ITC analysis.
To examine whether ANX AT contributes to the anti-inflammatory
effect of sesamin derivatives, we generated stable U937 cells by
knocking down ANX A1 expression (KD) using a lentivirus that
introduced a short hairpin RNA (shRNA) that targets the ANX
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A1 sequence. Figure 3b showed that ANX A1 expression was
significantly reduced by ANX A1-KD compared to control U937
cells, which were infected with a lentivirus lacking the targeting
sequence. The TNFa production in the control U937 cells was
inhibited by adding either SC1 or SC2. However, the inhibitory
effects of SC1 or SC2 disappeared in the U937 cells with knocked
down ANX A1 (Fig. 3¢), suggesting that SC1 and SC2 inhibit the
TNFa production via ANX AT-mediated mechanisms.

SC1 elicits an anti-inflammatory effect by promoting the
phosphorylation and extracellular release of ANX A1

It has been reported that ANX A1 serine residue phosphorylation
at the N-terminal region enhanced its extracellular release
followed by an up-regulation of the anti-inflammatory activity.?%?'
We examined the effect of ANX A1 phosphorylation by SC1 using
an antibody against the phosphorylated ANX A1 at the Ser27
residue. As shown in Fig. 4a, while ANX A1 phosphorylation was
not observed without PMA and LPS stimulation, SC1 significantly
induced phosphorylation after PMA and LPS treatment in a dose-
dependent manner. The ANX A1 phosphorylation is known to be
induced via a PKC-dependent pathway.”® The MEK inhibitor
PD98059, which is a downstream kinase of the PKC pathway,
suppressed the SC1-induced phosphorylation of ANX A1 (Fig. 4b).
Next, we examined the effect of extracellular ANX A1 release, by
sesamin derivatives. Figure 4c showed that the cellular release of
ANX A1 was significantly enhanced by treatment with SC1 or SC2,
but not with sesamin. The up-regulation of ANX A1 release was
inhibited by PD98059 in a dose-dependent manner (Fig. 4d). The
released ANX A1 has an anti-inflammatory effect. We next
examined whether ANX A1 released into the extracellular space
contributed to the anti-inflammatory effect of SCI1. TNFa
production by SC1 was suppressed by adding the antibody that
recognised the ANX A1 N-terminal region. These results suggested
that SC1 suppressed TNFa production by stimulating ANX A1l
phosphorylation and extracellular release.

ANX A1 is required for the hepato-protective effects of sesamin
and SC1
We generated ANX A1-knockout (KO) mouse using homologous
recombination to further examine the anti-inflammatory effects of
sesamin and SC1 in vivo (Fig. S4a). Deletion of ANX A1 expression
in the liver was confirmed using western blotting and quantitative
PCR (qPCR) (Fig. S4b, c). Oral administration of sesamin (one
administration at pre-injection and one administration post-
injection of CCl,) significantly suppressed the elevated hepatic
enzymes alanine aminotransferase (ALT) or lactate dehydrogenase
(LDH) in CCls-treated mouse plasma (Fig. 5a, left panels). In
contrast, these suppressive effects were not observed in ANX A1-
null mice (Fig. 5a, right panels). Histological analyses of the liver
tissues confirmed that sesamin suppressed liver injury around the
central vein in WT mice, but not in ANX AT1-null mice (Fig. 5b).
Orally administered sesamin is metabolised into SC1 as a major
metabolite by cytochrome P450° We used liquid
chromatography-mass spectrometry analysis to confirm that 8
to 12 umol L' of SC1 was detected in livers of mice that received
an oral administration of sesamin (Fig. S5). We showed that
sesamin metabolite SC1, but not sesamin, exhibits its anti-
inflammatory activities in cells. To examine the effect of SC1
in vivo, we analysed the effect on the CCls-induced liver injury by
administering SC1 to mice. SC1 suppressed aspartate aminotrans-
ferase (AST), ALT and LDH levels in the plasma of CCl,;-treated WT
mice, but not in the ANX A1l-null mice (Fig. 5c). Histological
analyses were also consistent with these effects (Fig. 5d). Thus,
these results indicated that ANX A1 is required to suppress CCl,-
induced liver injury using sesamin or SCT.
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Fig. 1

Identification of ANX A1 as a sesamin metabolite-binding protein using affinity nanobeads. a Scheme of sesamin metabolism in the

liver. Sesamin is catalysed into SC1 and subsequently SC2 by cytochromes P450. SC1 or SC2 is further methylated into SC1m or SC2m by
catechol O-methyl transferase (COMT). b Scheme of sesamin derivative-conjugation with affinity nanobeads. The carboxylated derivatives are
conjugated with amino-modified nanobeads (upper panel). Lower panels show the chemical structures of the beads conjugating with
sesamin, SC1, SC1m, or curcumin. ¢ Affinity purification of the SC1-binding protein from U937 cell lysate. The affinity nanobeads conjugating
with the ligands were incubated with U937 cell lysate, and bound proteins were analysed with SDS-PAGE before visualising using silver
staining. The indicated protein (arrow) was identified as ANX A1 using peptide sequencing via ESI-MS. d Recombinant ANX A1 protein was
incubated with affinity nanobeads, and bound proteins were analysed using SDS-PAGE before visualising with silver staining.
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Fig. 2 Analyses of binding property between ANX A1 and sesamin metabolites. a Analyses of binding affinity between ANX A1 and
sesamin metabolites using isothermal titration calorimetry (ITC). The binding affinity between ANX A1 and SC1 with ITC was analysed in the
presence of EDTA (Ca®" free, left panel) or CaCl, (middle panel). Right panel showed the binding affinity between ANX A1 and SC2 using
CaCl,-containing buffer. The binding values (Kd, AH, or AS) were calculated using the SEDPHAT program, and the data were shown as the
average of three independent experiments. b Identification of the SC1-binding domain of ANX A1. The SC1-conjugating beads were
incubated with wild-type (WT) or deletion mutant proteins of ANX A1 (left panel). Bound proteins were analysed with SDS-PAGE before
visualising using silver stalnln% rlght panel). ¢ Docking simulation of ANX A1 and SC1. ANX A1 is depicted as green or yellow (repeat 3
domain) ribbon (left panel). Ca*™ is depicted as pink balls. SC1 is shown as red sticks and balls. Close-up view of binding pocket of SC1 (light
blue) at the Ca®"-binding region of ANX A1 repeat 3 domain (right panel). The amino acid residues marked by red squares (Gly210, Phe221 or
Val251) indicate sites used for binding analysis of ANX A1 point mutants (Supplementary Fig. 3).
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Fig. 3 SC1 suppresses TNFa production dependent on ANX A1 in U937 cells. a Suppressive effect of sesamin derivatives on TNFx
production in U937 cells. U937 cells were differentiated by adding PMA for 24 h and treating with or without 1 pgmL~" LPS and/or the
indicated amount of sesamin, SC1 or SC2 for 12 h. TNFa production was analysed using ELISA. Right panel shows the relative inhibitory
percentage of TNFa production by sesamin derivatives. b Protein expression of ANX A1 knockdown (KD) U937 cells. Control and shRNA for
ANX A1 introducing lentivirus were infected into U937 cells. The cell lysates were analysed using western blotting using antibody against ANX
A1 or p-actin. ¢ U937 cells (control or ANX A1 KD) were differentiated with PMA and treated with or without 1 ugmL~"' LPS and/or the
indicated amount of sesamin, SC1 or SC2. TNFa production was analysed using ELISA. All data represent the mean £+ SD (n = 3). *p < 0.05,

**p < 0.01 using unpaired Student’s t test.

Sesamin suppresses hepatic inflammatory responses dependent
on ANX A1

Next, we examined whether ANX A1 is required for the anti-
inflammatory effects of sesamin in CCls;-administered mice.
Administration of sesamin significantly suppressed the levels of
TNFa and MCP-1 proteins in the plasma (Fig. 6a) and livers
(Fig. 6b) of WT mice, but not in those of the ANX A1-null mice. We
found that SC1 suppressed TNFa and MCP-1 expression in the
livers of WT mice treated with CCl,, but no effect was observed in
ANX Al-null mice (Fig. S6). We also showed that sesamin
administration significantly suppressed messenger RNA (mRNA)
expression of TNFa, MCP-1, and galectin-3, which is a marker for
activated monocytes, in the WT mice liver, but these effects were
not observed in ANX A1l-null mice (Fig. 6c). Furthermore,
histological analysis of the liver tissues revealed that sesamin
suppressed the accumulation of galectin-3-positive cells, which
indicates infiltration of activated monocytes residing in and
around the central veins in the WT mice, but not in the ANX A1-
null mice (Fig. 6d). In addition, administration of sesamin
suppressed liver mRNA expression of a-smooth muscle actin
(aSMA) and collagen o-1(l) (Col1a1), which are liver fibrosis
markers, in the CCl,-treated WT mice, but not in the ANX A1-null

Published in partnership with Beijing Technology and Business University

mice (Fig. 6e). These results suggested that ANX A1 is required for
the anti-inflammatory effect of orally administered sesamin in
mice with CCly-induced liver injury.

DISCUSSION

This study showed that the sesamin metabolite SC1 or
SC2 suppressed TNFa production in U937 cells via mechanisms
involving ANX A1, while no inhibitory effect was observed using
sesamin by itself. Being in good agreement with these results, SC1
or SC2 enabled ANX A1 binding, but any binding activity was seen
between sesamin and ANX AT. Previous reports have shown that
sesamin exhibits anti-inflammatory effects like metalloproteinase-
9,27 interleukin-6,>? or cyclooxygenase-2 suppression, but a high
dose of sesamin (around 50 to 100 umol L") is necessary for these
effects. It has recently been reported that SC1 strongly inhibited
the expression of inducible NO synthase (iINOS) compared to
sesamin.'® Interestingly, this study also showed that monocytes
secrete B-glucuronidase to generate SC1 from SC1-glucuronides,
which are SC1-metabolites generated in liver,” leading to the
suppression of the iNOS expression.'® This suggests that SC1 act
as a major active metabolite for anti-inflammatory activity in

npj Science of Food (2020) 4
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presence or absence of 10 pmol L™' SC1. The TNFa production in cell culture media was analysed using ELISA. All data represent the mean +

SD (n=3). *p <0.05, **p <0.01 using unpaired Student’s t test.

monocytes, upon sesamin administration. In the in vivo study,
administration of sesamin or SC1 exhibited hepato-protective and
anti-inflammatory activity in the CCls-induced liver injury mouse
model (Figs. 5 and 6). Oral administration of sesamin in mice
resulted in SC1 production at a concentration of around 10 umol
L~ " in the liver (Fig. S5). Our results indicated that sesamin, which
has no anti-inflammatory effect on its own, functions as a pro-
active form that exhibits anti-inflammatory and hepato-protective
effects by metabolising in the liver to produce the active
metabolite SC1.

SC1 directly binds to ANX A1 and promotes the phosphoryla-
tion of ANX A1 at the N-terminal Ser27 residue, facilitating its
extracellular release. ANX A1 consists of four Ca®" binding repeat
domains at the central core region and an active N-terminal
region.3*3> The structural analyses of ANX A1 revealed that the N-

npj Science of Food (2020) 4

terminal region is embedded by the annexin R3 domain. After
binding the calcium ion, the conformation of the R3 is converted
to eject the N-terminal domain.**® It has been suggested that
the conformation change of the N-terminal domain in response to
calcium ion accelerates the phosphorylation at ANX A1 Ser27
mediated by the PKC and MAPK pathways.'®*° The phosphory-
lated ANX A1 induces its cellular translocation and extracellular
release.' Our docking study revealed that SC1 binds to the
Ca’"-bound form of ANX A1 at the annexin R3 domain. Although
the complete mechanism for roles of the structural regulation by
SC1 in the functional outcome of ANX A1 remains unknown, it is
not unreasonable to suggest that the SC1 binding with the R3
domain of ANX A1 contributes to its conformation change to
expose the N-terminal domain, resulting in phosphorylation
activation at Ser27. It has been reported that the N-terminal

Published in partnership with Beijing Technology and Business University
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Fig. 5 ANX A1 is required for the hepato-protective effects of sesamin and SC1 in the CCl -induced liver damage model. a, b Effect of
sesamin administration on the CCls-induced liver damage in WT or ANX A1-KO mice. WT or ANX A1-KO mice (C57BL/6J) were intraperitoneally
administered CCl,, and sesamin (25mgkg™' body weight), or vehicle was orally administered twice at 1h before and 7h after CCl,
administration. Hepatic damage marker enzymes (AST, ALT or LDH) in the plasma were measured 24 h after CCl, administration (a). Data
represent the mean + SE. n = 13-15 mice in each group. *p < 0.05 using unpaired Student’s t test. The liver section was histologically evaluated
using H&E staining (b). P and C indicated the portal and central vein, respectively. Scale bar: 50 um. ¢, d Effect of SC1 on the CCl,-induced liver
damage in WT or ANX A1-KO mice. SC1 (50 mg kg~' body weight) or vehicle was intraperitoneally administered twice at 1 h before and 7 h
after CCl4 administration. AST, ALT and LDH in the plasma, 24 h after CCl4 administration, were measured (c). Data represent the mean + SE. n
=9-14 mice in each group. **p <0.01 using unpaired Student’s t test. (d) The liver section was histologically evaluated using H&E staining.

Scale bar: 50 pm.
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region of ANX A1 or the N-terminal peptides exhibit anti-
inflammatory action in leucocytes or monocytes by regulating a
family of G protein-coupled receptors as formyl peptide receptors
(FPRs), including FPR1, FPR2 and FPR3.''® While further studies
are necessary to reveal anti-inflammatory mechanisms of ANX A1,
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the currents studies using sesamin metabolites shed light on new
anti-inflammatory roles of ANX A1 released to the extracellular
space that suppresses TNFa production via signalling pathways
involving FPRs. In addition, our analyses showed that any effect for
TNFa expression was not observed in the ANX A1 knockdown (KD)
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Fig. 6 ANX A1 is required for the suppressive effects of sesamin against CCls;-induced liver inflammation. Effect of sesamin on
CCly-induced inflammation induced in WT or ANX A1-KO mice. WT or ANX A1-KO mice were intraperitoneally injected with CCl,. Sesamin
(25 mg kg ' body weight) or vehicle was administered twice at 1 h before and 7 h after CCl, administration. The plasma or liver were collected
for analysis 12 h after CCl, administration. Production of TNFa and MCP-1 protein in the plasma (a) or in the liver (b) was analysed using ELISA.
¢ Expression of TNFa, MCP-1, and galectin-3 mRNA in the liver was measured using qPCR, and normalised to 18S ribosomal RNA expression.
The graph showed as the relative fold change compared to mRNA expression in the liver treated with vehicle. Data represent the mean * SE.
n = 5-10 mice in each group. *p < 0.05 or **p < 0.01 using unpaired Student’s t test. d The liver section collected 24 h after CCl, administration
with or without sesamin treatment was stained using galectin-3 antibody. Scale bar: 50 pm. e mRNA expression of aSMA or Collal was
measured by gqPCR from the liver tissues collected 24 h after CCl, administration with or without treatment of sesamin, and normalised by the

expression of 18S rRNA. Data represent the mean + SE. n = 13-15 mice in each group. *p < 0.05 using unpaired Student’s t test.
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Fig. 7 Schematic representation of the anti-inflammatory effect of SC1 mediated by ANX A1 activation. SC1 is produced by metabolising

sesamin in hepatocytes. In monocytes, SC1 directly binds to the repeat 3 domain of Ca

* form ANX A1. Under stimulated conditions like PMA/

LPS in monocytes, SC1 promotes the phosphorylation of ANX A1 Ser27 and the subsequent extracellular release of ANX A1, and thereby
eliciting an anti-inflammatory effect via the suppression of TNFa or MCP-1 production.

cells or KO mice. Although the exact reason has been unclear,
several previous studies indicated that suppression of endogen-
ous ANX A1 expression by KD or KO exhibits only a weak effect on
TNFa expression.**~*? Supporting our results, Tang et al.** showed
that anaesthetic propofol suppressed TNFa expression by
upregulating ANX A1, whereas no effect was observed using
ANX A1 KD. These suggest that further activation of ANX A1 by
inducers like sesamin metabolites might be required to exhibit a
potent anti-inflammatory effect by ANX A1. Furthermore, in the
CCls-induced liver damage model, the level of hepatic injury
markers or inflammatory cytokines was reduced in ANX A1-KO
mice, compared with WT mice. Although the exact reason has
been unclear, recent reports suggested that suppression of ANX
A1 expression interferes with apoptotic cell death in several cell
lines.**™*° These suggest that systematic disruption of ANX A1
expression in mice may contribute to protect against the CCl4-
induced cell death in the liver via distinct mechanisms from ANX
A1 activation by sesamin metabolites.

Based on the current results, a model for the mechanism of
action of SC1 in monocytes is illustrated (Fig. 7). SC1 is generated
by the metabolism of administered sesamin in hepatocytes. In
monocytes, SC1 activates ANX AT by facilitating the phosphoryla-
tion and subsequent extracellular secretion via direct binding with
the R3 domain of Ca®'-bound ANX Al. SC1 exhibits anti-
inflammatory activity by suppressing TNFa production by released
ANX A1. The ANX A1-mediated anti-inflammatory activity by SC1
improves CCls-induced liver injury by suppressing cytokine
production and monocyte infiltration. In addition, we also found
that sesamin suppressed the expression of liver fibrosis markers
like aSMA and Col1al, suggesting that sesamin intake might
improve chronic hepatitis dependent on ANX A1. Recent studies
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suggested that ANX A1 is a potential drug target with anti-
inflammatory effects.'””'® Treatment with ANX A1 N-terminal
peptide fragment Ac2-26 protects against several inflammatory
activities or disease models like ischaemia-reperfusion-induced
acute lung injury,*” mast cell activation,?* atherosclerosis,*® gastric
mucosal injury,* or myocardial infarction.”® Further analysis may
provide new insights into the beneficial effects of sesamin or SC1
administration, mediated by ANX A1, against various diseases.

METHODS
Materials

Sesamin was isolated from sesame seeds.’’ LPS and MAPK inhibitor
PD98059 were purchased from Calbiochem (San Diego, CA, USA). CCl, was
purchased from Wako chemical (Tokyo, Japan). Purified olive oil and corn
oil were purchased from Nacalai Tesque (Kyoto, Japan). Specific antibodies
against ANX A1 or [-actin were purchased from Abcam or Sigma,
respectively. Polyclonal antibodies against phosphorylated ANX A1 were
generated using immunisation in rabbits with the ANX A1 peptide
phosphorylated at the Ser27 residue (COSMO Bio., Tokyo, Japan).

Preparation of sesamin metabolites

Sesamin metabolites SC1 and SC2 were prepared using chemical
synthesis.>> Metabolites were isolated, purified as a single compound
and the chemical structures were confirmed using nuclear magnetic
resonance. The following compounds were used in this study: sesamin,
SC1 and SC2.

Plasmid constructions

Human ANX A1 complementary DNA (cDNA) was cloned from the U937
cell cDNA library (ATCC CRL-1593.2). The ANX A1 ¢DNA fragment, full-

npj Science of Food (2020) 4



np)

Y. Kabe et al.

10

length (1-346 a.a.) or deletion mutants (R1-2: 44-201 a.a., R3-4: 184-346 a.
a., R3:184-276 a.a., or R4: 264-346 a.a.) were amplified using PCR, digested
with BamHI and Sall, and ligated into pGEX-6P-1 (GE Healthcare,
Massachusetts, USA) using primers shown in the Supplementary Methods.

Preparation of recombinant proteins

BL21 (DE3) cells (Takara, Japan) were transformed with the pGEX-ANX A1
expression vectors for full-length or mutants, and the bacteria were
incubated in LB with ampicillin at 37 °C until the optical density at 600 nm
(ODgop Nm) reached 0.8. Protein expression was induced by adding
1 mmol L' isopropyl-B-thiogalactopyranoside for 4 h at 37 °C. Cell pellets
were resuspended in buffer containing 20 mmol L™ Tris-HCI (pH 7.5),
100 mmol L~" NaCl, and 0.1% Tween-20, sonicated twice for 5 min at 4 °C
and centrifuged at 20,000 x g for 30 min. The supernatant was incubated
with glutathione Sepharose 4B (GE Healthcare) for 1 h at 4°C. The resin was
washed five times with the same buffer, the glutathione S-transferase tag
was cleaved by adding Precision Protease (GE Healthcare) and the sample
was further incubated for 16 h at 4 °C. Cleaved proteins were recovered
from the supernatants and stored at —80 °C.

Affinity purification using the affinity nanobeads

Affinity nanobeads conjugating sesamin derivatives were prepared as
previously described.?®>* Briefly, carboxylated sesamin derivatives SC1m,
SC1 or curcumin were incubated at 1 mmol L™" with equal amounts of N-
hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(Dojindo, Kumamoto, Japan) for 2 h at room temperature before reacting
overnight with amino-modified affinity beads. For purification of binding
proteins with sesamin derivatives, 0.2 mg of beads were equilibrated with
binding buffer (20 mmolL™" HEPES-NaOH (pH 7.9), 100 mmolL~" NaCl,
10% glycerol, 0.1% NP40) and incubated with 1 mgmL ™' U937 cell extract
at 4°C for 1 h. Bound proteins were eluted with sodium dodecyl sulfate
(SDS) loading buffer, separated using SDS-polyacrylamide gel electrophor-
esis (SDS-PAGE) and visualised using silver staining (Wako). Bound proteins
were subjected to in-gel digestion using trypsin, and the peptide
fragments were analysed using ESI-MS (Hitachi, NanoFrontier, Tokyo,
Japan). For binding assays with recombinant ANX A1 proteins, full-length
ANX A1 or deletion mutants (1 ug) were incubated with beads with or
without 2 mmol L' EDTA (for apo-ANX A1) or 3 mmol L' CaCl, (for Ca*"
-bound ANX A1).

ITC analyses

ITC experiments were performed at 298 K with ITC buffer (20 mmol L™
Tris-HCl (pH 7.5), 100 mmol L™ NaCl, 2% dimethyl sulfoxide) using a
MicroCal iTC200 (Malvern). SC1 or SC2 were dissolved at 2 mmol L' with
ITC buffer and titrated into 1 umol L' of ANX A1 protein with or without
2mmol L~" EDTA (for apo-ANX A1) or 3mmol L~ CaCl, (for Ca®*"-bound
ANX A1). The titration was performed by injecting 2 uL of the syringe
solution at intervals of 120s. The binding isotherms were analysed using
SEDPHAT.>*

Docking simulation of ANX A1 binding with SC1

Docking simulation between ANX A1 and SC1 was performed by Kyoto
Constella Technologies (Kyoto, Japan). Identification of the SC1-binding
pocket of ANX A1 (PDB: TMCX) was done using the software GROMACS>®
and Fpocket.>® Docking was performed using AutoDock-Vina at 100 runs.>’
The docking score was calculated as —8.830 kcal mol .

Cell cultures

U937 cells were maintained in RPMI-1640 medium (Gibco/Thermo Fisher
Scientificc MA, USA) supplemented with 10% fetal bovine serum. To
generate a stable ANX A1-KD cell line, lentivirus vectors encoding a control
or shRNA sequence targeting ANX A1 (Supplementary Methods) were
transfected into 293FT cells. The lentivirus was prepared according to the
manufacturer’s instructions (Invitrogen, MA, USA). U937 cells were infected
with the lentivirus, and a stable cell line was selected by maintaining the
cells in medium containing 10 pg mL™" blasticidin (Invitrogen) for 1 week.

For enzyme-linked immunosorbent assay (ELISA) assays, U937 cells
(control or ANX A1 KD) were seeded on 96-well plates and stimulated by
adding 100 nmol L phorbol myristate acetate (Sigma-Aldrich, MO, USA)
for 24 h. The cells were treated for 12 h with LPS (100 ngmL ") with or
without adding the indicated sesamin, SC1, or SC2 and/or PD98059
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concentrations. The cell culture supernatants were collected, and TNFa or
ANX A1 production was measured using ELISA (TNFa: R&D Systems; ANX
A1: USCN, Wuhan, China) according to the manufacturer’s instructions.

For analyses of ANX A1 phosphorylation, the U937 cells treated as above
were lysed with NP40 lysis buffer (20 mmol L~ Tris-HCl (pH 7.5), 150 mmol
L~" NaCl, 1% NP40), and the lysates (10 pg) were subjected to SDS-PAGE,
followed by western blotting using antibodies against ANX A1 or
phosphorylated (Ser27) ANX A1 (dilution: 1:1000).

Generation of ANX A1-KO mice

ANX Al-deficient mice (C57BL/6J) were generated by homologous
recombination at Trans Genic Inc. (Fukuoka, Japan), as shown in Fig. S4.
The vector targeting ANX A1 for deleting the coding region (exons 3-6)
containing selectable neomycin-resistance (Neo) and PGK promoter genes
was used. The targeting vector contained the 3.0 kbp of the 5" arm flanking
sequence and 4.5 kbp of the 3’ arm flanking sequence. The PGK-Neor gene
was deleted by crossing with the CAG-flp mouse.®

Analyses of CCls-induced liver damage in mice

All protocols for animal procedures were approved by the Ethics
Committee of Animal Experiments in accordance with the Internal
Regulations on Animal Experiments at Keio University and Suntory
Holdings Ltd, which are based on the Law for the Humane Treatment
and Management of Animals (Law No. 105, 1 October 1973, as amended
on 30 May 2014). Male C57BL/6J wild-type (WT) mice were purchased from
CLEA Japan Inc. (Tokyo, Japan). WT and ANX A1-KO mice at 7 to 9 weeks of
age received an intraperitoneal injection of vehicle (corn oil, 16.7 mLkg ")
or CCl, (50 uL kg”). To evaluate the effect of sesamin, vehicle (olive oil,
5mLkg ") or sesamin (25 mgkg ') was orally administered twice at 1h
before and 7 h after CCl, injection. To evaluate the effect of SC1, vehicle
(ethanol dissolved in corn oil at a ratio of 1:19, 5mLkg™") or SC1 (50 mg
kg~ ") was intraperitoneally administered twice as mentioned above. Mice
were euthanized after 12 or 24 h fasting using CCl, injection before
collecting blood and liver samples. Plasma AST, ALT, or LDH were
measured using L-type AST J2, L-type ALT J2 or L-type LD J (Wako, Osaka,
Japan), respectively. The liver tissues were fixed with 10% formalin,
embedded in paraffin sectioned to 3-4 um thickness and mounted on
slides. Liver sections were de-paraffinized with xylene and re-hydrated with
alcohols. The staining was performed with eosin solution for the cytoplasm
and Mayer's haematoxylin solution or monoclonal galectin-3 antibody
(1:100, BioLegend, CA, USA). Slides were observed under a light
microscope (BX52, Olympus, Japan), and images were analysed using
LUMINA VISION (Mitani Corporation, Japan).

Measurements of inflammatory proteins

Production of TNFa or MCP-1 in the plasma or liver was measured using a
V-PLEX Proinflammatory Panel 1 Mouse Kit or U-PLEX Mouse MCP-1 assay
Kit (Meso Scale Diagnostics, USA), respectively. Plasma or liver tissues
homogenised in phosphate-buffered saline (Nacalai Tesque) were applied
into the pre-coated plate with antibodies against target proteins before
labelling with secondary antibodies conjugated to chemiluminescence.
The signal intensity was measured using an analyser (SECTOR Imager 6000,
Meso Scale Diagnostics, USA).

Quantitative reverse transcription-PCR analyses

Total RNA of the liver was extracted using an RNeasy Mini Kit (Qiagen,
USA), and the cDNAs were prepared using High-Capacity cDNA Reverse
Transcription Kits (Thermo Fisher Scientific, USA). Quantitative reverse
transcription-PCR was performed according to the manufacturer’s instruc-
tions using the TagMan® Gene Expression Assay System (Applied
Biosystems, USA) with a 7900HT Fast Real Time PCR System (Applied
Biosystems, USA). The levels of target mRNAs were normalised using the
expression of the 18S ribosomal RNA. The primer IDs are listed in
Supplementary Table 1.

Statistics

Statistically significant differences were calculated using the unpaired
Student's t test. Data are presented as the mean + SD or SE. P < 0.05 was
considered statistically significant. Statistical analyses were performed
using SPSS Statistics 25 software (IBM, USA).
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Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

The authors declare that all data supporting the findings of this study are available in
the paper and supplementary information.

Received: 26 September 2019; Accepted: 27 January 2020;
Published online: 20 February 2020

REFERENCES

1.

20.

21.

22.

Hamedi, A, Zarshenas, M. M., Sohrabpour, M. & Zargaran, A. Herbal medicinal oils
in traditional Persian medicine. Pharm. Biol. 51, 1208-1218 (2013).

. Ma, J. Q, Ding, J.,, Zhang, L. & Liu, C. M. Hepatoprotective properties of sesamin

against CCl, induced oxidative stress-mediated apoptosis in mice via JNK path-
way. Food Chem. Toxicol. 64, 41-48 (2014).

. Chen, X, Ying, X,, Chen, L., Zhang, W. & Zhang, Y. Protective effects of sesamin on

liver fibrosis through antioxidative and anti-inflammatory activities in rats.
Immunopharmacol. Immunotoxicol. 37, 465-472 (2015).

. Yashaswini, P. S., Sadashivaiah, B., Ramaprasad, T. R. & Singh, S. A. In vivo mod-

ulation of LPS induced leukotrienes generation and oxidative stress by sesame
lignans. J. Nutr. Biochem. 41, 151-157 (2017).

. Cui, Y. et al. Sesamin inhibits bacterial formylpeptide-induced inflammatory

responses in a murine air-pouch model and in THP-1 human monocytes. J. Nutr.
140, 377-381 (2010).

. Chiu, H. F, Chen, T. Y., Tzeng, Y. T. & Wang, C. K. Improvement of liver function in

humans using a mixture of schisandra fruit extract and sesamin. Phytother. Res.
27, 368-373 (2013).

. Nakai, M. et al. Novel antioxidative metabolites in rat liver with ingested sesamin.

J. Agric. Food Chem. 51, 1666-1670 (2003).

. Yasuda, K, lkushiro, S., Kamakura, M., Ohta, M. & Sakaki, T. Metabolism of sesamin

by cytochrome P450 in human liver microsomes. Drug Metab. Dispos. 38,
2117-2123 (2010).

. Tomimori, N. et al. Pharmacokinetics and safety of the sesame lignans, sesamin

and episesamin, in healthy subjects. Biopharm. Drug Dispos. 34, 462-473 (2013).

. Abe-Kanoh, N. et al. Sesamin catechol glucuronides exert anti-inflammatory

effects by suppressing interferon beta and inducible nitric oxide synthase
expression through deconjugation in macrophage-like J774.1 cells. J. Agric. Food
Chem. 67, 7640-7649 (2019).

. Gerke, V., Creutz, C. E. & Moss, S. E. Annexins: linking Ca®" signalling to mem-

brane dynamics. Nat. Rev. Mol. Cell. Biol. 6, 449-461 (2005).

. Gerke, V. & Moss, S. E. Annexins: from structure to function. Physiol. Rev. 82,

331-371 (2002).

. Cirino, G,, Flower, R. J., Browning, J. L., Sinclair, L. K. & Pepinsky, R. B. Recombinant

human lipocortin 1 inhibits thromboxane release from guinea-pig isolated per-
fused lung. Nature 328, 270-272 (1987).

. Sheikh, M. H. & Solito, E. Annexin A1: uncovering the many talents of an old

protein. Int. J. Mol. Sci. 19, https://doi.org/10.3390/ijms19041045 (2018).

. Gavins, F. N. & Hickey, M. J. Annexin A1 and the regulation of innate and adaptive

immunity. Front. Immunol. 3, 354 (2012).

. Scannell, M. & Maderna, P. Lipoxins and annexin-1: resolution of inflammation

and regulation of phagocytosis of apoptotic cells. Sci. World J. 6, 1555-1573
(2006).

. Shao, G., Zhou, H., Zhang, Q. Jin, Y. & Fu, C. Advancements of annexin A1 in

inflammation and tumorigenesis. Onco Targets Ther. 12, 3245-3254 (2019).

. Purvis, G. S. D,, Solito, E. & Thiemermann, C. Annexin-A1: therapeutic potential in

microvascular disease. Front. Immunol. 10, 938 (2019).

. Solito, E. et al. Dexamethasone induces rapid serine-phosphorylation and

membrane translocation of annexin 1 in a human folliculostellate cell line via a
novel nongenomic mechanism involving the glucocorticoid receptor, protein
kinase C, phosphatidylinositol 3-kinase, and mitogen-activated protein kinase.
Endocrinology 144, 1164-1174 (2003).

Yazid, S. et al. Cromoglycate drugs suppress eicosanoid generation in U937 cells
by promoting the release of Anx-A1. Biochem. Pharm. 77, 1814-1826 (2009).
Yazid, S. et al. Antiallergic cromones inhibit neutrophil recruitment onto vascular
endothelium via annexin-A1 mobilization. Arterioscler. Thromb. Vasc. Biol. 30,
1718-1724 (2010).

Hughes, E. L., Becker, F., Flower, R. J., Buckingham, J. C. & Gavins, F. N. E. Mast cells
mediate early neutrophil recruitment and exhibit anti-inflammatory properties

Published in partnership with Beijing Technology and Business University

Y. Kabe et al.

np)

23.

24,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

via the formyl peptide receptor 2/lipoxin A4 receptor. Br. J. Pharm. 174,
2393-2408 (2017).

Kabe, Y. et al. Application of high-performance magnetic nanobeads to biological
sensing devices. Anal. Bioanal. Chem. 411, 1825-1837 (2019).

Sakamoto, S., Kabe, Y., Hatakeyama, M., Yamaguchi, Y. & Handa, H. Development
and application of high-performance affinity beads: toward chemical biology and
drug discovery. Chem. Rec. 9, 66-85 (2009).

. Kabe, Y. et al. Haem-dependent dimerization of PGRMC1/Sigma-2 receptor

facilitates cancer proliferation and chemoresistance. Nat. Commun. 7, 11030
(2016).

Wu, R. et al. Baicalein targets GTPase-mediated autophagy to eliminate liver
tumor-initiating stem cell-like cells resistant to mTORC1 inhibition. Hepatology
68, 1726-1740 (2018).

Lai, K. K. Y. et al. Stearoyl-CoA desaturase promotes liver fibrosis and tumor
development in mice via a Wnt positive-signaling loop by stabilization of low-
density lipoprotein-receptor-related proteins 5 and 6. Gastroenterology 152,
1477-1491 (2017).

Kabe, Y. et al. Porphyrin accumulation in mitochondria is mediated by 2-
oxoglutarate carrier. J. Biol. Chem. 281, 31729-31735 (2006).

Tera, M. et al. Identification of a binding protein for sesamin and characterization
of its roles in plant growth. Sci. Rep. 9, 8631 (2019).

D’Acquisto, F., Perretti, M. & Flower, R. J. Annexin-A1: a pivotal regulator of the
innate and adaptive immune systems. Br. J. Pharm. 155, 152-169 (2008).

Lee, C. C. et al. Sesamin inhibits macrophage-induced vascular endothelial
growth factor and matrix metalloproteinase-9 expression and proangiogenic
activity in breast cancer cells. Inflammation 34, 209-221 (2011).

Li, L. C. et al. Sesamin attenuates mast cell-mediated allergic responses by sup-
pressing the activation of p38 and nuclear factor-kappaB. Mol. Med. Rep. 13,
536-542 (2016).

Jeng, K. C,, Hou, R. C,, Wang, J. C. & Ping, L. I. Sesamin inhibits lipopolysaccharide-
induced cytokine production by suppression of p38 mitogen-activated protein
kinase and nuclear factor-kappaB. Immunol. Lett. 97, 101-106 (2005).

Walther, A, Riehemann, K. & Gerke, V. A novel ligand of the formyl peptide
receptor: annexin | regulates neutrophil extravasation by interacting with the
FPR. Mol. Cell 5, 831-840 (2000).

Bena, S. Brancaleone, V. Wang, J. M., Perretti, M. & Flower, R. J. Annexin Al
interaction with the FPR2/ALX receptor: identification of distinct domains and
downstream associated signaling. J. Biol. Chem. 287, 24690-24697 (2012).
Donohue, M. P., Bartolotti, L. J. & Li, Y. The N-terminal of annexin A1 as a sec-
ondary membrane binding site: a molecular dynamics study. Proteins 82,
2936-2942 (2014).

Rosengarth, A. & Luecke, H. A calcium-driven conformational switch of the N-
terminal and core domains of annexin A1. J. Mol. Biol. 326, 1317-1325 (2003).
Rosengarth, A, Gerke, V. & Luecke, H. X-ray structure of full-length annexin 1 and
implications for membrane aggregation. J. Mol. Biol. 306, 489-498 (2001).
Porte, F. et al. Change in the N-terminal domain conformation of annexin | that
correlates with liposome aggregation is impaired by Ser-27 to Glu mutation that
mimics phosphorylation. Biochim. Biophys. Acta 1293, 177-184 (1996).

Huggins, A, Paschalidis, N., Flower, R. J., Perretti, M. & D’Acquisto, F. Annexin-1-
deficient dendritic cells acquire a mature phenotype during differentiation. FASEB
J. 23, 985-996 (2009).

Yang, Y. H., Aeberli, D., Dacumos, A., Xue, J. R. & Morand, E. F. Annexin-1 regulates
macrophage IL-6 and TNF via glucocorticoid-induced leucine zipper. J. Inmunol.
183, 1435-1445 (2009).

Damazo, A. S. et al. Endogenous annexin A1 counter-regulates bleomycin-
induced lung fibrosis. BMIC Immunol. 12, 59 (2011).

Tang, J. et al. Propofol inhibits the activation of p38 through up-regulating the
expression of annexin A1 to exert its anti-inflammation effect. PLoS ONE 6,
€27890 (2011).

Chen, L. et al. PPARgamma ligand-induced annexin A1 expression determines
chemotherapy response via deubiquitination of death domain kinase RIP in
triple-negative breast cancers. Mol. Cancer Ther. 16, 2528-2542 (2017).

Feng, J., Wang, X, Li, H,, Wang, L. & Tang, Z. Silencing of Annexin A1 suppressed
the apoptosis and inflammatory response of preeclampsia rat trophoblasts. Int. J.
Mol. Med. 42, 3125-3134 (2018).

Liao, L. et al. Knockdown of annexin A1 enhances radioresistance and inhibits
apoptosis in nasopharyngeal carcinoma. Technol. Cancer Res. Treat. 17,
1533034617750309 (2018).

Liao, W. I. et al. Correction: Wen-I Liao, et al. Ac2-26, an annexin A1 peptide,
attenuates ischemia-reperfusion-induced acute lung injury. Int. J. Mol. Sci. 2017,
18, 1771. Int. J. Mol. Sci. 19, https://doi.org/10.3390/ijms19020526 (2018).
Fredman, G. et al. Targeted nanoparticles containing the proresolving peptide
Ac2-26 protect against advanced atherosclerosis in hypercholesterolemic mice.
Sci. Transl. Med. 7, 275ra20 (2015).

npj Science of Food (2020) 4

11


https://doi.org/10.3390/ijms19041045
https://doi.org/10.3390/ijms19020526

np)

Y. Kabe et al.

12

49. Martin, G. R, Perretti, M., Flower, R. J. & Wallace, J. L. Annexin-1 modulates repair
of gastric mucosal injury. Am. J. Physiol. Gastrointest. Liver Physiol. 294,
G764-G769 (2008).

50. Qin, C. et al. Cardioprotective potential of annexin-A1 mimetics in myocardial
infarction. Pharm. Ther. 148, 47-65 (2015).

51. Kushiro, M. et al. Comparative effect of sesamin and episesamin on the activity
and gene expression of enzymes in fatty acid oxidation and synthesis in rat liver.
J. Nutr. Biochem. 13, 289-295 (2002).

52. Urata, H. et al. First chemical synthesis of antioxidative metabolites of sesamin.
Chem. Pharm. Bull. (Tokyo) 56, 1611-1612 (2008).

53. Azuma, M. et al. Adenine nucleotide translocator transports haem precursors into
mitochondria. PLoS ONE 3, e3070 (2008).

54. Zhao, H., Piszczek, G. & Schuck, P. SEDPHAT—a platform for global ITC analysis
and global multi-method analysis of molecular interactions. Methods 76, 137-148
(2015).

55. Pronk, S. et al. GROMACS 4.5: a high-throughput and highly parallel open source
molecular simulation toolkit. Bioinformatics 29, 845-854 (2013).

56. Le Guilloux, V., Schmidtke, P. & Tuffery, P. Fpocket: an open source platform for
ligand pocket detection. BMC Bioinforma. 10, 168 (2009).

57. Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading.
J. Comput. Chem. 31, 455-461 (2010).

58. Kanki, H., Suzuki, H. & Itohara, S. High-efficiency CAG-FLPe deleter mice in C57BL/
6J background. Exp. Anim. 55, 137-141 (2006).

ACKNOWLEDGEMENTS

This work was supported by the Japan Agency for Medical Research and
Development (AMED)-Core Research for Evolutional Science and Technology (CREST)
(to Y.K. Grant No.: JP17gm0710010), JSPS KAKENHI (to Y.K., Grant No.: 18K06921), the
medical-welfare-food-agriculture collaborating consortium project from the Japan
Ministry of Agriculture, Forestry, and Fisheries, and the Japan Science and
Technology Agency (JST)-Exploratory Research for Advanced Technology (ERATO)
Suematsu Gas Biology Project (to M.S. until March 2015). We thank Prof. Susumu
Uchiyama for suggesting the ITC study.

AUTHOR CONTRIBUTIONS

YK, D.T.and M.S. conceived the project; Y.K, D.T. and M.S. designed experiments and
wrote the manuscript; Y.K, D.T., and AK. performed cell biology experiments. M.H.

npj Science of Food (2020) 4

contributed to ITC analyses. M.H contributed to chemical synthesis. Y.0., S.A, YK,
H.H., T.R., and H.S. contributed to consultations based on their expertise. Y.K. and D.T.
contributed equally to this work.

COMPETING INTERESTS

D.T, Y.O., SA, YK, T.R. and H.S. are employees of Suntory Wellness Ltd, which is a
manufacturer of foods that contain sesamin. All authors declare no other competing
interests.

ADDITIONAL INFORMATION

Supplementary information is available for this paper at https://doi.org/10.1038/
541538-020-0064-6.

Correspondence and requests for materials should be addressed to Y.K, T.R. or M.S.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

Published in partnership with Beijing Technology and Business University


https://doi.org/10.1038/s41538-020-0064-6
https://doi.org/10.1038/s41538-020-0064-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Annexin A1 accounts for an anti-inflammatory binding target of sesamin metabolites
	Introduction
	Results
	Identification of ANX A1 as the SC1-binding protein
	SC1 exhibits an anti-inflammatory effect dependent on ANX A1
	SC1 elicits an anti-inflammatory effect by promoting the phosphorylation and extracellular release of ANX A1
	ANX A1 is required for the hepato-protective effects of sesamin and SC1
	Sesamin suppresses hepatic inflammatory responses dependent on ANX A1

	Discussion
	Methods
	Materials
	Preparation of sesamin metabolites
	Plasmid constructions
	Preparation of recombinant proteins
	Affinity purification using the affinity nanobeads
	ITC analyses
	Docking simulation of ANX A1 binding with SC1
	Cell cultures
	Generation of ANX A1-KO mice
	Analyses of CCl4-induced liver damage in mice
	Measurements of inflammatory proteins
	Quantitative reverse transcription-PCR analyses
	Statistics
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




