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The aim of this study was to develop an optimal synthetic route to obtain natural (R)-8-methylsulfinyloctyl
isothiocyanate ((R)-8-OITC), present in watercress, based on the “DAG methodology” as well as to evalu-
ate its potential antioxidant and immunomodulatory effects, exploring possible signaling pathways that
could be involved in an ex vivo model of murine peritoneal macrophages stimulated with LPS. Treatment
with (R)-8-OITC inhibited the levels of pro-inflammatory cytokines (IL-18, TNF-a, IL-6, IL-17 and IL-18),
intracellular ROS production and expression of pro-inflammatory enzymes (COX-2, iNOS and mPGES-1)
through modulation of the expression of Nrf2, MAPKs (p38, JNK and ERK) and JAK/STAT, and the canoni-
cal and non-canonical pathways of the inflammasome. Taking all these together, our results provide a
rapid and cost-effective synthetic route to obtain natural (R)-8-OITC and demonstrate that it could be a
potential nutraceutical candidate for managing immuno-inflammatory pathologies. Therefore, further

rsc.li/food-function in vivo trials are warranted.

1. Introduction

Nasturtium officinale (watercress) is an aquatic or semi-aquatic
perennial cruciferous herb native to Asia, Europe and North
Africa. Watercress as a medicinal plant has its origins in the
ancient and traditional medicines of Iran, where it is used to
treat pathologies such as renal colic, hypertension and hyper-
glycemia.! In the literature, the different biological activities of
this plant extract are described, such as cardioprotective,*
hypolipidemic,”  anticancer,”®  antioxidant,»'°™"®  anti-
inflammatory,'®'>*>™"7 antidiabetic,'® antibacteria anti-
allergic,”" and antipsoriatic activities,* as well as its effects on
the reproductive system.>*
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In addition to its use as a medicinal substance, watercress
has shown interesting activities in the field of cosmetics due
to its anti-ageing, skin-brightening and anti-acne effects, in
phytoremediation and at a nutritional level, because it is cur-
rently becoming one of the most interesting vegetables in
healthy diet and in modern cuisine."

As a member of the Brassicaceae family, it possesses in its
composition polyphenols (phenolic acids, flavonoids and
proanthocyanins), pigments (chlorophylls, lycopene and caro-
tenoids), glucosinolates (GLs) and isothiocyanates (ITCs). In
addition, watercress contains a considerable amount of nutri-
ents such as proteins, soluble sugars and vitamins.>*>”

One of the most studied metabolites within this plant are
GLs, which are the precursors of ITCs, organosulphur com-
pounds distinguished by the existence of a f-p-thioglucosidic
linkage that is coupled to p-glucose. The bioconversion of GLs
into active ITCs is regulated by the presence of an endogenous
myrosinase, a p-thioglucosidase which is activated upon tissue
disruption, i.e. mastication or trituration as part of the plant
defense mechanism generating ITCs and other degradation
substances such as hydrolysis products. The proportion of
each glucosinolate (GL) hydrolysis compound depends mostly
on pH, ferrous ion and temperature conditions. Under physio-
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logical pH conditions, the major hydrolysis products are ITCs,
which are considered to be responsible for the biological
activity of these plants.®°

With regard to watercress (Nasturtium officinale), one of the
ITCs that is present is (R)-8-methylsulfinyloctyl ITC ((R)-8-
OITC), only a few studies have reported its activity.'" (R)-8-
OITC (hirsutin) is a structural analogue of sulforaphane (SFN),
which has a longer aliphatic chain and is found naturally in
the form of GL (glucohirsutin), as indicated in Chart 1. In par-
ticular, hirsutin has been shown to be a potent inducer of
phase II enzymes of xenobiotic metabolism, and could have a
potential use in cancer chemoprevention.’>** Hirsutin has
also been shown to augment the activity and expression of the
detoxifying NADPH quinone oxidoreductase, showing cyto-
toxicity in hepatoma cells.*®

Taking into account that, to date, the majority of biological
studies are based on plant extracts, it should be pointed out
that in these cases, the amount of ITC obtained is not exactly
known and the extract can contain other sub-products from
the plant. Furthermore, in the process of scaled industrialis-
ation, an exorbitant amount of vegetables should be used.

In this sense, based on our synthetic experience, we
decided to synthesize the natural enantiomer of hirsutin, (R)-
8-OITC, in order to obtain this ITC in large quantities and
with high purity, which allows us to carry out anti-inflamma-
tory studies with an exact sample concentration.

Fortunately, a few years ago, our research group developed
an approach, “the DAG methodology”, for the synthesis of
enantiomerically pure sulfoxides.>®*” Applying this method-
ology, in this work, we describe the first enantioselective syn-
thesis of (R)-8-OITC, from a carbohydrate derivative (diacetone-
p-glucose) as an inexpensive starting material. The synthesised
compound was biologically tested in a preclinical model of
murine peritoneal macrophages.

Macrophages are considered to be important agents in the
inflammatory process, playing a crucial role in the immune-
inflammatory response taking part in innate immunity.*® One
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Chart 1 Molecular structure of the natural enantiomer of hirsutin
((R)-8-OITC) and its corresponding GL, glucohirsutin.
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of the most potent initiators of inflammation is bacterial lipo-
polysaccharide (LPS), the major endotoxin present in the outer
membrane of Gram-negative bacteria that targets Toll-like
receptor 4 (TLR4) receptors on macrophages, causing a change
in the cell’s energy metabolism, leading to an increase in reac-
tive oxygen species (ROS) as a result of suppressed oxidative
phosphorylation and increased glycolysis.*”

As a result of the activation of this pathway, there is an over-
expression of pro-inflammatory enzymes such as inducible
nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2) and
microsomal prostaglandin E synthase (mPGES)-1, involved in
the production of nitric oxide (NO) and prostaglandins (PGs),
respectively.*’

Additionally, the exposure of these immune cells to LPS
also results in the overproduction of Th1 and Th17 pro-inflam-
matory cytokines, generated by the activation of several signal-
ing pathways, including mitogen activated protein kinases
(MAPKs), the inflammasome and the Janus kinase/signal
transducer and activator of transcription (JAK/STAT)
pathways.>%*!

While several studies have described the anti-inflammatory
and antioxidant effects of N. officinale, there is limited infor-
mation on the pharmacological activity of (R)-8-OITC.">™"”
Considering that most probably all natural methylsulfinyl ana-
logues exist as a single enantiomer with an Rg absolute con-
figuration,*” we decided to focus on the study of the biological
activity of (R)-8-OITC related to its anti-inflammatory effect.

For this reason, the main objective of this study was to syn-
thesise (R)-8-OITC in a novel way and evaluate its anti-inflam-
matory and antioxidant activities in LPS-induced murine per-
itoneal macrophages by identifying the mechanism of action
and signaling pathways involved.

2. Materials and methods

2.1. Chemicals

2.1.1. Reagents and instruments. For reactions which were
run under an atmosphere of dry argon, oven-dried glassware
and dried solvents were used. Chemicals were obtained from
commercial sources and used without further purification.
TLC was carried out on silica gel GF254 (Merck) and com-
pounds were detected by charring with phosphomolybdic acid/
EtOH. For flash chromatography, Merck 230-400 mesh silica
gel was used. Chromatographic columns were eluted with a
positive pressure of air, and eluents are given as volume to
volume ratios (v/v). NMR spectra were recorded using Bruker
Avance 500 MHz spectrometers. Chemical shifts are reported
in ppm, and coupling constants are reported in Hz. High-
resolution mass spectra (HRMS) were recorded in the Centro
de Investigacion, Tecnologia e Innovacion in the University of
Seville, using a Kratos MS-80RFA 241-MC apparatus. Optical
rotations were determined using a PerkinElmer 341 polari-
meter. Enantiomeric excesses were measured using a Waters
Alliance 2695 apparatus and an Agilent Technologies 1200
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series apparatus with stationary chiral phase columns
(Chiralcel®).

2.1.2. 8-Azidooctan-1-ol (2). To a solution of 8-chloro-1-
octanol 1 (7.2 mL, 41.75 mmol) in dry DMF (30 mL) under an
atmosphere of argon, sodium azide (5.4 g, 83.50 mmol) was
added. The reaction mixture was heated to 50 °C overnight.
After completion of the reaction, water (20 mL) was added and
extracted with CH,Cl, twice. The resulting organic layers were
dried over anhydrous Na,SO,, and the solvent was evaporated
to give 7.1 g (41.60 mmol, quantitative yield) of 2 as a colorless
oil, which was used without further purification. Ry = 0.15
(EtOAc/hexanes, 1:4); "H NMR (500 MHz, CDCl,), 3.61 (t, 2H,
J = 6.6 Hz), 3.23 (t, 2H, J = 7.0 Hz), 1.66 (bs, 1H), 1.60-1.51 (m,
4H), 1.38-1.32 (m, 4H) ppm (Fig. S11); *C NMR (125 MHz,
CDCl,) § 63.0, 51.5, 32.8, 29.3, 29.2, 28.9, 26.7, 25.7 ppm
(Fig. S21); HRMS (ESI) caled for CgH;,ON3;Na (M + Na)™ m/z
194.1264, found m/z 194.1261.

2.1.3. 8-Azidooctyl methanesulfonate (3). To a solution of
8-azidooctan-1-ol 2 (6.5 g, 37.96 mmol) and Et;N (6.9 mL,
49.34 mmol) in dry THF (25 mL), under an argon atmosphere
and at 0 °C, methanesulfonyl chloride (3.8 mL, 49.34 mmol)
was added dropwise. After 2 h of stirring at room temperature,
the reaction mixture was quenched with saturated NH,Cl
aqueous solution and extracted with CH,Cl, twice. The com-
bined organic layers were then washed with saturated NaCl
aqueous solution and dried over anhydrous Na,SO,. The
solvent was evaporated to give 9.0 g (36.05 mmol, 95% yield) of
3 as a yellow oil, which was used without further purification.
R¢ = 0.37 (EtOAc/hexanes, 1:2); "H NMR (500 MHz, CDCl;) &
4.21 (t, 2H, J = 6.6 Hz), 3.25 (t, 2H, J = 7.0 Hz), 3.00 (s, 3H),
1.77-1.71 (m, 2H), 1.61-1.56 (m, 2H), 1.43-1.32 (m, 8H) ppm
(Fig. $31); **C NMR (125 MHz, CDCl;) § 70.2, 51.5, 37.5, 29.2,
29.0, 28.9(2), 26.7, 25.4 ppm (Fig. S41); HRMS (ESI) calcd for
CoH1505N;3Nas (M + Na)™: m/z 272.1039, found m/z 272.1038.

2.1.4. 8-Azidooctyl-1-thioacetate (4). To a solution of 8-azido-
octyl methanesulfonate 3 (8.5 g, 34.09 mmol), in dry DMF
(180 mL), under an argon atmosphere, potassium thioacetate
(5.1 g, 44.32 mmol) was added at room temperature. The reac-
tion mixture was stirred overnight, washed with water, and
extracted three times with EtOAc. The combined organic
phases were washed with saturated NaHCO; aqueous solution
and brine, dried over anhydrous Na,SO, and evaporated, to
obtain 7.5 g (32.61 mmol, 96% yield) of 4 as a brown oil,
which was used without further purification. Ry = 0.64 (EtOAc/
hexanes, 1:2); "H NMR (500 MHz, CDCl3) 6 3.25 (t, 2H, J = 7.0
Hz), 2.86 (t, 2H, J = 7.4 Hz), 2.32 (s, 3H), 1.62-1.53 (m, 4H),
1.37-1.30 (m, 8H) ppm (Fig. S51); *C NMR (125 MHz, CDCl;)
5 196.1, 51.6, 30.8, 29.6, 29.2, 29.1 (2), 28.9, 28.8, 26.8 ppm
(Fig. S61); HRMS (ESI) caled for C1oH;s0ON3NaS (M + Na)': m/z
252.1144, found m/z 252.1141.

2.1.5. 8-Azidooctane-1-sulfinyl chloride (5). To a solution
of thioacetate 4 (4.0 g, 17.44 mmol) in methylene chloride
(15 mL) at —20 °C, acetic anhydride (1.7 mL, 17.44 mmol) and
sulfuryl chloride (2.8 mL, 34.88 mmol) were added. The result-
ing mixture was stirred for 1 h at —5 °C and then the solvent
was evaporated and the residue was dried under vacuum to
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give 4.1 g (17.42 mmol, quantitative yield) of 5 as a black solid
with a low melting point. The crude sulfinyl chloride, which
was kept under argon, was used without further purification in
the following reaction for the preparation of sulfinate esters.

2.1.6. (S)-(1,2:5,6-Di-O-isopropylidene-a-p-glucofuranosyl)
8-azidooctanesulfinate (6-(S)). To a solution of 1,2:5,6-di-O-iso-
propylidene-a-p-glucofuranosyl (DAGOH) (1.5 g, 5.81 mmol)
and DIPEA (4.1 mL, 23.25 mmol) in anhydrous toluene
(64 mL), cooled to —78 °C and placed under an argon atmo-
sphere, 8-azidooctane-1-sulfinyl chloride 5 (4.1 g, 17.44 mmol)
was added while the reaction mixture was vigorously stirred.
After stirring at —78 °C for 1 h, the reaction mixture was
treated with 1 M HCI aqueous solution and extracted with
CH,Cl,. The combined organic layers were successively
washed with saturated NaHCO; aqueous solution and brine,
dried over Na,SO, and evaporated to obtain the S sulfinate as
the major diastereomer with a 68:32 r.d. The crude product
was purified by column chromatography (hexanes/2-propanol,
30:1) to give 1.7 g (3.8 mmol, 65% yield) of diastereomerically
pure 6-(S) as a yellow oil. R; = 0.12 (hexanes/2-propanol, 30:1);
[a]p = —28.8 (¢ = 1.6, CHCI,); "H NMR (500 MHz, CDCl;) & 5.90
(d, 1H, J = 3.8 Hz), 4.74 (d, 1H, J = 2.6 Hz), 4.60 (d, 1H, J = 3.6
Hz), 4.31-4.26 (m, 2H), 4.09 (dd, 1H, J = 5.8 and 8.4 Hz), 4.00
(dd, 1H, J = 5.1 and 8.4 Hz), 3.26 (t, 2H, J = 6.9 Hz), 2.85-2.72
(m, 2H), 1.74-1.67 (m, 2H), 1.62-1.56 (m, 2H), 1.51 (s, 3H),
1.45-1.30 (m, 17H) ppm (Fig. S71); "*C NMR (125 MHz, CDCl;)
6 112.6, 109.3, 105.1, 83.8, 80.5, 79.3, 72.6, 66.8, 57.5, 51.5,
29.2, 29.0, 28.9, 28.8, 26.9 (2), 26.7, 26.4, 25.3, 21.4 ppm
(Fig. S81); HRMS (ESI) caled for CoH350,N;Nas (M + Na)': m/z
484.2080, found m/z 484.2088.

2.1.7. (R)-(-)-1-Azido-8-(methylsulfinyl)-octane (6-(R)). To a
solution of sulfinate 6-(S) (1.7 g, 3.78 mmol) in anhydrous
toluene (20 mL), at 0 °C, 1.4 M methyl magnesium bromide
(4.1 mL, 5.66 mmol) was added. After stirring for 1 h at 0 °C,
saturated NH,Cl aqueous solution was added. The aqueous
layer was extracted with CH,Cl, and the resulting organic
layers were combined, dried on Na,SO,, and concentrated. The
crude product was purified by column chromatography
(hexanes/2-propanol, 5: 1) to give 622 mg of 6-(R) (2.86 mmol,
76% yield) as a colorless liquid. R = 0.14 (hexanes/2-propanol,
5:1); [a]p = —47.6 (¢ = 1.0, CHCl;); "H NMR (500 MHz, CDCl;)
§ 3.25 (t, 2H, J = 6.9 Hz), 2.75-2.61 (m, 2H), 2.55 (s, 3H),
1.79-1.71 (m, 2H), 1.63-1.54 (m, 2H), 1.53-1.39 (m, 2H),
1.38-1.32 (m, 6H) ppm (Fig. S91); >*C NMR (125 MHz, CDCl;)
§ 54.8, 51.5, 38.7, 29.2, 29.0, 28.9, 28.8, 26.7, 22.7 ppm
(Fig. S101); HRMS (ESI) m/z caled for CoH;9ON3NaS (M + Na)':
240.1144, found: 240.1141.

2.1.8. (R)-(—)-1-Isothiocyanato-8-(methylsulfinyl)-octane
((R)-8-OITC). To a solution of azide 6-(R) (300 mg, 1.38 mmol)
in Et,O (10.0 mL), triphenylphosphine (688 mg, 2.62 mmol)
was added and the reaction was refluxed for 1 h. After remov-
ing the solvent under vacuum, carbon disulfide (6.0 mL) was
added and the mixture was refluxed for 3 h. Finally, the
solvent was removed under vacuum and the crude product was
purified by column chromatography (EtOAc/MeOH 20:1) to
give 194 mg of (R)-8-OITC (0.83 mmol, 60% yield) as a color-

This journal is © The Royal Society of Chemistry 2023
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less liquid. R¢ = 0.19 (EtOAc/MeOH, 20:1); [a]p = —51.0 (¢ =
1.0, CHCL;); *H NMR (500 MHz, CDCl;) 6 3.50 (t, 2H, J = 6.6
Hz), 2.76-2.62 (m, 2H), 2.56 (s, 3H), 1.81-1.74 (m, 2H),
1.72-1.66 (m, 2H), 1.56-1.31 (m, 8H) ppm (Fig. S111); *C
NMR (125 MHz, CDCl;) 6 54.8, 45.2, 38.8, 30.0, 29.1, 28.8, 28.6,
26.6, 22.6 ppm (Fig. S12%); HRMS (ESI) m/z caled for
C10H;sONNaS, (M + Na)': 256.0800, found: 256.0800; HPLC:
ADH Chiralcel column, (n-hexane/isopropanol 80:20; 0.4 mL
min~'; 23 °C) tz = 26.7 min (S-isomer), tx = 27.9 min
(R-isomer) (Fig. S137).

2.2. Animals

Female (25-30 g) Swiss mice were provided from the Animal
Production Centre of the University of Seville (Seville, Spain),
and kept under constant conditions of both temperature
(2025 °C) and humidity (40-60%) with a 12 hour light/dark
cycle. At the Faculty of Pharmacy (University of Seville, Spain),
all experiments were performed in accordance with the
European Union recommendations (European Council
Directive 2012/707/EU) on animal experimentation and follow-
ing a protocol approved by the Ethics Committee of the
University of Seville (23/07/2018/119). Prior to the beginning of
the experiments, the mice were acclimatised for a week.

2.3. Primary culture of murine peritoneal macrophages

To perform the primary culture of peritoneal macrophages,
the protocol described by Aparicio-Soto et al. was adapted.*?
Cell exudate was extracted by intraperitoneal washings with
cold sterile Phosphate Buffered Saline (PBS). The collected
cells were centrifuged at 3500 rpm, resuspended with RPMI
1640 culture medium supplemented with heat-inactivated fetal
calf serum (FCS) (PAA, Pasching, Austria), 100 U mL ™" penicil-
lin and 100 mg mL ™" streptomycin and i-glutamine (2 mM)
and cultured in plates (1 x 10° cells per mL) in the course of
2 hours. After incubation, PBS was used to remove non-adher-
ent cells and the medium was replaced with RPMI 1640
without FCS containing 6.25 or 12.5 pM (R)-8-OITC or the
vehicle (DMSO). After thirty minutes, the immune cells were
stimulated with 5 pg mL™" LPS from Escherichia coli (Sigma-
Aldrich, St Louis, MO, USA) for 18 h. Finally, both the super-
natant and the cell pellet were stored at —80 °C by ELISA and
western blot assays, respectively.

2.4. Cell viability assay

The sulforhodamine B (SRB) assay was used to determine cell
viability.** After being cultured with and without the com-
pound of interest for 18 hours, adherent cells (1 x 10° cells per
well) were fixed using 50 pL of a trichloroacetic acid solution
(50% w/v) (Sigma-Aldrich, St Louis, MO, USA) and incubated at
4 °C for 1 hour. Subsequently, the plates were washed five
times with distilled water and allow to air dry. Afterwards,
100 pL of SRB solution (0.4% w/v) (Sigma-Aldrich, St Louis,
MO, USA) were added to each well and incubated for
30 minutes at room temperature in the dark. After that time,
the supernatant was eliminated, and the plate was washed five
times with an acetic acid solution (1% v/v) (Panreac,
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Barcelona, Spain) and left to air dry. At the end, 100 pL of a
Tris base solution (pH 10.5, 10 mmol L") (Sigma-Aldrich,
St Louis, MO, USA) was added to each well. The optical density
(OD) was quantified at 510 nm using a multi-well plate reader
spectrophotometer (BioTek, Bad Friedrichshall, Germany) to
evaluate the cell survival.

2.5. Measurement of nitric oxide (NO) levels

The Griess reaction assay was used to determine the NO levels.
After 18 h of incubation with LPS and (R)-8-OITC, 100 pL of
the supernatant from each well were mixed with 100 pL of the
Griess reagent. After incubating for 15 min at room tempera-
ture, the OD was determined at 540 nm using an ELISA reader
(BioTek, Bad Friedrichshall, Germany).

2.6. Measurement of intracellular ROS levels

Intracellular ROS concentration was quantified using the
DCFDA assay kit (Abcam®, Cambridge, UK) following the
manufacturer’s specifications. The macrophages were plated at
a density of 2.5 x 10* cells per well in a black 96-well plate that
was pre-treated with (R)-8-OITC (12.5 and 6.25 upM).
Subsequently, after 30 min, the untreated cells as well as the
treated cells were activated with LPS. Next, DCFDA (25 pM) was
added into each well, which was incubated at 37 °C for
45 min. Both emission and excitation wavelengths (535 and
485 nm, respectively) were measured using a microplate fluo-
rescence reader (Synergy™ HTX®, BioTek, Bad Friedrichshall,
Germany).

2.7. Enzyme-linked immunosorbent assay (ELISA)

Supernatants from cultured mouse peritoneal macrophages
were processed using ELISA Kkits to determine the levels of
TNF-o and IL-17 (Peprotech®, London, UK), IL-6 (Diaclone®,
Besancon Cedex, France) and IL-1p (BD OptEIA®, San Jose, CA,
USA) according to the manufacturer’s instructions.

2.8. Immunoblotting detection

Proteins obtained from peritoneal macrophages were extracted
by scraping and collected in ice-cold PBS supplemented with a
mixture of protease and phosphatase inhibitors. The method
described by Bradford et al. was employed to quantify the
protein concentration.””> Samples with equal amounts of
protein (15 pg) were separated by 10% or 15% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane, followed by blocking
it with a blocking solution buffer for 1-2 h at room tempera-
ture and incubation overnight at 4 °C with specific primary
antibodies (Table 1). After rinsing, the membranes were incu-
bated with a horseradish-peroxidase-labeled anti-mouse anti-
body (Dako, Atlanta, GA, USA) or an anti-rabbit antibody (Cell
Signaling Technology, Danvers, MA, USA) containing blocking
solution for 1-2 h at room temperature. The blots were ana-
lyzed for f-actin expression in order to prove equal loading. An
enhanced chemiluminescence light detection kit was used for
immunodetection (Pierce, Rockford, IL, USA). Immune signals
were captured using the Amersham Imager 600 from GE
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Table 1 Primary antibodies used in western blots
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Reference Antibody target Host Dilution Supplier

13120 iNOS Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
9145 PSTAT3 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
4511 pp38 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
4668 pPJNK Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
4370 PERK 1/2 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
15101 NLRP3 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
24232 Caspase 1 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
12282 COX-2 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
12721 Nrf2 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
3771 pPJAK2 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
9252 JNK Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
8690 p38 Rabbit 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
9107 ERK 1/2 Mouse 1:1000 Cell Signaling Technology® (Danvers, MA, USA)
ab71495 IL-18 Rabbit 1:1000 Abcam® (Cambridge, UK)

ab62050 mPGES-1 Rabbit 1:1000 Abcam® (Cambridge, UK)

ab49900 B-Actin Mouse 1:10000 Abcam® (Cambridge, UK)

NBP1-45453 Caspase 11 Rabbit 1:500 Novus Biologicals® (Littleton, CO, USA)
Healthcare® (Buckinghamshire, UK). The signals were ana- Nty MsCl, EtN

lyzed and quantified using Image Processing and Analysis in e owe O T M

Fiji Image] software (W. Rasband, National Institutes of et )

Health) and expressed in relation to the DMSO-LPS control O KeS S0k et

treated cells.

2.9. Statistical evaluation

All values in the figures and text are expressed as arithmetic
means + standard error (SEM). Data were evaluated using
GraphPad Prism version 5.01 software (San Diego, CA, USA).
One-way analysis of variance (ANOVA) was used to evaluate the
statistical significance of any difference in each parameter
between groups, and after that, Tukey’s multiple comparison
test was used as a post hoc test. p-Values <0.05 were considered
statistically significant.

3. Results

3.1. Synthesis of (R)-8-OITC

The synthesis of (R)-8-OITC was carried out following the
“DAG methodology” designed by our group. In this sense, for
the synthesis of the desired 1-azidooctanesulfinyl chloride 5,
the treatment of 8-chloro-1-octanol 1 with sodium azide in
DMF afforded the azido alcohol 2 in a quantitative yield,
which after mesylation gave the azido mesylate intermediate 3
in excellent yield (95%). Treatment of mesylate 3 with sodium
thioacetate gave compound 4 in 96% yield. The direct trans-
formation of thioacetate 4 obtained to the desired sulfinyl
chloride 5 has been achieved by treatment with sulfuryl chlor-
ide and acetic anhydride in methylene chloride (Scheme 1).

According to the “DAG methodology”, the treatment of
DAG with azidoalkanesulfinyl chloride 5 in the presence of
DIPEA gave the (S)-sulfinate ester 6-(Ss) in 65% yield and a
good r.d. of 68 : 32.

Taking into account that the reaction of sulfinate ester with
Grignard reagents takes place with inversion of configuration
at the sulfinyl sulfur, condensation of methyl Grignard on the

7274 | Food Funct, 2023,14, 7270-7283

CH,Cl,
. 4 5°C
96% quant.

Scheme 1 Synthetic route of (S)-(1,2:5,6-di-O-isopropylidene-a-p-glu-
cofuranosyl) 8-azidooctanesulfinate (6-(Ss)).

sulfinate ester 6-(Ss) provided the corresponding azidoalkyl
methyl sulfoxide 7-(Rs) with the same absolute configuration
as natural SFN in 76% yield.

Finally, a 2-reaction one-pot sequence based on the
Staudinger reaction of an azido derivative with triphenyl-
phosphine and subsequent aza Wittig-type condensation of
the resulting iminophosphorane with carbon disulfide led to
the first synthesis of enantiomerically pure natural (R)-8-OITC
in a 60% yield (Scheme 2).

3.2. Cell viability of (R)-8-OITC on murine peritoneal
macrophages

An SRB assay was used to evaluate the cell viability of (R)-8-
OITC on peritoneal macrophages. The concentrations of this
ITC (200-1.6 pM) were used for 18 hours to treat immune cells.
As shown in Fig. 1, the viability was unaffected between the
concentration range of 12.5 to 1.6 pM (R)-8-OITC (>80%). As a
vehicle, DMSO was used without influencing cell survival.
Therefore, we selected 12.5 and 6.25 pM concentrations of
(R)-8-OITC to be studied in the following assays.

3.3. (R)-8-OITC lowered nitrite and ROS production and
inhibited iNOS and Nrf2 protein expression in LPS-stimulated
murine peritoneal macrophages

To study the impact of the treatment with (R)-8-OITC on the
iNOS/NO activated pathway and ROS production produced by
LPS stimulation on immune cells, we proceeded to determine
the protein expression level of iNOS and NO and ROS pro-

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthetic route of (R)-8-OITC from (S)-(1,2:5,6-di-O-iso-
propylidene-a-p-glucofuranosyl) 8-azidooctanesulfinate (6-(Ss)).
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Fig. 1 Effect of (R)-8-OITC on cell viability. Viability rate was expressed
as the percentage of cell survival with respect to 100% of the control
untreated cells. Results are presented as mean + S.E.M. of at least six
independent experiments.

duction by western blotting, Griess assay and DCFDA assay,
respectively. LPS stimulation produced a statistically signifi-
cant increase in the levels of NO and ROS as well as the iNOS
expression (""'p < 0.001 vs. the unstimulated control cells)
(Fig. 2A, B and C, respectively). On the other hand, treatment
with both concentrations (12.5 and 6.25 pM) of (R)-8-OITC sig-
nificantly decreased NO and ROS production levels and iNOS
protein expression (***p < 0.001 vs. the LPS-DMSO cells).

In addition, nuclear factor erythroid 2 (Nrf2) is a transcrip-
tion factor that participates in the cellular response to oxi-
dative stress.’® A significant up-regulation of Nrf2 protein
expression in cells treated with (R)-8-OITC (*p < 0.05 and ***p
< 0.001 vs. the LPS-DMSO-treated cells) was seen (Fig. 2D). In
summary, all of these data could reveal the potential anti-
oxidant role of (R)-8-OITC.

3.4. (R)-8-OITC decreased IL-17, IL-6, IL-1$ and TNF-ot
cytokine production

Fig. 3 shows a statistically significant increase in the pro-
duction of IL-17, IL-6, IL-1f and TNF-a cytokines in LPS-stimu-
lated mouse peritoneal macrophages ("'p < 0.01 and "'p <
0.001 vs. the unstimulated control cells). However, treatment
with (R)-8-OITC (12.5 and 6.25 uM) was able to reverse these
effects in a statistically significant way (***p < 0.001 vs. the
LPS-DMSO stimulated cells).

3.5. (R)-8-OITC diminished the protein expression levels of
COX-2 and mPGES-1 in LPS-activated murine peritoneal
macrophages

The expressions of COX-2 and mPGES-1 were statistically aug-
mented in the LPS-DMSO stimulated control cells in compari-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (R)-8-OITC treatment decreased the levels of NO (A) and ROS
(B) production as well as down-regulated the expression of the pro-
inflammatory enzyme iNOS (C) and up-regulated the expression of Nrf2
(D). Murine cells were pretreated for half an hour with (R)-8-OITC (12.5
or 6.25 pyM), and then stimulated with LPS for 18 h. Normalization of
densitometry was carried out by measuring the p-actin housekeeping
gene. Data shown are means + S.EMM. (n = 6) (*"*p < 0.001 vs. the
control cells (unstimulated); *p < 0.05 and ***p < 0.001 vs. the
LPS-DMSO cells).
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Fig. 3 (R)-8-OITC diminished IL-17 (A), IL-6 (B), IL-1p (C) and TNF-a (D)
pro-inflammatory cytokine production. Immune cells were pretreated
with (R)-8-OITC (12.5 or 6.25 pyM) for 30 min. Then, they were stimulated
with 5 ug mL™ LPS for 18 h. The level of cytokines was measured by
ELISA assays. Data are expressed as mean + S.E.M. (n = 8) (***p < 0.001
and **p < 0.01 vs. the control cells (unstimulated); ***p < 0.001 vs. the
LPS-DMSO-treated cells).

son with the unstimulated control cells (""p < 0.001 vs. the

unstimulated control cells). To investigate whether (R)-8-OITC
could inhibit LPS-induced COX-2 and mPGES-1 protein
expressions, murine cells were pretreated with 12.5 and
6.25 pM concentrations of this ITC for 30 min, before stimulat-
ing with LPS (5 pg mL™") for 18 h. (R)-8-OITC at both concen-
trations (12.5 and 6.25 pM) significantly reduced the protein
expressions of COX-2 and mPGES-1 (***p < 0.001 vs. the
LPS-DMSO-treated cells) (Fig. 4).
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Fig. 4 (R)-8-OITC downregulated COX-2 and mPGES-1 protein

expressions in murine immune cells. COX-2 and mPGES-1 protein
expressions were determined by the western blot assay. Normalization
of the densitometric analysis was carried out by measuring the p-actin
housekeeping gene. Data are represented as means + S.EM. (n = 6)
(***p < 0.001 vs. the control cells (unstimulated); ***p < 0.001 vs. the
LPS-DMSO-treated cells).

3.6. JAK/STAT signaling pathway is inhibited by (R)-8-OITC in
LPS-activated murine peritoneal macrophages

We evaluated whether (R)-8-OITC could modulate the JAK/
STAT signaling pathway. When murine peritoneal macro-
phages were stimulated with LPS, the levels of phosphorylation
of both JAK2 and STAT3 were increased compared to the unsti-
mulated control cells ("p < 0.001 vs. the unstimulated control
cells). Nevertheless, in the presence of (R)-8-OITC pretreatment
(12.5 and 6.25 pM), a significant decrease of the phosphoryl-
ation of JAK2 and STAT3 was observed (*p < 0.05, **p < 0.01
and ***p < 0.001 vs. the LPS-DMSO-treated cells) (Fig. 5).

3.7. (R)-8-OITC reduced MAPK activation in LPS-activated
peritoneal macrophages

To evaluate the effects of (R)-8-OITC on MAPKs (ERK, p38 and
JNK) phosphorylation, western blot assays were performed. As
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Fig. 5 (R)-8-OITC decreased the phosphorylation levels of JAK2 and
STAT3 on LPS-activated immune cells. Macrophages were pretreated for
half an hour with (R)-8-OITC (12.5 or 6.25 pM), followed by stimulation with
LPS (5 ug mL™) for 18 h. Normalization of the densitometric analysis was
carried out by measuring the p-actin housekeeping gene. Data shown are
means + S.EM. (n = 6) (***p < 0.001 vs. the control cells (unstimulated); *p
< 0.05; **p < 0.01 and ***p < 0.001 vs. the LPS-DMSO-treated cells).
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Fig. 6 (R)-8-OITC reduced the phosphorylation of p38, JNK and ERK

on LPS-activated immune cells. Macrophages were pretreated with (R)-
8-OITC (12.5 or 6.25 pM) for 30 min, followed by LPS stimulation for
18 h. Normalization of the densitometric analysis of pp38, pIJNK and
PERK were carried out by measuring the p38, INK and ERK housekeep-
ing genes. Data shown are means + S.E.M. (n = 6) (***p < 0.001 vs. the
control cells (unstimulated); *p < 0.05; **p < 0.01 and ***p < 0.001 vs.
the LPS-DMSO-treated cells; *p < 0.05 and ##p < 0.01 vs. 12.5 uM (R)-8-
OITC).

can be seen in Fig. 6, the level of phosphorylation of these
MAPKs was significantly increased in the LPS-DMSO stimu-
lated control cells (*"'p < 0.001 vs. the unstimulated control
cells). After (R)-8-OITC (12.5 and 6.25 pM) incubation, p38
phosphorylation was statistically decreased (*p < 0.05 and
**p < 0.01 vs. the LPS-DMSO-treated cells). However, only
6.25 pM (R)-8-OITC was able to reduce the phosphorylation of
ERK and JNK (**p < 0.01 and ***p < 0.001 vs. the LPS-DMSO
control cells).

3.8. Canonical and non-canonical inflammasomes were
inhibited by treatment with (R)-8-OITC in LPS-activated
murine peritoneal macrophages

To further investigate the signaling pathways involved in the
immunomodulatory effects of (R)-8-OITC in LPS-activated
murine peritoneal macrophages, its role in modulating the
canonical and non-canonical pathways of the inflammasome
was assessed.

As shown in Fig. 7, when macrophages were exposed to
LPS, the protein expressions of NLRP3, caspase 1 and caspase
11 were upregulated (‘p < 0.05 and "p < 0.001 vs. the unsti-
mulated control cells). Nevertheless, the pretreatment with
12.5 or 6.25 pM (R)-8-OITC could significantly revert the
expression levels of these proteins (**p < 0.01 and ***p < 0.001
vs. the LPS-DMSO-treated cells). It is noted that 12.5 pM con-
centration of this compound statistically decreased the
expressions of NLRP3 and caspase 1 compared to 6.25 pM
(*"p < 0.01 and " p < 0.001 vs. the cells treated with 6.25 pM
(R)-8-OITC) (Fig. 7A and B, respectively).

As a consequence of the activation of the NLRP3 inflamma-
some, pro-IL-1p and pro-IL-18 cytokines matured to IL-1p and
IL-18. For this reason, we also evaluated the expression levels

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (R)-8-OITC decreased the canonical and non-canonical inflam-
masome signaling pathways in the LPS-stimulated immune cells. Murine
peritoneal macrophages were pretreated for half an hour with both con-
centrations (12.5 or 6.25 uM) of (R)-8-OITC, followed by stimulation with
LPS for 18 h. Normalization of the densitometric analysis of NLRP3 (A),
Caspase 1 (B), Caspase 11 (C) and IL-18 (D) was carried out by measuring
the B-actin housekeeping gene. Data shown are means + S.E.M. (n = 6)
(*p < 0.05 and ***p < 0.001 vs. the unstimulated control cells; **p < 0.01
and ***p < 0.001 vs. the LPS-DMSO-treated cells; ##p < 0.01 and #*##p <
0.001 vs. the cells treated with 6.25 uM (R)-8-OITC).

of these cytokines (Fig. 7D and 3C, respectively). IL-1p and
IL-18 levels were augmented in the LPS-stimulated control
cells ("p < 0.001 vs. the unstimulated control cells).
Nevertheless, the cells treated with 12.5 or 6.25 pM concen-
tration of this ITC significantly reduced the production of
these cytokines (***p < 0.001 vs. the LPS-DMSO-treated cells)
(Fig. 7D and 3C).

4. Discussion

The results obtained in this research have demonstrated, for
the first time, a new simple and high-throughput synthetic
route based on the “DAG methodology” for (R)-8-OITC, as well
as demonstrated the immunomodulatory activity of this ITC in
an ex vivo murine model of peritoneal macrophages stimulated
by LPS. To date, the synthesis of the natural ITC (R)-8-OITC
has not been reported in a rapid and cost-effective method,
nor is there any data on the anti-inflammatory and antioxidant
activity of this active compound.

As an alkyl methyl sulfoxide, the synthesis of enantiopure
SFN and its analogues is not straightforward, and the main
approximations for the synthesis of enantiomerically pure sulf-
oxides developed so far fail in the preparation of simple
dialkyl sulfoxides.*”>°

The most direct method for the synthesis of an enantiopure
chiral sulfoxide is the enantioselective oxidation of its pro-
chiral thioether.>® However, there is no asymmetric catalytic
oxidation that is able to give enantiomerically pure dialkyl sulf-
oxides from the corresponding prochiral thioethers and, in the

This journal is © The Royal Society of Chemistry 2023
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particular case of SFN, the natural enantiomer is obtained as a
scalemic compound.®®™>* The method developed by Whitesell
allows the enantiopure SFN, but its application to the syn-
thesis of other sulfur substituted analogs is limited.>® To solve
this problem, in 2009, we reported that sulfinate ester I is an
effective sulfinylating agent capable of efficiently transferring
the linear alkyl SFN side chain to different alkyl or aryl groups
in an enantiomeric form (Chart 2).3*3%-%°

In the present work, to modulate the carbonated side chain
between the sulfoxide and the ITC group and to produce the
SFN homologue (R)-8-OITC, we used the “DAG-methodology”,
developed by our group. It is the method of choice, as it is able
to give a diasteromerically pure sulfinate ester with a non-hin-
dered alkyl chain at the sulfinyl sulfur in addition to synthesiz-
ing the natural enantiopure compound in just seven reaction
steps from inexpensive starting materials.

Effects derived from LPS stimulated macrophages are
enhanced levels of ROS production and the overexpression of
the pro-inflammatory enzyme iNOS, responsible for the pro-
duction of NO, which has important functions in the regu-
lation of the immune system and host defense, acting as a
messenger regulating the production of intracellular ROS and
leading to redox imbalance.®*"®? Other studies have described
that the redox-sensitive transcription factor Nrf2 protects
against inflammatory response in macrophages.®® Under basal
conditions, Nrf2 is negatively modulated by Kelch-associated
protein 1 (KEAP1), which acts as a substrate adaptor protein
for the Cullin 3-RING-based E3 ubiquitin protein ligase and
employs a cyclic mechanism to continuously direct Nrf2
toward ubiquitination and proteasomal degradation.®*

Interestingly, our results show that (R)-8-OITC treatment
decreased iNOS enzyme expression and increased Nrf2 immu-
nosignaling by sequentially reducing NO and ROS production
counteracting ROS-induced cell damage. Kim et al. reported
similar results using allyl ITC (AITC) in LPS-stimulated RAW
264.7 macrophages.®® Additionally, our group has recently
published how the natural ITC (R)-SFN was able to decrease
iNOS protein expression and, consequently, NO production,
and reduce the levels of ROS production® in the same ex vivo
preclinical model.

In this context, other ITCs such as (R)-SFN are known acti-
vators of Nrf2 by stimulating the nuclear translocation of Nrf2,
which can be phosphorylated by the activation of multiple
kinases that in turn stimulate the expression of detoxification

o~
>~07 o

Ng\/\/\S/O o
o 0=
I

Fernandez-Khiar37-5%-62

Chart 2 Diastereomeric intermediate used for the synthesis of enantio-
pure (R)-SFN.
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enzymes. Due to its high chemical reactivity, the ITC group
can easily interact with the cysteine of glutathione in a reaction
catalyzed by glutathione transferases. It has also been
suggested that ITC activates Nrf2 by modifying the cysteine
residues in KEAP1.%° Altogether, these data demonstrated the
possible antioxidant activity of (R)-8-OITC. However, additional
studies are required to corroborate this pharmacological
activity. Furthermore, another ITC which has been shown as
an inducer of Nrf2 is AITC in RAW 264.7 macrophages.®’

In addition, macrophage activation by LPS is closely
involved with an imbalance in the cytokine network, which
induces the upregulation of several pro-inflammatory Th17
and Th1 cytokines including IL-17, TNF-a, IL-1f and IL-6
among others.®®® In line with these observations, our data
showed a marked increase in inflammatory cytokine
expression after LPS stimulation. Nevertheless, secretion of
the cytokines IL-17, TNF-a, IL-1p, IL-6 and IL-18 were signifi-
cantly reduced by treatment with (R)-8-OITC. Similar results
have been obtained with other ITCs such as racemic SFN
and benzyl ITC (BEITC) in LPS-stimulated RAW 264.7 macro-
phages, (R)-SFN in LPS-activated peritoneal murine macro-
phages and LPS-activated populations in healthy adult
volunteers.**7%72

When LPS activates macrophages, inflammatory mediators
such as prostaglandin E2, a bioactive signaling molecule
whose overproduction is generated by increased expression of
COX-2 and mPGES-1, are produced.””*

In agreement with our previous reports, LPS stimulation
generated a significant increase in the protein expressions of
both COX-2 and mPGES-1."*7>""7 On the other hand, pre-treat-
ment with (R)-8-OITC decreased the protein expressions of
both pro-inflammatory enzymes significantly, thus reversing
the action of LPS. In this regard, other research has shown
that other ITCs such as 2-phenylbutyl ITC or SFN are able to
inhibit COX-2 overproduction in the macrophage RAW 264.7
cell line and in mouse peritoneal macrophages.”®”®

To further understand the mechanisms of action of (R)-8-
OITC, the JAK2/STAT3 and MAPK signaling pathways were
investigated.

The JAK-STAT signalling pathway is essential for the
immune system. JAK2 is a cytoplasmic tyrosine protein kinase
that is non-covalently ligated to cytokine receptors. When it is
activated, JAK2 recruits and phosphorylates the transcription
factor STAT3, leading to its dimerisation and subsequent
translocation to the nucleus, where it initiates the transcrip-
tion of specific genes encoding the transcription of inflam-
mation-related genes, in particular, various chemokines and
cytokines.®® According to our prior research, cell activation by
LPS resulted in increased phosphorylation of JAK2 and STAT3
proteins.*® However, treatment with (R)-8-OITC significantly
decreased the phosphorylation levels of these two proteins.
Based on the above, we can suggest that inhibition of the
JAK2/STAT3 axis may play an important role in decreasing the
production of pro-inflammatory cytokines. This signalling
pathway has also been shown to be affected by other ITCs such
as 3-methylsulfinylpropyl ITC (iberin) or AITC in a TR146 cell
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line and in an animal model of DMBA-induced rat mammary
tumorigenesis.®"%?

MAPKs, a family of serine/threonine protein kinases, also
play an important role in cell regulation and modulate the
expression of several inflammation-related genes such as
iNOS, COX-2 and IL-6, among others.®* This family includes
extracellular signal-regulated kinases (ERKs-1 and -2), c-Jun
N-terminal kinases (JNKs) and p38, which carry out cascades
of reactions that allow them to respond to oxidative and
inflammatory stress generated by the stimulus.®* Consistent
with our previous publications, our results indicate that
exposure of peritoneal macrophages to LPS resulted in signifi-
cantly increased levels of ERK, JNK and p38
phosphorylation.”®®* Nevertheless, (R)-8-OITC treatment sig-
nificantly decreased the phosphorylation of ERK, JNK and p38
produced by LPS. Similar results were obtained other ITCs
such as (R)-SFN and iberin using murine peritoneal macro-
phages or the RAW 264.7 cell line, respectively, and AITC in
LPS-stimulated murine microglial BV2 cells.**®%%”

The NLRP3 inflammasome is a supramolecular protein
complex that is part of innate immune responses and is stimu-
lated by different pathogen-associated molecular patterns,
such as LPS or ROS.%®

Our previous reports have shown that LPS-induced inflam-
mation triggers stimulation of the NLRP3 inflammasome in
macrophages.”® Although NLRP3 activation can be through
two different pathways, canonical and non-canonical, they
have the same consequence: pyroptosis and inflammatory cell
death. Regarding the canonical pathway, the activated NLRP3
inflammasome recruits the adaptor molecule apoptosis-associ-
ated speck-like protein (ASC) to form a complex, the pyropto-
some ASC. Subsequently, this complex binds to an effector,
pro-caspase 1, which, by autoproteolytic activity, is converted
into its active form, caspase 1. This generates the maturation
of the pro-inflammatory cytokines IL-18 and IL-1f. On the
other hand, the non-canonical pathway is characterized by the
maturation of caspase 11, which induces potassium efflux and
pyroptosis, triggering the activation of the canonical pathway
of the inflammasome.®

Accordingly, in the present study, LPS-activated murine per-
itoneal macrophages resulted in activation of the canonical
and non-canonical NLRP3 inflammasome pathways, as there
was a significant increase in the protein expressions of NLRP3,
caspase 1 and caspase 11 and the production of the pro-
inflammatory cytokines IL-1f and IL-18, in agreement with
previous studies.”®”® Other ITCs, such as BEITC and SFN, have
been reported to attenuate NLRP3 inflammasome activation in
human THP-1 macrophages.”®®* However, for the first time,
we have shown that (R)-8-OITC treatment was able to inhibit
both canonical and non-canonical LPS-stimulated NLRP3
inflammasome activation in mouse peritoneal macrophages.

In summary, the present study has developed a new syn-
thetic route to obtain natural (R)-8-OITC based on the “DAG
methodology” and investigated the different mechanisms
involved in its anti-inflammatory and immunomodulatory
actions.

This journal is © The Royal Society of Chemistry 2023
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5. Conclusions

In conclusion, the present study developed for the first time a
new cost-effective and efficient synthetic route to obtain
natural ITC (R)-8-OITC by the “DAG methodology”.
Additionally, our research has shown, for the first time, that
this novel ITC showed excellent anti-inflammatory and anti-
oxidant effects in murine peritoneal macrophages stimulated
with LPS. Treatment with (R)-8-OITC inhibited the levels of
pro-inflammatory cytokines (IL-1f, TNF-a, IL-6, IL-17 and
1L-18), and intracellular ROS and NO production by reducing
the expression of pro-inflammatory enzymes (COX-2, iNOS and
mPGES-1) through modulation of the expression of Nrf2,
MAPKs (p38, JNK and ERK) and JAK/STAT, and the canonical
and non-canonical pathways of the inflammasome.
Notwithstanding these promising results, additional in vivo
studies would be necessary to investigate the immunomodula-
tory effects of (R)-8-OITC, which may be a promising nutraceu-
tical molecule suitable for the treatment of several immuno-
inflammatory diseases.
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