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ABSTRACT

Heme oxygenase-1 (HO-1) catalyzes the enzymaticadagon of heme to produce
three anti-oxidant molecules: carbon monoxide (Ci@jrous ion (F&), and biliverdin.
Induction of HO-1 is currently considered as a ifdasstrategy to treat oxidative stress-
related diseases. In the present study, we idedtriarliolide as a novel inducer of HO-1 in
human normal keratinocyte HaCaT cells. Mechanissetiastudies demonstrated that the
induction of HO-1 by marliolide occurred throughtieation of NRF2/ARE via direct
binding of marliolide to KEAP1. Structure-activitglationship revealed chemical moieties of
marliolide critical for induction of HO-1, which melers a support for Michael reaction as a
potential mechanism of action. Finally, we obsertret marliolide significantly inhibited the
papilloma formation in DMBA/TPA—induced mouse skiarcinogenesis model and this
event was closely associated with lowering the &irom of 8-OH-G and 4-HNEn vivo.
Together, our study provides the first evidence tharliolide might be effective against

oxidative stress-related skin disorders.



1. Introduction

Oxidative stress is closely associated with abérexposure of reactive oxygen
species (ROS, also known as oxygenated free radiodcules) such as superoxide, JO
hydrogen peroxide (}0.), and hydroxyl radical©H) [1]. Although an adequate amount of
ROS is necessary for maintaining proper redox hatases, a high amount of ROS is
detrimental because it provokes direct oxidativenaiges on cellular macromolecules [2]. In
order to deal with excessive oxidative stress, l@erorganisms possess a number of phase |l
cytoprotective enzymes including heme oxygenasddD-{), whose transcription is
controlled by NF-E2-related factor 2 (NRF2) [3]. dém basal condition, NRF2 is constantly
poly-ubiquitinated by Cullin-3 (Cul3)/Kelch-like Bassociated protein 1 (KEAP1) in the
cytoplasm. Upon exposure to pro-oxidants or elgtites, NRF2 is released from
Cul3/KEAP1, translocates into the nucleus, andvatds HO-1 transcription by binding to

thecis-acting element of promoter, termed antioxidanpoese element (ARE).

HO-1 is the first and rate-limiting enzyme in thenie degradation pathway to
generate three anti-oxidant products: carbon maleoxCO), ferrous ion (B8, and
biliverdin [4]. CO protects lungs and hearts agaersdotoxin, ischemia/reperfusion injury,
cardiac xenograft rejection, and asthma by modwatitokine production, cell proliferation,
and apoptosis [5]. Biliverdin and its reduced prdiilirubin are efficient scavengers of
ROS [6]. Ferrous iron induces ferritin expressioml &ontributes to iron sequestration [7].
Collectively, these imply that all enzymatic prothuof HO-1 possess beneficial activities.
Supporting this idea, HO-1 knock-out mice spontaisgo develop inflammatory diseases
and are highly susceptible to experimental se@isFhenotypical alterations of individuals

with genetic HO-1 deficiency are also similar togk observed in HO-1 knock-out mice [9].

Marliolide (Fig. 1A) is a natural product haviggactone ring witha,3-unsaturated
carbonyl group, which was firstly isolated from {eaves oMollinedia marliae and the bark
of Cinnamomum cambodianum [10, 11]. However, there exist no literatures dest@ting
the pharmacological activity and related biocheinizeechanisms of marliolide. In the
present study, we demonstrate that marliolide gtyomnduced HO-1 in human normal
keratinocyte HaCaT cells. We also demonstrate rtiediolide could form a stable adduct
with KEAP1 and activate NRF2/ARE to induce HO-1nally, we provide evidence that
marliolide protects mice against oxidative damaigesivo, thereby exhibiting significant

skin chemopreventive activity.
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2. Results
2.1. Marliolide Induce HO-1 by NRF2-dependent ARE activation

Induction of phase Il cytoprotective enzymes, idahg HO-1 has been recognized
as a feasible strategy to suppress carcinogenesisother chronic diseases caused by
oxidants and electrophiles [12]. In addition, rdcetudies demonstrate that HO-1 can
suppress immune-mediated inflammatory disorderdirbiging innate or adaptive immune
responses [13] or by promoting polarization of mabtiages towards an anti-inflammatory
M2 phenotype [14]. Therefore, it is not surpristogobserve that numerous HO-1 chemical
inducers were effective for treatment of chronitammatory disorders [15]. In accordance
with this, we have attempted to find new HO-1 inehgcand found that marliolide strongly
induced HO-1 (Fig. 1B) without perturbing cellulategrity in human keratinocyte HaCaT
cells: marliolide did not affect the cell-cycle fganh (Fig. 1C) and the viability (Fig. 1D), and
failed to induce apoptosis (Fig. 1E).

To examine whether marliolide could activate ARPpel®dent gene expression, we
subcloned DNA oligonucleotides containing 3x AREwsence into pGreenFire dual reporter
plasmid and established stable HaCaT-ARE-GFP-laste cells by lentiviral transduction
and subsequent selection with puromycin (Fig. ZA&).examine whether HaCaT-ARE-GFP-
luciferase cells are responsive to ARE inducer, exposed sulforaphane, a prototypical
inducer of ARE, to HaCaT-ARE-GFP luciferase celid ound that it significantly increased
ARE luciferase activity in HaCaT-ARE-GFP-luciferasglls (Fig. 2B). Likewise, marliolide
increased ARE-dependent GFP expression (Fig. 2@)tlae luciferase activity of HaCaT-
ARE-GFP-luciferase cells in dose- (Fig. 2D, LefhBly and time-dependent manner (Fig. 2D,
Right Panel).

Because NRF2 is a leucine-zipper transcription ofaatesponsible for ARE-
dependent gene activation [16], we exposed matkaio HaCaT cells and measured NRF2
level. Our results showed that marliolide increabd#®F2 level in dose- (Fig. 3A, Upper
Panel) and time-dependent manner (Fig. 3A, LoweneRa Marliolide also caused
translocation of NRF2 into the nucleus (Fig. 3B). 8&xamine whether the induction of HO-1
by marliolide was dependent on Nrf2 genotype, weeharepared Nrf2 (+/+) and Nrf2 (-/-)
mouse embryonic fibroblasts (MEFs) (Fig. 3C, UpPanel) and exposed them to marliolide.
As a result, the induction of HO-1 by marliolide snattenuated in Nrf2 (-/-) MEFs, compared
to that in Nrf2 (+/+) MEFs (Fig. 3C, Lower Panelhe induction of HO-1 mRNA level by



marliolide was also significantly attenuated in N(f/-) MEFs compared that in Nrf2 (+/+)
MEFs (Fig. 3D). These results illustrate that nodidie induction of HO-1 occurs through
NRF2/ARE activation.

2.2. Chemistry

We have recently reported the asymmetric total hegis of marliolide2 [17].
Synthesis of marliolid® and its Z)-isomer3 is described in Fig. 4A. With marliolid2 in
hand, we prepared saturated marlioddey catalytic hydrogenation @using B Pd/C (5%)
in presence of acetic acid [18]. Interestingly,nglavith the hydrogenated produt(73%),
we isolated and identified compoubd10%) in minor proportion, which is formed by the
hydrogenation of alkene and coincident dehydroxyfaat 3-position (Fig. 4B). During our
attempt to synthesizp-ketoy-butyrolactone by oxidation of secondary hydroxybup in
marliolide, we obtained compour@ifrom unexpected rearrangement. Hence, to check out
the effects of3-hydroxyl group, we turned our attention to synihi@g compound without
affecting other functionalities &. First, hydrogenation of internal olefinic bond@rusing
H,, Pd/C (5%) in presence of acetic acid afforded campd, followed by elimination of
secondary alcohol produced the desired compd@iféig. 4B). Further, compouné was
prepared by reacting with isovaleryl chloride in presence of DMAP. Tavestigate the
effect of chirality of y-methyl in marliolide, we utilized our strategy &ynthesizeepi-
marlioide 11 by way of the known sequential reactions (Fig. 4C9ndensation of the key
intermediate lactoneepi-1 with myristyl aldehyde, selective protection ofsuding
diastereomeric diol with TBS, and mesylation of agmng alcohol followed by elimination
afforded 10 in 16% yield for three steps. Finally, treatmehtl® with HCI produced the
desired epimer of marliolidg,1 [17]. A series of marliolide derivative22-31 with different
chain length ati-position were also prepared according to the presly reported general
methods (Fig. 4D).

2.3. Structure Activity Relationship of Marliolide

It is generally accepted that NRF2/ARE-dependemtegactivation by chemicals
largely occurs via three ways: (1) direct conjugiatand subsequent inactivation of KEAP1
by Michael reaction [19], (2) direct inhibition eten NRF2 and KEAP1 interface [20], and
(3) activation of intracellular signaling pathwaysading to NRF2 transactivation [21]. A

close examination of marliolide structure showst titacontainsa,f—unsaturated lactone



moiety belonging to Michael acceptor class. Thisgned us to examine whether marliolide
induction of HO-1 could be attributable to its himgl to KEAP1. After synthesizing
biotinylated marliolide (please refer to Supportimjormation), we incubated biotin and
biotinylated marliolide (Fig. 5A, Left Panel) withlaCaT cell lysates and performed an
immunoprecipitation with streaptavidin-agarose bdalibwed by Western blotting with
KEAP1 and NRF2 antibodies. As a result, we obsemad biotinylated marliolide could
selectively bind to KEAP1, but not NRF2 (Fig. 5AgRt Panel).

After setting up a hypothetic mechanism of HO-1uicitbn by marliolide: marliolide
binds to KEAP1 through Michael reaction (Fig. 5B synthesized a number of marliolide
derivatives and examined their effects on HO-1llavédaCaT cells (Fig. 5C). As expected,
marliolide @) caused a strong time-dependent induction of H@-&lso induced HO-1,
although its induction kinetic was retarded comgangth 2. However,4 failed to induce
HO-1, providing a convincing clue that marliolideduction of HO-1 might occur via
Michael reaction. This hypothesis could be furteeamined by the use of another marliolide
derivative, in which the carbonyl group of theéutyrolactone ring was reduced into the
hydroxyl group. In spite of repetitive efforts, hever, we failed to synthesize this derivative
due to its intrinsic instability: this might be due hemi-ketal formation and subsequent
opening ofy-butyrolactol ring (Data not shown). In additione wbserved that bothand8
failed to induce HO-1. The failure &fto induce HO-1 was somewhat unexpected in that the
hydroxyl group ofy-butyrolactone ring did not seem to participateMichael reaction.
Although the exact reason is unclear, the obs@mwathat9 failed to induce HO-1 renders a
strong support that hydroxyl group+rbutyrolactone ring is critical for the inductiof ldO-

1 by marliolide. Finally, we observed thit induced HO-1, although its induction kinetic
was slower tha. This indicates that configuration of hydroxyl gpodoes not significantly
interfere with the ability of marliolide to indu¢¢O-1.

We conducted a second set of SAR study to ask whetrying the aliphatic chain
length of marliolide could affect the degree of HGnduction (Fig. 5D). We observed that
both 22 and 23 failed to induce HO-1. When compared w&h24 exerted a weaker arth
exhibited a retarded induction of HO-1. In contr&&, 27, 28, and29 seemed to exhibit
equivalent induction of HO-1 compared wizhwhile 30 and31 exerted a weaker or delayed
induction of HO-1 compared with. To quantitatively compare the induction level of 1O
MRNA, we expose@, 26, 27, 28, and29 to HaCaT cells and conducted real-time RT-PCR



assay at different time points with HO-1 specifraners. Compared witR, 29 exhibited a
stronger induction of HO-1 mRNA at 4 h post-treatn@6, 27, 28, and 29 exhibited a
stronger induction of HO-1 mRNA at 8 h post-treatin@nd26 and27 exhibited a stronger
induction of HO-1 mRNA at 12 h post-treatment (FB@). This result suggests thzg, 27,
28, and 29 can exhibit a stronger induction of HO-1 mRNA thararliolide in vitro,
depending on the exposure time. Finally, our MT$agsresult showed that all marliolide

derivatives used in the present study were noteyioto HaCaT cells (Fig. 5E).
2.4. Marliolide Attenuates DM BA/T PA-induced Papilloma Formation in HairlessMice.

Because marliolide strongly induced NRF2/ARE-demendHO-1 in HaCaT cells,
we examined whether marliolide could induce NRF& phase |l cytoprotective enzymies
vivo. To address this issue, we have topically apphediolide and29, which induced HO-1
MRNA comparably or stronger than marliolide (Fi@@)Sn the back of hairless mice and
conducted Western blotting using mouse skin lys&es results showed that both marliolide
and 29 increased the expression of NRF2 and phase lpoytective enzymes (HO-1 and
GCLC) in mouse skin (Fig. 6A). Because carcinogsnesjuires multiple genetic mutations
that can be facilitated by exposure to oxidativesst [22], we assumed that marliolide would
exhibit anti-oxidant activities through inductiof MRF2/HO-1 to inhibit carcinogenesis
vivo. We adopted DMBA/TPA two-stage mouse skin carcamagis model to address this
question. During the course of study, topical aggtion of marliolide significantly
suppressed the number (Fig. 6B, Upper Panel) acdence (Fig. 6B, Lower Panel) of
DMBA/TPA-induced papilloma in the back of hairlessce. At autopsy, we observed that
marliolide inhibited the growth of DMBA/TPA-inducgehpilloma (Fig. 6C) and suppressed
thein vivo formation of 8-hydroxyguanosine (8-OH-G) and 44lopgnoneal (4-HNE) (Fig.
6D), both of which are well-known oxidative stresmrkers. These results suggest that

marliolide exhibits significant anti-oxidant andtiacarcinogenic effects vivo.



3. Conclusion

Previous studies have demonstrated that inductioNRF2/HO-1 can alleviate
diverse oxidative stress-related disorders sucbaaser [23], diabetes [24], cardiovascular
diseases [25, 26]. In addition, natural compouhds possess the ability to induce HO-1 and
NRF2 can inhibit development of inflammatory diseaf27, 28]. Therefore, exploring new
NRF2/HO-1 activators for treatment of pro-inflamorgt diseases aroused significant
commercial interests in the last decade. One exangphn oral formulation of dimethyl
fumarate (DMF), which was developed for patientshwecurrent multiple sclerosis (MS)
and finally approved by the Food and Drug Admirisen in 2013 [29]. In line with this idea,
we found that marliolide was not cytotoxic (Fig.dnd strongly induced HO-1 by eliciting
NRF2-dependent ARE activation in HaCaT cells (Rigind 3). Our results also showed that
marliolide induced HO-1 by acting as Michael acoefor KEAP1, but not NRF2 (Fig. 5A).
In addition, SAR study revealed chemical moietiemarliolide responsible for the induction
of HO-1 (Fig. 5C). It is known that KEAP1 contaiBS cysteine residues in mouse and 27
cysteine residues in human [30]. In particular, sarysteine residues of KEAP1 are located
adjacent to basic amino acid residues. TherefoEEAKL seems to contain reactive cysteine
residues with low K, values, which might serve as excellent targetsMarhael reaction.
However, evidence is still lacking on which cyseeiresidue(s) of KEAP1 form a direct
adduct with marliolide, although several cysteiesidues of KEAP1 (Cys 151, Cys 273 and
Cys 288, for example) were previously proposed ra¢epential sites for Michael reaction
[31].

Our results show that marliolide a®® are efficient inducers of NRF2 and its
downstream targetdn vivo (Fig. 6A). Using DMBA/TPA two-stage mouse skin
carcinogenesis model, we observed that marlioligaifecantly inhibited the incidence of
papilloma in hairless mice (Fig. 6B). The inhibiti@f papilloma formation by marliolide
could be ascribed to its ability to induce NRF2-elggent phase Il cytoprotective enzymes
(Fig. 6A) and lower the degree of oxidative stresgivo (Fig. 6D). Moreover, we note that
26, 27, 28, and 29 elicited a stronger induction of HO-1 mRNA thanrhodide (Fig. 5D) at
certain time points without apparent cytotoxicity HaCaT cells (Fig. 5E). This raises a
possibility that26, 27, 28, and29 could be further harnessed as novel pharmacologads
of NRF2/HO-1 inducers. Becaugé [(-)-licunolide B][32], 28 [(-)-lincomolide B] [33] and
30 [(-)-isodihydromahubanolide B] [34)ere foundn particular species of fungus or plants,



it is possible to speculate tH&t and29 might exist somewhere in nature. However, the iexac
roles of these marliolide derivatives are currenthglear.



4. Experimental Section

4.1. Céll Culture, Chemicals, Plasmids, and Antibodies

DMEM, RPMI, FBS, and penicillin/streptomycin (Petr&p) were purchased from
WELGENE (Daegu, Korea). HaCaT cells were purchdsad Korean Cell line Bank (Seoul,
Korea). HaCaT cells were grown in RPMI media supm@eted with 10% FBS and
Penicillin/Streptomycin (100 U/ml). SulforaphaneMBA, TPA, etoposide, and antibodies
against NRF2, KEAP1, total actin, 8-OH-G were pasdd from Santa Cruz biotechnology
(Santa Cruz, CA, USA). Polybrene was purchased fiktenck-Millipore (Merck-Millipore
Korea, Daejeon, Korea). pGreenfire reporter veetas purchased from System Bioscience
(Palo Alto, CA, USA). Lentiviral helper plasmidsMp2.G and psPAX.2) were acquired
from Addgene (Cambridge, MA, USA). 3x Tandem ARE ®bligonucleotides were bought
from Macrogen (Seoul, Korea), annealed, and subdanto pGreenfire vector using a
double-digestion with Clal and Spel restrictionyamzs. HO-1 antibody was purchased
from Enzo Life Science (Farmingdale, NY, USA). Amdies against GCLC, Cleaved-
Caspase-3 and Cleaved-PARP were purchased fromS@gihling Technology (Beverly,
MA, USA). 4-HNE antibody was purchased from Abca@aihbridge, MA, USA).
Marliolide and all derivatives were dissolved in (vehicle) and used in alh vitro
experiments at a dilution ratio of 1/1000.

4.2. Measurement of Cell-Cycle by Fluorescence-activated Cell Sorting (FACS).

After treatment of marliolide, an equal number dG4T cells (1x1¥group) was
dispensed into glass tubes and fixed with a salutontaining 1x PBS and 70% EtOH at a
ratio of 3:7. After washing with 1x PBS, cells wenixed with propidium iodide (20g/ml)
and the changes in cell-cycle were measured by FA&@kour flow cytometer (Becton
Dickinson, San Jose, CA, USA).

4.3. Immunofluor escence (1 F) Assay

After treatment of marliolide, confluent HaCaT selNere grown on a slice glass and
incubated with blocking serum (1% BSA) for 30 mifter washing with 1x PBS, HaCaT
cells were fixed with paraformaldehyde and hybedizvith primary antibodies overnight at
4°C. These slides were washed with 1x PBS and gdrewéh fluorescein isothiocyanate

(FITC)-conjugated rabbit secondary antibodies (SaskmmunoResearch, West Grove, PA,



USA). The fluorescent images were obtained withd8@focal microscope (Nikon Korea,
Seoul, Korea).

4.4. Generation of HaCaT-GFP-luciferase Cells by Lentiviral Transduction

Using JETPEI reagent (Polyplus-Transfection, NewrkYoNY, USA), 293T
packaging cells were transfected witln@ pGreenFire-ARE plasmid together with lentiviral
helper vectors (3ig pMD2.G and 31g psPAX.2). After 48 h transfection, viral supearst
was collected, filtered, and transduced into camftuHaCaT cells, which were further

selected with puromycin (1g/ml) for 48 h.

4.5. Monitoring GFP and L uciferase Activity in HaCaT-ARE-GFP-luciferase Cells
Established HaCaT-ARE-GFP-luciferase cells wergedlan 24-well culture plates
at a density of 2xT0cells/well. After treatment of marliolide, cellul&FP expression was
observed by fluorescent microscopy. For the luaderassay, HaCaT-ARE-GFP-luciferase
cells were washed with 1x PBS and lyzed with lueai$e lysis buffer [0.1 M potassium
phosphate buffer at pH 7.8, 1 % Triton X-100, 1 rBNIT, 2 mM EDTA]. The luciferase
activities were measured by GLOMAX Multi-systemrdfega, Madison, WI, USA) and

normalized by protein concentration.

4.6. Western Blot Analysis

After treatment of marliolide and derivatives, cuéid cells were collected and
washed with ice-cold 1x PBS buffer. Cells were extiéd by centrifugation and resuspended
with RIPA lysis buffer [50 mM Tris-HCI| at pH 8.0,50 mM NaCl, 1% NP-40, 0.5%
deoxycholic acid, 0.1% sodium dodecyl sulfate (SOSINM NaVO,4, 1 mM dithiothreitol
(DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF)jhace for 30 min. Cell lysates were
collected and protein concentration was measure@®f Protein Assay Kits (Thermo-
Fisher Scientific, Waltham, MA, USA). Equal amounfsell lysates were resolved by SDS-
PAGE and transferred to PVDF membranes. Afterrdicibation in blocking buffer (5% skin
milk in 1x PBST), the membrane was hybridized watppropriated primary antibodies
overnight at 4°. After washing with 1x PBST three times, the meanies were hybridized
with HRP-conjugated secondary antibodies (Thernsotér scientific, Waltham, MA, USA).
After washing with 1x PBST three times, the membgawere finally visualized by ECL
detection system. Total actin blot was used asrmdraloto illustrate an equal loading of



samples.

4.7. Real-time Rever se Transcription-Polymer ase Chain Reaction (RT-PCR)

After treatment of marliolide and derivatives, HaCeells were collected and total
RNA was extracted by Hybrid-R RNA extraction kitg@All, Seoul, Korea). Total RNA
was subject to cDNA synthesis using PrimeScript FOR kit (TAKARA Korea, Seoul,
Korea). Real-time RT-PCR analysis was performedguS§YBR mix on CFX384 Real-time
system (BioRad, Hercules, CA, USA). Amplificatiomofpcol comprises following PCR
cycles: a single cycle of 5 min at 95 40 cycles of 10 sec at @5 10 sec at 58, and 20
sec 72, and a final cycle of 10 sec at 85 Real-time PCR primers used in the present
study are as follows: HO-1 PCR primers [5’-ATGCCOBBATTTGTCAGA-3' (Forward)
and 5-ACCTGGCCCTTCTGAAAGTT-3' (Reverse)] and GAPDPCR primers [5-CAC
AGTCCATGCCATCACTG-3' (Forward) and 5-GTCCACCACTGALGTTG-3
(Reverse)]. The relative mRNA level of HO-1 wasmalized by that of GAPDH.

4.8.MTT assay.

HaCaT cells were seeded in 96 well plate (30,000s/eell) and exposed to
marliolide or its derivatives for 24 h. After wasbiwith 1x PBS, cells were incubated with
100 ul MTT solution (5 mg/ml) for 4 h. After a lysis wit100 ul DMSO, the resulting
absorbance was measured by spectrophotometerwattedength of 560 nm.

4.9. Immunopr ecipitation of KEAP1 by Biotinylated Marliolide

Confluent HaCaT cells were lyzed with RIPA buffelaCaT lysates (80Qg) were
then mixed with biotin (10 nmole) and biotinylatedarliolide (10 nmole) followed by
immunoprecipitation with streptavidin-agarose b¢@ell Signaling Technology, Waltham,

MA, USA) overnight at 4C. After washing beads with ice-cold 1x PBS bufi&estern blot
analysis was conducted using KEAP1 and NRF2 aniésod

4.10. DMBA/TPA-induced Two-Stage Mouse Skin Car cinogenesis M odel

Six-week male hairless mice were purchased fromhBaeBiolink (Eumseong,
Korea). Animals were housed in sterile filter-caghpeicroisolator cages and provided with
water and dietd libitum. After a week acclimation, individual mice wergially applied

with acetone (vehicle) or DMBA (g2mole) once in the first week. Starting from thewet



week, the back of hairless mice were applied wigAT10 nmole) alone or in combination
with marliolide (10umole) three times per week. During the course gqfeement, the
number of papilloma was manually counted at the @ndvery week. At sacrifice, mouse
skin was immersed 30% formalin and embedded infiratzlock. After preparation of slides,
hematoxylin/eosin (H/E) staining was conducted #me images were captured by phase-
contrast microscopy. For immunofluorescence (IF9agsthe slides were hybridized with
primary 8-OH-G and 4-HNE antibodies overnight &t 4and probed with FITC-conjugated
secondary antibodies (Jackson Immunoresearch, 9fese, PA, USA). The fluorescent
image were obtained with C2 confocal microscop&kd@NiKorea, Seoul, Korea). The animal
experiment was carried out under an Institutionain#al Care and Use Committee-approved
Protocol (IACUC-2015-066) from Dongguk Universitydoul, Korea).

4.11. Statistics
Statistical analysis was conducted using Studentsst. Asterisks indicate a
statistical significance with *P<0.05, *P<0.01 afd p<0.001.

4.12. General Chemical Procedures

Except where noted, all the materials were purah&®en commercial suppliers and
used without further purification. All reactions mgeroutinely carried out under an inert
atmosphere of dried nitrogen, in hot-oven driedsgheare. Proton nuclear magnetic
resonance 'H-NMR) Spectra (CDG| DMSO-ds) were recorded on a Varian (400 MHz)
spectrometer (Varian Medical Systems, Inc., Palw ACA, USA). The 1H-NMR data are
reported as peak multiplicities: s for singlet,ad floublet, dd for doublet of doublets, t for
triplet, q for quartet, br s for broad singlet amdfor multiplet. *C-NMR spectra (CDG|
DMSO-ds) were recorded on Varian (100 MHz) spectrometdre Themical shifts are
reported as parts per million (ppm), downfield fraietramethylsilane (TMS) internal
standard relative to the solvent peak with couptingstants in hertz (Hz). Optical rotations
were determined on Jasco P-2000 polarimeter inogpiate solvent. Infrared spectra were
recorded on FT-IR (NICOLET-iS5). Melting points wameasured on Thermoscientific-9200.
Elemental analyses (C, H) were used to determimigypaf all synthesized compounds, and
the results were within + 0.4% of the calculatetlga, confirming > 95% purity (EA1110
CHNS-0, CE Instrument, Italy). Reactions were mmmedl with TLC (Merck precoated
60F254 plates). Spots were detected by viewing uaddV light, colorizing with charring



after dipping in anisaldehyde solution or basic Krsolution. Column chromatography
was performed on silica gel 60 (230-400 mesh Kgeded0). The mass spectra were recorded
using LRMS (electron ionization MS) obtained on hingadzu-2020 or using HRMS

(electrospray ionization MS) obtained on a G2 QTadSs spectrometer.

4.13. Synthetic Procedures of Marliolide and Its Derivatives

(E,4S,55)-Dihydro-4-hydr oxy-5-methyl-3-tetradecylidenefuran-2(3H)-one,  marliolide
(2). Marliolide 2 was obtained as off-white solid in accordance wehorted procedure [17]
starting fromD-ribose: mp 72-74C; [0]*%>= -92.0 (c=1.0, CHG):; 'H NMR (400 MHz,
CDCl) 6 6.97-6.93 (tJ = 8.0 Hz, 1H), 4.83-4.81 (f] = 5.2 Hz, 1H), 4.56-4.50 (m, 1H),
2.45-2.34 (m, 2H), 1.65-1.59 (m, 1H), 1.56-1.50 gH), 1.45 (dJ = 6.8 Hz, 3H), 1.39-1.25
(bs, 20H), 0.88 (t) = 6.4 Hz, 3H)*C NMR (100 MHz, CDGJ) ¢ 169.9, 147.8, 130.5, 78.7,
67.8, 31.9, 29.9-29.4, 28.4, 22.7, 14.1, 14.0;rBaf) 3383, 2920, 2846, 1745, 1692, 1212,
1050 cm'; HRMS (ESI)m/z calcd for GgH3405[M+H] ™ 311.2583, found: 311.2583; Anal.
calculated for @H3403: C, 73.50; H, 11.04, found: C, 73.48; H, 11.03.

(Z,4S,59)-Dihydr 0-4-hydr oxy-5-methyl-3-tetradecylidenefur an-2(3H)-one 3.
Compound3 was obtained as off-white solid in accordance waghorted procedure [17]: mp
55-57°C; [0]*b= -50.1 (c=0.6, CHG); *H NMR (400 MHz, CDCJ) § 6.58-6.54 (tJ = 6.4
Hz, 1H), 4.66-4.64 (t) = 5.6 Hz, 1H), 4.56-4.52 (m, 1H), 2.80-2.68 (m, 2HYO0 (d,J = 6.0
Hz, 1H), 1.50-1.42 (m, 2H), 1.39 (@z= 6.4 Hz, 3H), 1.39-1.25 (bs, 20H), 0.88)t 6.4 Hz,
3H); **C NMR (100 MHz, CDGJ) § 168.9, 149.9, 129.2, 77.9, 71.4, 31.9, 29.7-29%3,
28.8, 27.9, 22.6, 14.1, 14.1; IR (neat) 3383, 223346, 1745, 1692, 1212, 1050 ¢nhCMS
(ESI) mvz calcd for GeHz403[M+H] *: 311.26, found: 311.35; Anal. calculated foplds,Os:
C, 73.50; H, 11.04, found: C, 73.35; H, 10.01.

(3R,4S,5R)-3-Dihydr 0-4,5-dihydr oxy-3-tetradecylfuran-2(3H)-one (4) and (3R,5R)-3-
Dihydro-5-hydroxy-3-tetradecylfuran-2(3H)-one (5). To a stirred solution of (30 mg,
0.096 mmol) in ethanol (1 ml), were added 5% P&@nf) and AcOH, and the suspension
was stirred overnight under an atmosphere of hyarag room temperature. The resulting
suspension was filtered through a pad of celite tedfiltrate was evaporated. The crude
residue was purified by silica gel column chromaaplpy (hexanes/EtOAc=9:1 v/v) to afford
4 (22 mg, 73%) as off-white solid: mp 91-93; [0]*%= -33.3 (c=1.0, CHG); *H NMR (400



MHz, CDCL) 6 4.48-4.42 (m, 1H), 4.31 (f] = 3.8 Hz, 1H), 2.54 (m, 1H), 2.32 (bs, 1H),
1.85-1.76 (m, 1H), 1.7-1.58 (m, 1H), 1.44 {d&s 6.4 Hz, 3H), 1.44-1.39 (bm, 2H), 1.3-1.25
(bs, 22H), 0.88 (t) = 6.6 Hz, 3H):"*C NMR (100 MHz, CDGJ) § 178.1, 79.1, 71.1, 47.6,
29.3-29.7, 31.9, 27.6, 23.3, 22.7, 14.1, 13.7;nBaf) 2913, 2851, 1731, 1588, 1203'tm
HRMS (ESI)m/z calcd for GeH3s03 [M+H]™: 313.2743, found: 313.2758; Anal. calculated
for CigHs360s3: C, 73.03; H, 11.61, found: C, 73.38; H, 11.73.intended minor product,
compound5 (3 mg, 10.4%) was obtained as off-white solid: n§6b °C; [0]*%= -11.9
(c=0.28, CHCJ); *H NMR (400 MHz, CDC}) 6 4.46 (m, 1H), 2.63-2.55 (m, 1H), 2.5-2.43
(m, 1H), 1.95-1.89 (bm, 1H), 1.46 (m, 1H), 1.42 Jd; 6.0 Hz, 3H), 1.31-1.25 (bs, 25H),
0.88 (t,J = 6.6 Hz, 3H);**C NMR (100 MHz, CDGJ) ¢ 179.0, 75.0, 41.5, 37, 31.9, 30.3,
29.3-29.6, 27.4, 22.6, 21.0, 14.1; IR (neat) 22816, 1757, 1466, 1206 EMHRMS (ESI)
m/z calcd for GgHseO, [M+H]™: 297.2794, found: 297.2637; Anal. calculated fasHzs0.:

C, 76.97; H, 12.24, found: C, 76.89; H, 12.23.

(S)- 3-(1-Hydroxyotetradecyl)-5-methylfuran-2(5H)-one (6). To a solution o2 (15 mg,
0.05 mmol) in acetone (1 ml), Jones reagent (0.%pnmelpared from 35 mg of &D; + 0.03

ml of conc. HSO, + 0.5 ml of water at 6C)) was added at 8C. Reaction mixture was
slowly warmed to room temperature and stirred fér. Fhe reaction mixture was quenched
with sat. NaHCQ@ solution and extracted with ethyl acetate. Comiineganic layer was
dried over MgS@Q filtered and evaporated. The crude residue wasigul by silica gel
column chromatography (hexanes/EtOAc=9:1 v/v) te @i (10 mg, 66%) as off-white solid:
'H NMR (400 MHz CDC}) 6 7.19 (m, 1H), 5.09-5.04 (m, 1H), 4.48 (m, 1H), 11863 (m,
2H), 1.45 (dJ=6.8 Hz, 3H), 1.25 (bs, 21H), 0.88 J8.6 Hz, 3H).

(59)-Dihydro0-3-(1-hydroxyotetr adecyl)-5-methylfuran-2(3H)-one (7). To a stirred
solution of6 (10 mg, 0.03 mmol) in ethanol (1 ml), were addathlytic amount of AcOH
and 5% Pd/C (2 mg) and the flask was sealed witlidaogen balloon. The suspension was
stirred at room temperature for 1 h. The resul8ogpension was filtered through a pad of
celite and the filtrate was evaporated. The cresgdue was purified by silica gel column
chromatography (hexanes/EtOAc=9:1 v/v) to aff@r¢l0 mg, 99%) as off-white solidH
NMR (400 MHz, CDC}) 6 4.49-4.41 (m, 1H), 4.19 (m, 1H), 2.78 (m, 1H), 2(@1, 1H),
2.43 (m, 1H), 2.04-1.95 (bm, 2H), 1.45 (m, 8H),5L(Bs, 42H), 0.89 (m, 6H).



(E,S)-Dihydro-5-methyl-3-tetradecylidenefuran-2(3H)-one (8). To a solution of7 (10 mg,
0.03 mmol) in methylene chloride (1.0 ml), trietyline (0.06 ml, 0.48 mmol) and
methanelsulfonyl chloride (0.01 ml, 0.16 mmol) wadged at GC and the reaction mixture
was stirred at the same temperature for 3 h. EXCE#s(0.06 ml, 0.48 mmol) was added and
the reaction mixture was slowly warmed to 245 and maintained overnight. Reaction
completion was monitored by TLC. Reaction mixturaswdiluted with methylene chloride
and washed with sat. NaHG@olution. Organic layer was dried over MgS®itered and
evaporated. The crude residue was purified by asilgel column chromatography
(hexanes/EtOACc=9.8:0.2 v/v) to affoBl(1.6 mg, 17%E-isomer) as white solid’H NMR
(400 MHz, CDCH}) 6 6.7-6.75 (m, 1H), 4.69-4.64 (m, 1H), 3.02 (m, 1R}¥3-2.37 (m, 1H),
2.18-2.12 (m, 2H), 1.48 (m, 2H), 1.42 (+ 6.4 Hz, 3H), 1.25 (bs, 20H), 0.89 Jt= 6.8 Hz,
3H).

(E,2S,39)-Tetrahydr o-2-methyl-5-oxo-4-tetradecylidenefuran-3-yl ~ 3-methylbutanoate
(9). To a stirred solution a2 (25 mg, 0.08 mmol) in methylene chloride (2 mlgres added
DMAP (49 mg, 0.41 mmol) and isovaleryl chloride (A3, 0.61 mmol). The reaction
mixture was stirred at room temperature overnighe reaction mixture was quenched with
sat. NaHCQ@ solution and extracted in methylene chloride (3es). Combined organic layer
was washed with brine solution, dried over MgS@itered and evaporated. The crude
residue was purified by silica gel column chromaaplpy (hexanes/EtOAc=9:1 v/v) to afford
9 (25 mg, 79%) as a syrupy solid]{’o= -73.5 (c=0.88, CHG); *H NMR (400 MHz, CDC})

0 6.98 (dt,J = 8.0, 1.4 Hz, 1H), 6.06 (d, = 4.8 Hz, 1H), 4.69-4.63 (m, 1H), 2.29-2.22 (m,
2H), 2.25 (dJ = 7.2 Hz, 2H), 2.15-2.08 (m, 1H), 1.48 (m, 2H),5.(8,J = 6.0 Hz, 3H), 1.25
(bs, 20 H), 0.97 (s, 3H), 0.96 (s, 3H), 0.88), 6.8 Hz, 3H);**C NMR (100 MHz, CDGJ) 6
172.1, 169.2, 148.8, 126.7, 68.2, 43, 31.9, 3(02%-29.3, 28.2, 25.6, 22.6, 22.3, 14.2, 14.1;
IR (neat) 2926, 2853, 1767, 1737, 1680, 1455, 12892, 989, 759 cih HRMS (ESI)m/z
calcd for G4Hs20, [M+H]™: 395.3161, found: 395.3169; Anal. calculated fesHz,0s4: C,
73.05; H, 10.73, found: C, 73.58; H, 10.63.

(E,4R,55)-Dihydr o-4--(tert-butyldimethysilyl)-5-methyl-3-tetr adecylidenefuran-2(3H)-
one (10). To a stirred solution of lithium diisopropylamid20(37 mmol, 2.0 M in heptane) in
THF (2 ml) at -78°C, was added a solution epi-1 (500 mg, 4.31 mmol) in THF (5 ml)

dropwise via syringe under Nitmosphere. After 2 h of stirring, a solution of riatyl



aldehyde (1.1 g, 5.17 mmol) in dry THF (5 ml) anMPA (5 ml) was added dropwise via
syringe at -78C and the reaction mass was allowed to warm tfC36ver a period of 3 h
and the same temperature was maintained for 3 &.r@&ction mixture was quenched with
30 ml of sat. NHCI and extracted with EtOAc (50ml x 3). Combineganic layer washed
with sat. brine, dried over MgS(Xiltered and evaporated. The crude residue wafguiby
silica gel column chromatography (EtOAc/&E,=0-20% EtOAc) gave diastereomeric
mixture product diol (384 mg). The purified produeas taken for next step without further
analysis. To a stirred solution of above product{Immol) in DMF (4 ml) at RT, imidazole
(2.34 mmol) andert-butyldimethylchlorosilane (1.4 mmol) were addedi@nN, atmosphere
and the reaction mixture was stirred for overnigtgaction mixture was quenched with sat.
NaHCGO; and extracted with EtOAc. Organic layer was drackr MgSQ, filtered and
evaporated. The crude residue was purified by asilgel column chromatography
(hexanes/EtOAc=9:1v/v) gave TBS protected diastagr@ mixture product (311 mg). The
purified product was taken for next step withouttier analysis. To a stirred solution of TBS
protected product (0.702 mmol) in @&, (4.0 ml), triethylamine (10.6 mmol) and
methanelsulfonyl chloride (3.44 mmol) were added &C and the reaction mixture was
stirred at the same temperature for 3 h. Excess ({2 mmol) was added and the reaction
mixture was slowly warmed to 4% and the temperature was maintained for overnight.
Reaction completion was monitored by TLC. Reactiorture was diluted with CyCl, and
washed with sat. NaHGOOrganic layer was dried over MgaQiltered and evaporated.
The crude residue was purified by silica gel columohromatography
(hexanes/EtOAc=9.8:0.2 v/v) to afford&d (214 mg, 16% for three steps) as a white solid:
mp 52-54°C; *H NMR (400 MHz, CDCJ) & 6.95-6.91 (tJ = 6.6 Hz, 1.2, 1H), 4.51 (s, 1H),
4.43-4.38 (qJ = 6.6 Hz,1H), 2.34-2.23 (m, 2H), 1.51-1.45 (m, 2H}B (d,J = 6.8 Hz, 3H),
1.26 (bs, 20H), 0.88 (bm, 12H), 0.13 Jds 6.8 Hz, 6H).

(E,4R,55)-Dihydro0-4-hydroxy-5-methyl-3-tetradecylidenefuran-2(3H)-one (11). To a
solution of10 (150 mg, 0.35 mmol) in methanol (5 ml), 1M HCI30nl) was added and the
reaction mixture was heated to %D and maintained overnight. The reaction completias
monitored by TLC. Reaction mixture was cooled tomotemperature, evaporated in high
vacuo. The crude residue dissolved in ethyl acetagshed with sat. NaHGGsolution.
Organic layer was dried over MggQiltered and evaporated. The crude residue wafigul

by silica gel column chromatography (hexanes/EtCAt=v/v) to givell (77 mg, 70%) as



off-white solid: mp 48-56C; [a]*%>= 42.6 (c=0.1, CHG); *H NMR (400 MHz, CDC}) 4 7.0
(t, J = 8.0, 1H), 4.55 (dJ = 6.4 Hz, 1H), 4.52-4.47 (m, 1H), 2.8-2.2 (m, 292 (bs, 1H),
1.54-1.48 (m, 2H), 1.35 (d,= 6.4 Hz, 3H), 1.3-1.26 (bs, 20H), 0.88J& 6.6 Hz, 3H);*C
NMR (100 MHz, CDC)) ¢ 169.4, 148.6, 129.3, 82.4, 72.2, 31.9, 29.7-2883, 22.6, 19.7,
14.1; IR (neat) 3365, 2919, 2846, 1723, 1681, 1483], 1265, 1047 cmHRMS (ESm/z
calcd for GgH3403 [M+H]™: 311.2586, found: 311.2573; Anal. calculated fasHz:0s: C,
73.50; H, 11.04, found: C, 73.48; H, 11.01.

General procedurefor the preparation of compounds 12-21

To a stirred solution of lithium diisopropylamidé.% eq., 2.0 M in heptane) in THF at -7,
was added a solution &f(1eq.) in THF dropwise via syringe undeyd@imosphere. After 2 h
of stirring, a solution of proper aldehyde (1.2eq.9lry THF and HMPA (1:1, v/v) was added
dropwise via syringe at -7& and the reaction mass was allowed to warm td’c30ver a
period of 3 h and the same temperature was magudior 3 h. The reaction mixture was
guenched with sat. Ni€I and extracted with EtOAc (three times). Combieganic layer
washed with brine, dried over MggCfiltered and evaporated. The crude residue was
purified by silica gel column chromatography (Et@8ELCI,=0-20% EtOAc) gave
diastereomeric mixture product. The purified prdduas taken for next step without further
analysis. To a stirred solution of above produeg(lin DMF at RT, imidazole (2.0 eq.) and
tert-Butyldimethylchlorosilane (1.2 eq.) were addetler N atmosphere and the reaction
mixture was stirred overnight. Reaction mixture w@senched with sat. NaHGGand
extracted with EtOAc. Organic layer was dried oSO, filtered and evaporated. The
crude residue was purified by silica gel columnoohatography (hexanes/EtOAc=9:1v/v)
gave TBS protected diastereomeric mixture prodLue purified product was taken for next
step without further analysis. To a stirred solutdd TBS protected product (1 eq.) in &Hp,
triethylamine (15 eq.) and methanelsulfonyl chlerih eq.) were added at°C and the
reaction mixture was stirred at the same tempeardtur3 h. Excess TEA (15 eq.) was added
and the reaction mixture was slowly warmed to°@5and the temperature was maintained
overnight. Reaction completion was monitored by TReaction mixture was diluted with
CH.CI, and washed with sat. NaHGQODrganic layer was dried over MggQiltered and
evaporated. The crude residue was purified by asilgel column chromatography
(hexanes/EtOAc=9.8:0.2 v/v).



(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-butylidenefuran-2(3H)-one (12)

Waxy solid, yield 13% (for 3 steps): mp 32-%2; 'H NMR (400 MHz, CDCJ): § 6.8 (t,J =

7.8 Hz, 1H), 4.8 (dJ = 4.8 Hz, 1H), 4.45 (m, 1H), 2.38-2.25 (m, 2H), 2548 (m, 2H),
1.37 (d,J=6.4 Hz, 3H), 0.98 (1) = 7.2 Hz, 3H), 0.89 (bs, 9H), 0.11 (s, 6H).

(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-hexylidenefur an-2(3H)-one (13)
Colorless oil, yield 14% (for 3 stepsH NMR (400 MHz, CDCJ) § 6.67 (t,d = 7.2 Hz, 1H),
4.7 (d,J=4.8 Hz, 1H), 4.35 (m, 1H), 2.28-2.14 (m, 2H),3#132 (m, 2H), 1.26 (dl = 6 Hz,
3H), 1.22-1.17 (bm, 4H), 0.78 (bs,12H), 0.00 ()6

(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-octaylidenefur an-2(3H)-one (14)
Colorless oil, yield: 14% (for 3 stepsH NMR (400 MHz, CDC}J) 6 6.8-6.76 (tJ = 7.6Hz,
1H), 4.83 (dJ = 4.4 Hz, 1H), 4.45-4.4 (m, 1H), 2.37-2.25 (m, 2H)53-1.41 (m, 2H), 1.37
(d,J = 6.4 Hz, 3H), 1.32-1.27 (bm, 8H), 0.89 (bs, 9HRS(t,J = 7.6 Hz, 3H), 0.11 (s, 6H).

(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-nonylidenefur an-2(3H)-one (15)
Colorless oil, yield 12% (for 3 stepsi NMR (400 MHz, CDCY) ¢ 6.8-6.76 (tJ = 7.8Hz,
1H), 4.84 (dJ = 4.8 Hz, 1H), 4.45-4.12 (m, 1H), 2.39-2.25 (m, 2HpB3-1.41 (m, 2H), 1.37
(d,J=6.4 Hz, 3H), 1.27 (bs, 10H), 0.89 (bs, 9H), 088 = 8 Hz, 3H), 0.11 (s, 6H).

(E,4S,55)-3-Decylidene-dihydr o-4-(tert-butyldimethysilyl)-5-methylfur an-2(3H)-one (16)

Colorless oil, yield 13% (for 3 stepsi NMR (400 MHz, CDC}) § 6.8-6.76 (dtJ = 1.4,
6.8Hz, 1H), 4.84 (dJ = 4.8 Hz, 1H), 4.47-4.41 (m, 1H), 2.39-2.25 (m, 2#)%63-1.43 (m,
2H), 1.37 (dJ = 6.8 Hz, 3H), 1.32-1.26 (bs, 12H), 0.89 (bs, 9®88 (t,J = 7.2 Hz, 3H),
0.11 (s, 6H).

(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-undecylidenefur an-2(3H)-one
17)

Colorless oil, yield 13% (for 3 steps}4 NMR (400 MHz, CDCJ) J 6.8-6.64 (tJ = 7.8Hz,
1H), 4.72 (dJ = 4.8 Hz, 1H), 4.35-4.29 (m, 1H), 2.28-2.14 (m, 2H}2-1.31 (m, 2H), 1.26
(d,J=6 Hz, 3H), 1.15 (bs, 14H), 0.78 (bs, 9H), 0.70 & 6.8 Hz, 3H), 0.0 (s, 6H).

(E,4S,55)-3-Dodecylidene-dihydr o-4-(tert-butyldimethysilyl)-5-methylfur an-2(3H)-one



(18)

Colorless oil, yield 13% (for 3 stepsH NMR (400 MHz, CDCJ) J 6.8-6.76 (tJ = 7.6 Hz,
1H), 4.84 (dJ = 4.4 Hz, 1H), 4.47-4.41 (m, 1H), 2.39-2.25 (m, 2HpB3-1.41 (m, 2H), 1.37
(d,J = 6.4 Hz, 3H), 1.26 (bs, 16H),0.89 (bs, 9H), 0.88 € 7.6 Hz, 3H), 0.11 (s, 6H).

(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-tridecylidenefur an-2(3H)-one
(19)

Colorless oil, yield 14% (for 3 stepsH NMR (400 MHz, CDCY) 6 6.8-6.76 (dtJ = 1.4, 7.6
Hz, 1H), 4.83 (d,J) = 4.4 Hz, 1H), 4.46-4.4 (m, 1H), 2.37-2.25 (m, 2#)53-1.42 (m, 2H),
1.37 (d,J = 6.4 Hz, 3H), 1.26 (bs, 18 H), 0.89 (bs, 9H), Q88 = 7.2 Hz, 3H), 0.11 (s, 6H).

(E,Z,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-hexadecylidenefur an-2(3H)-
one (20)

Colorless oil, yield 13% (for 3 stepdd NMR (400 MHz, CDCJ) § 6.8 (t,J = 7.8 Hz, 1H),
4.84 (d,J= 4.4 Hz, 1H), 4.46 (m, 1H), 2.39-2.25 (m, 2H),3B41 (m, 2H), 1.37 (A= 6.8
Hz, 3H), 1.29 (bs, 24H), 0.89 (bs, 9H), 0.881&, 7.2 Hz, 3H), 0.11 (s, 6H).

(E,4S,55)-Dihydr o-4-(tert-butyldimethysilyl)-5-methyl-3-octadecylidenefur an-2(3H)-one

(21)

Colorless oil, yield 13% (for 3 stepstf NMR (400 MHz, CDCY)) § 6.8-6.75 (dtJ = 1.6,
7Hz, 1H), 4.83 (dJ = 4.4 Hz, 1H), 4.45-4.4 (m, 1H), 2.37-2.27 (m, 2H}%1-1.4 (m, 2H),
1.37 (d,J = 6.8 Hz, 3H), 1.25 (bs, 28 H), 0.9 (bs, 9H), 088 = 7.2 Hz, 3H), 0.11 (s, 6H).

General procedurefor the preparation of compounds 22-31

To a stirred solution of above TBS protected prod0@ mmol) in methanol (4 ml), 1M aq.
HCI (0.2 ml) was added, and the reaction mixturs slawly heated to 68C and maintained
overnight. The reaction completion was monitoredTh{. Reaction mixture was cooled to
room temperature, volatiles were evaporated. Theecresidue was dissolved in EtOAc,
washed with sat. NaHGOOrganic layer was dried over MgaQiltered and evaporated.
The crude residue was purified by silica gel coluchmnomatography (hexanes/EtOAc=4:1

vIv).



(E,4S,55)-3-Butylidene-dihydr o-4-hydr oxy-5-methylfuran-2(3H)-one (22). Compound22
was obtained as waxy white solid (65%): mp 44°86 [0]*%= -174.7 (c=1.2, CHG); *H
NMR (400 MHz, CDC4) ¢ 6.9 (dt,J = 6.4, 1.4 Hz, 1H), 4.8 (1 = 5.8 Hz, 1H), 4.57-4.5 (m,
1H), 2.44-2.33 (m, 2H), 1.9 (d,= 7.2 Hz, 1H) 1.62-1.53 (m, 2H), 1.45 = 6.8 Hz, 3H),
0.98 (t, J = 7.2 Hz, 3H)C NMR (100 MHz, CDGJ) § 170.0, 147.5, 130.7, 78.7, 67.7,
31.7, 21.7, 13.9, 13.8; IR (neat): 3415, 2960, 11874, 1196, 1035, 987 cMHRMS (ESI)
m/z calcd for GH1405 [M+H]": 171.1021, found: 171.1017; Anal. calculated fgHGOs: C,
63.51; H, 8.29, found: C, 63.25; H, 8.41.

(E,4S,55)-3-Hexylidene-dihydr 0-4-hydr oxy-5-methylfuran-2(3H)-one (23). Compound23
was obtained as waxy white solid (75%j)}°fo= -115.3 (c=2.4, CHG); *H NMR (400 MHz,
CDCls) 6 6.95 (t,J = 7.8, 1H), 4.8 (tJ = 5.2 Hz, 1H), 4.57-4.5 (m, 1H), 2.45-2.32 (m, 2H),
2.2 (bs, 1H) 1.55-1.5 (m, 2H), 1.47 (&= 6.8 Hz, 3H), 1.39-1.29 (m, 4H), 0.91 J& 6.8 Hz,
3H); *C NMR (100 MHz, CDGJ) § 170.2, 147.8, 130.4, 78.9, 67.7, 31.4, 29.8, 28214,
13.9; IR (neat): 3408, 2928, 1728, 1674, 1200, 1@84 cm'; HRMS (ESI)m/z calcd for
C11H1g03 [M+H]™: 199.1334, found: 199.1341; Anal. calculated fefHzsO3: C, 66.64; H,
9.15, found: C, 66.95; H, 9.17.

(E,4S,55)-Dihydr o-4-hydr oxy-5-methyl-3-octaylidenefuran-2(3H)-one (24). Compound
24 was obtained as a syrupy solid (66%): mp 42@4[«]*°p= -123.1 (c=0.092, CHG); 'H
NMR (400 MHz, CDC}) 6 6.93-6.89 (dt,) = 0.8, 8.2 Hz, 1H), 4.87 (bs, 1H), 4.56-4.52 (m,
1H), 2.54 (bs, 1H), 2.44-2.23 (m, 2H), 1.54-1.49 pH), 1.46 (dJ = 6.4 Hz, 3H), 1.35-1.27
(bm, 8H), 0.88 (tJ = 6.8 Hz, 3H);"*C NMR (100 MHz, CDGCJ) 6 170.4, 147.9, 130.4, 79.1,
67.6, 31.7, 29.8-29, 28.4, 22.6, 14, 13.9; IR (n8av1l, 2925, 2852, 1722, 1676, 1205, 1037,
982 cm; HRMS (ESI)m/z calcd for GsH.,05 [M+H]*: 227.1647, found: 227.1647; Anal.
calculated for @H»,03: C, 68.99; H, 9.80, found: C, 69.32; H, 9.91.

(E,4S,55)-Dihydr o-4-hydr oxy-5-methyl-3-nonylidenefuran-2(3H)-one (25). Compound
25 was obtained as low melting solid (72%): mp 45%87[0]*°o= -110.2 (c=0.104, CHG);
'H NMR (400 MHz, CDCJ) § 6.93-6.89 (dtJ = 1.2, 8.4 Hz, 1H), 4.82 (] = 4.8 Hz, 1H),
4.57-4.5 (m, 1H), 2.45-2.34 (m, 2H), 1.82 (bs, 1HE6-1.48 (m, 2H), 1.47 (d,= 6.8 Hz,
3H), 1.39-1.27 (bm, 10H), 0.88 (,= 6.8 Hz, 3H);"*C NMR (100 MHz, CDGCJ) § 170,
147.8, 130.4, 78.7, 67.7, 31.8, 29.8-29.1, 28.46,2P4, 13.9; IR (neat) 3381, 2921, 2844,



1722, 1688, 1456, 1208, 1039, 980 tnHRMS (ESI) m/z calcd for G4H2403 [M+H]™:
241.1804, found: 241.1804; Anal. calculated fauHz,O3: C, 69.96; H, 10.07, found: C,
69.56; H, 9.95.

(E,4S,55)-3-Decylidene-dihydr 0-4-hydr oxy-5-methylfuran-2(3H)-one, (-)-licunolide B
(26). Compound26 was obtained as off-white solid (77%): mp 51%3 [0]*5= -112.9
(c=0.096, CHGJ: *H NMR (400 MHz, CDC}) 6 6.94-6.89 (dtJ = 1.2, 8.4 Hz, 1H), 4.82 (8,

= 5.2 Hz, 1H), 4.56-4.51 (m, 1H), 2.47-2.23 (m, 2RIB6 (bs, 1H), 1.53-1.49 (m, 2H), 1.46
(d,J = 6.8 Hz, 3H), 1.33-1.26 (m, 12H), 0.88Jt 7.2 Hz, 3H);*C NMR (100 MHz, CDG))

0 170.3, 147.9, 130.4, 79, 67.6, 31.8, 29.8-29.24,2%.6, 14.1, 13.9; IR (neat) 3382, 2921,
2848, 1726, 1694, 1457, 1203, 1028, 980'chiRMS (ESI)m/z calcd for GsHz6O3[M+H] *:
255.196, found: 255.196; Anal. calculated fasH;6O3: C, 70.83; H, 10.30, found: C, 70.56;
H, 10.18.

(E,4S,55)-Dihydr o-4-hydr oxy-5-methyl-3-undecylidenefur an-2(3H)-one (27). Compound
27 was obtained as off-white solid (70%): mp 58260 [0]*°>= -111.5 (c=0.072, CHG); 'H
NMR (400 MHz, CDC}) ¢ 6.95-6.91 (dtJ = 8.0, 1.4 Hz, 1H), 4.81 (§,= 5.4 Hz, 1H), 4.56-
4.5 (m, 1H), 2.43-2.34 (m, 2H), 2.3 @@= 7.2 Hz, 1H), 1.53-1.48 (m, 2 H), 1.46 (b= 6.8
Hz, 3H), 1.37-1.26 (bs, 14H), 0.88 Jt= 6.8 Hz, 3H);**C NMR (100 MHz, CDGJ) ¢ 170.1,
147.8, 130.4, 78.8, 67.7, 31.9, 29.3-29.8, 28.47,2P4.1, 13.9; IR (neat) 3381, 2920, 2846,
1723, 1688, 1457, 1262, 1026, 982 %nHRMS (ESI)m/z calcd for GeH2g0s [M+H]™:
269.2117, found: 269.2118; Anal. calculated fQeHZsOs: C, 71.60; H, 10.52, found: C,
71.89; H, 10.63.

(E,4S,55)-3-Dodecylidene-dihydr o-4-hydr oxy-5-methylfuran-2(3H)-one, (-)-lincomolide

B (28). Compound28 was obtained as off-white solid (68%): mp 6395 [0]*>= -90.2
(c=0.084, CHG: *H NMR (400 MHz, CDCY) § 6.93-6.89 (dt) = 0.8, 8.2 Hz, 1H), 4.87 (bs,
1H), 4.56-4.52 (m, 1H), 2.45 (bs, 1H), 2.45-2.36 2H), 1.53-1.49 (m, 2H), 1.46 (d~= 6.8
Hz, 3H), 1.26 (bs, 16H), 0.88 (t= 6.6 Hz, 3H)*C NMR (100 MHz, CDGJ) 6 170.3, 147.9,
130.4, 79, 67.6, 31.9, 29.8-29.3, 28.4, 22.6, 14319; IR (neat) 3381, 2920, 2847, 1721,
1692, 1460, 1215, 1031, 983 ¢nHRMS (ESI)m/z calcd for G7Hz0Os[M+H] *: 283.2273,
found: 283.2273; Anal. calculated fornE3,0s: C, 72.30; H, 10.71, found: C, 72.78; H,
11.84.



(E,4S,55)-Dihydr o-4-hydr oxy-5-methyl-3-tridecylidenefur an-2(3H)-one (29). Compound
29 was obtained as off-white solid (78%): mp 67268 [0]*>= -109.7 (c=0.084, CHG); 'H
NMR (400 MHz, CDC}) § 6.93-6.89 (dt] = 1.2, 8.4 Hz, 1H), 4.81 (bs, 1H), 4.56-4.5 (m,
1H), 2.45-2.36 (m, 2H), 2.54 (d= 5.6 Hz, 1H), 1.55-1.48 (m, 2H), 1.46 (s 6.8 Hz, 3H),
1.25 (bs, 18H), 0.88 (f = 6.8 Hz, 3H):**C NMR (100 MHz, CDGJ) § 170.2, 147.8, 130.4,
78.9, 67.7, 31.9, 29.8-29.3, 28.4, 22.6, 14.1, ;1IRYneat) 3382, 2917, 2846, 1723, 1691,
1454, 1208, 1033, 987 EMHRMS (ESm/z calcd for GgH3,03[M+H] *: 297.243, found:
297.243; Anal. calculated forigH3,03: C, 72.93; H, 10.88, found: C, 72.74; H, 10.66.

(E,4S,59)-3-Hexadecylidene-dihydr o-4-hydr oxy-5-methylfuran-2(3H)-one, (-)-
isodihydromahubanolide B (30). Compound30 was obtained as off-white solid (74%): mp
78-80°C; [0]*%= -79.8;*H NMR (400 MHz, CDC}) 6 6.98 (t,J = 7.8 Hz, 1H), 4.84 (tJ =
5.6 Hz, 1H), 4.56-4.5 (m, 1H), 2.45-2.32 (m, 2HB5 (bs, 1H) 1.54-1.48 (m, 2H), 1.47 (d,
J = 6.8 Hz, 3H), 1.25 (bs, 24H), 0.89 {t= 6.8 Hz, 3H); **C NMR (100 MHz, CDG) ¢
169.9, 147.8, 130.4, 78.7, 67.7, 31.9, 29.8-283,22.7, 14.1, 13.9; IR (neat): 3880, 2918,
2847, 1724, 1690, 1457, 1265, 1023, 987 cHIRMS (ESI)m/z calcd for GiHagO3 [M+H] ™
339.2899, found: 339.2876; Anal. calculated forHzsOs: C, 74.51; H, 11.31, found: C,
74.38; H, 11.33.

(E,4S,55)-Dihydr o-4-hydr oxy-5-methyl-3-octadecylidenefur an-2(3H)-one (31).
Compound31 was obtained as off-white solid (72%): mp 83%5 [a]*>= -64.8 (c=0.08,
CHCls); *H NMR (400 MHz, CDCY) 6 6.95-6.91 (dtJ = 8.0, 1.4 Hz, 1H), 4.81 (8,= 5.8 Hz,
1H), 4.56-4.50 (m, 1H), 2.45-2.34 (m, 2H), 2.0J& 6.8 Hz, 1H), 1.55-1.49 (m, 2H), 1.48
(d,J=5.6 Hz, 3H), 1.3-1.25 (bs, 28H), 0.88J& 6.8 Hz, 3H);"*C NMR (100 MHz, CDG)
0170.1, 147.8, 130.4, 78.8, 67.7, 31.9, 29.3-28884, 22.7, 14.1, 13.9; IR (neat) 3381, 2913,
2846, 1723, 1689, 1455, 1213, 1026, 987'chRMS (ESI)mVz calcd for GsHas05[M+H] *:
367.3212, found: 367.3214; Anal. calculated fegHzOs: C, 75.36; H, 11.55, found: C,
75.09; H, 11.43.
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Figure Legends

Fig. 1. Marliolide does not affect the overall integritiyldaCaT cells. (A) Chemical structure
of marliolide. (B) Marliolide induces HO-1 in HaCalklls. HaCaT cells were exposed to
marliolide at different concentrations for 24 h @ép Panel) or at different times (Lower
Panel). Western blot was conducted using HO-1 adyib(C) Marliolide does not induce
cell-cycle arrest in HaCaT cells. Marliolide or ptside was exposed to HaCaT cells for 24 h.
The percentage of G1/S arrest was monitored by FAQ&8ysis. Note that etoposide was
included as a positive control to induce cell-cyateest and subsequent apoptotic cell death.
(D) Marliolide is not cytotoxic in HaCaT cells. Malide or etoposide was exposed to
HaCaT cells and gross cell morphology was obseiweghase-contrast microscopy. (E)
Marliolide does not induce apoptosis in HaCaT cdllarliolide or etoposide was exposed to
HaCaT cells for various times. Western blot wasdemted using cleaved Caspase-3 and
cleaved PARP antibodies.

Fig. 2. Induction of HO-1 by marliolide occurs via ARE w@etion in HaCaT Cells. (A)
Generation of HaCaT-ARE-GFP-luciferase cells byil@ral transduction. (B) Confirmation

of ARE luciferase activation in HaCaT-ARE-GFP-lacdise cells by ARE inducer,
sulforaphane. HaCaT-ARE-GFP-luciferase cells weigosed to sulforaphane for 24 h and
the luciferase activity was measured. (C) Marlielchuses ARE-dependent GFP expression
in HaCaT-ARE-GFP-luciferase cells. HaCaT-ARE-GFEifkrase cells were exposed to
marliolide for 24 h and GFP was monitored by flsment microscopy. (D) Marliolide
induces ARE-dependent luciferase activity in Ha@&E-GFP-luciferase cells in dose- and
time-dependent manner. HaCaT-ARE-GFP-luciferasés agére exposed to marliolide at
different concentrations (Left Panel) or to martel at different times (Right Panel) and the

luciferase activity was measured.

Fig. 3. Marliolide induction of HO-1 is mediated by NRH2) The induction of NRF2 by
marliolide. HaCaT cells were exposed to marliokdalifferent concentrations (Upper Panel)
or at different times (Lower Panel). Western bla@swconducted using NRF2 antibody. (B)
Nuclear translocation of NRF2 by marliolide. Maliliie was exposed to HaCaT cells for 6 h
and 12 h. The immunofluorescence assay was cortlusimg NRF2 antibody. (C) The

induction of HO-1 by marliolide is dependent on ANdenotype. After genomic DNA was



prepared from Nrf2 (+/+) and Nrf2 (-/-) mouse endmig fibroblasts (MEFs), the mouse
genotyping was conducted. PCR products with 262 40@ base-pairs (bps) indicate the
existence of wild-type and knock-out Nrf2 genotypesspectively (Upper Panel). After
exposure of marliolide to Nrf2 (+/+) and Nrf2 (-NJEFs at various times, Western blot
analysis was conducted using HO-1 antibody (LoveardD. (D) Transcriptional activation of
HO-1 by marliolide is dependent on NRF2. Total RfWém Nrf2 (+/+) and Nrf2 (-/-) MEFs

was prepared and real-time RT-PCR assay was peaxtbusing HO-1 specific PCR primers.

Fig. 4. Syntheses of marliolide and its derivatives.

Fig. 5. Structure-activity relationship reveals Michaeheton as a potential mechanism for
the induction of NRF2/ARE by marliolide. (A) Marlide directly binds to KEAP1. HaCaT
cell lysates were incubated with biotin or biotiewgd marliolide. After immunoprecipitation
with streptavidin-agarose bead, Western blot amalyas performed with KEAP1 and NRF2
antibodies. (B) A hypothetic mechanism showing huoerliolide directly binds to KEAP1.
(C) Effects of marliolide and its derivatives onetinduction of HO-1 in HaCaT cells.
Marliolide (2) and its derivatives3{31) were exposed to HaCaT cells at the concentration
10 uM for 6, 12, and 24 h. Western blot was then cotethasing HO-1 antibody. (D) Real-
time RT-PCR comparing the effects &f 26, 27, 28 and29 on the HO-1 mRNA level in
HaCaT cells. After HaCaT cells were exposed to ioladk (2) and its derivatives2g, 27, 28
and 29) at the concentration of 1M for 4 h, 8 h, and 12 h, the real-time RT-PCR was
conducted using total RNA. (E) Marliolide derivassdo not affect the viability of HaCaT
cells. Marliolide (10uM) and its derivatives (1QM) were exposed to HaCaT cells for 24 h

and the cell viability was measured using MTT assay

Fig. 6. Marliolide induces NRF2-dependent phase Il cyttgotive enzymes and exhibits
chemopreventive activityn vivo. (A) Topical application of marliolide (1@mole) and?9 (10

umole) in the back of hairless mice induces NRF2,-H@nd glutamate-cysteine ligase
modifier catalytic unit (GCLC). (B) Marliolide (1@mole) exerts inhibitory effects on the
number (Upper Panel) and incidence (Lower PanelDMBA/TPA-induced papilloma

formation in hairless mice. (C) Hematoxylin/EosH/E) staining illustrates that marliolide
suppresses the growth of papilloma in the skinabfiéss mice induced by DMBA/TPA. (D)
Marliolide suppresses the generation of 8-hydrogymgisine (8-OH-G, Left Panel) and 4-



hydroxynonenal (4-HNE, Right Panel) in the skirhafrless mice induced by DMBA/TPA.
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A. Synthesis of marliolide and its isomer

8 steps 4 steps
O OH ref. 17 4, o o ref. 17
HO/\<_7Nv — (_7? — +
HO  OH HO'
D-Ribose 1 2 (marliolide) 3
E-isomer Z-isomer

B. Synthesis of marliolide derivatives

Reagent and conditions: a) Pd/C (5%), H,, AcOH, EtOH, rt, overnight; b) Jones reagent,
acetone, 0 °C to rt, 3 h; ¢) MsCl, Et,N, CH,Cl,, 0 °C, 3 h, and then Et,N, 45 °C, overnight;
d) Isovaleryl chloride, DMAP, rt, overnight.

C. Synthesis of marliolide epimer

6 steps
S, O OH ref. 17 1, o (@) a 11y,, o (o) b 1y,, o (o)
o - —
o' “oH Hd tBS0” N HO' N
12 ( 12
L-Ribose epi-1 10 1

Reagent and conditions: a) i) LDA myristyl aldehyde, THF, HMPA, -78 °C to -30 °C, 7 h;
ii) TBSCI, imidazole, DMF, rt, overnight; iii) MsCl, Et,N, CH,CI2, 0 °C, 3 h, and then Et,N,
45 °C, overnight; (b) IM HCIl, MeOH, 60 °C, overnight.

D. Synthesis of marliolide derivatives with different chain length at a-position

//,,,C/v/o a 1., /ON 0 b 1, SO0
HO 1880 N HO N
4o (4

1 12:n=2 22:n=2
13:n=4 23:n=4

14:n=6 24:n=6

15:n=7 25:n=7

16:n=8 26:n=8

17:n=9 27:n=9

18:n=10 28:n=10

19:n=11 29:n=11

20:n=14 30:n=14

21:n=16 31:n=16

Reagent and conditions: a) i) LDA aldehyde, THF, HMPA, -78 °C to -30 °C, 7 h; ii) TBSCI, imidazole,
DMF, rt, overnight; iii) MsCl, Et,N, CH,Cl,, 0 °C, 3 h, and then Et,N, 45 °C, overnight; (b) 1M HCl,
MeOH, 60 °C, overnight.

Fig. 4.
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Highlights

1. We have identified marliolide as anovel inducer of HO-1.

2. We have identified that the induction of HO-1 by marliolide occurs through activation of
NRF2/ARE.

3. We have identified that marliolide activates NRF2/ARE/HO-1 axis by directly binding to
KEAP1 viaMichagel reaction.

4. We have identified that marliolide inhibits DMBA/TPA-induced papilloma formation
possibly by suppressing the oxidative damages in vivo.



