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Abstract: Marine organisms and their metabolites represent a unique source of potential
pharmaceutical substances. In this study, we examined rdemesd substances for their
bioactive properties in a cdtlased Chikungunya virus (CHIKV) replicon model and for

in vitro antrinflammatory activity. Inthe screening of a marine sample libragrude
extracts from the Indian soft corabinularia kavarattiensisshowed promising activity
against the CHIKV replicon. Bioassayided chemical fractionation &. kavarattiensis
resulted in the isolation of six known norcembranoitis6 and one newcompound,
named kavaranolide7). The structures were elucidated on the basis of NMR and MS
spectroscopic data. Compountis3 and 51 7 were evaluated for their repliconhibiting
potential in the CHIKV model by using a luminescehased detection technig and live

cell imaging. Compounds and2 showed moderate inhibition of the CHIKV replicon, but
imaging studies also revealed cytotoxic properties. Moreover, the effects of the isolated



Mar. Drugs2014 12 4046

compounds on primary microglial cells, an experimental model foromélammation,
were evaluated. Compouriwas shown to modulate the immune response in microglial
cells and to possess potential anflammatory properties by doskependently reducing
the release of prand antiinflammatory cytokines.

Keywords: Sinulria kavarattiensis soft coral; norcembranoid; NMR spectroscopy;
Chikungunya; replicon cell line; live cell imaging; neuroinflammation

1. Introduction

Chikungunya virus (CHIKV) is an alphavirus transmitted Agdesmosquitoes and the cause of
Chikungunyafever, a disease characterized by acute high fever, polyarthralgia, myalgia, nausea,
headache and skin symptofi$ 3]. In addition to acute phase symptoms, CHIKV infectionften
associated with chronic rheumatic manifestations that are relapsing and incapapit&inghe
rheumatic symptoms caersistfrom months to years after the initial virus infection.

A new lineage of CHIKV emerged in 2004 as a result of a single mutation in the viral genome,
which enabled the adaptation of the virus toAkdes albopictusosquitovector, a common vector of
arthropodborne diseasefs,7]. This mutation permitted the massive spread of the virus to many
countries in the Indian Ocean region in the epidemics that escalated ifiBROAS a consequence of
vector adaptation ahthe resulting Chikungunya epidemic, local transmission of the virus has lately
been reported not only in tropical, but also in temperate regions, such as ltaly andéasberth
France[91 11]. There are currently neither vaccines nor specific therapies against CHIKV, and hence
infections can only be avoided by preventing exposure to mosquitoes in affected regions. The current
treatment is symptomatic and mainly includes asgdry, antinflammatory drugs and corticosteroias.

The CHIKV genome is a singgtranded positivsense RNA, which encodes for structural and
nonstructural protein§l2]. Thegenetic material is protected by a nucleocapand the virion enters
its host cell via receptenediated endocytosis. The drug discovery approaches apptieetteatment
and prevention of CHIKV infection include entry inhibition, interference withl\protein translation,
protein replication inhibition and modulation of the host immune resdds$eThe replicon cell line
used in our study expresses CHIKV mgiructural proteins and can be used to identify paknti
CHIKYV replication inhibitors. The replicon cell line enables safe and efficient screening that can be
performed in a biosafetyevel 2 laboratory. This is a great advantage compared to studies on
infectious CHIKV, which requires handling in biosafétgvel 3 facilities.

In the course of the multinational collaborative proj®tAREX, a library of extracts originating
from marine organisms collected from the Indian Ocean were studied for their potential antiviral
properties by using the CHIKV replicon neldThe extract of the soft cor&inularia kavarattiensis
displayed promising ar€HIKV activity and was consequently selected for bioaggaged fractionation
The coral species of the gen@snularig are widespread in coral reefs all over the darhd have been
reported to contain a variety of compounds with novel chemical strug¢idesesquiterpendd5,16]
diterpeneq17], in particular cembranoids amrcembranoidsand polyhydroxylated steroid&8],
which possess unique structural diversity. These metabolites display potential biogcsuitless
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antimicrobial [14], antrinflammatory [19i 24], antiviral [25] and cytotoxicactivity [261 28]. In the
present study, the enriched chloroform extrack okavarattiensiafforded four known 14nembered
macrocyclic norcembranoid4i 4 (5-episinuleptolide[29], sinuleptolide[30], scabrolide D[31,32]
andnorcembranoid! [33]), all of which lack a €18 carborsubstituent in their structures; one known
germacrangype sesquiterpenqid5 (entgermacrad(15),%,10(14)trien-1 Eol) [34], one known
Cig-norcembranoid diterpene inelegano]i@i¢35], and the novel norcembranoid, named kavaranglide
(Figure 1) possessing a tricyclic carbaxty with thetransfused six and sevemembered rings.

Figure 1. CompoundsXj 7) isolated from the soft cor8l.kavarattiensis

S-epi-sinuleptolide (1) Sinuleptolide (2)

HO

ent-germacra-4(15),5E,10(14)-trien-13-ol (5) Ineleganolide (6) Kavaranolide (7)

S. kavarattiensisvas primarily chosen for bioactiviguided purification based on promising
results against the CHIKV rapbn. Corals of the genuSinularia are, however, welknown sources
of antrinfammatory agents [124]. The isolated compounds were therefore, in addition to
ant-rCHIKV replicon activity, also studied for potential airiflammatory activity in primar
microglial cells that serve as a model for neuroinflammation. Microglial cells are the resident immune
cells of the central nervous system [36]. In the resting state, miceoglraghly dynamic and control
the environment by rapidly extending and retirsg motile processes. Microglareclosely associated
with astrocytes and neurons, particularly at the synapses, and many data indicate that neurotransmissic
plays a role in regulating the morphology ahe function of surveying or resting microglidhe
presence of reactive glia has been described in all neurodegenerative diseas@spghal activation
may contribute to the neuropathology observed [37,38]. The inhibition of neuroinflammation has been
postulated as a putative target in the treatroéneurodegenerative diseases, and research has focused on
the study othe potential neuroprotective effects of amilammatory compounds in experimental models
of neurodegeneration occurring in the presence of reactive glia.

The present paper dedms bioassaguided isolation, structure elucidation and antiviral and
antrinflammatory activity studies of the compounds isolated f&rkavarattiensis
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2. Results and Discussion
2.1. BioassayGuided Fractionation 08. kavarattiensig&xtract

In a CHKYV replicon screen of a large marine sample library, we identified potentiaC&hV
replication activity in the methanol and methaabloroform extracts from the marine soft coral
S. kavarattiensisIn primary screening, the extracts showed/1% (nethanol extract) and 72%
(methanolichloroform extract) decrease in tReicmarker levels in the BHKCHIKV-NCT (baby hamster
kidney [BHK] cells expressing a naytotoxic [NCT] Chikungunya virugCHIKV] replicon) cell line
ata 100 ¢ g / concentrationThe crude extracts were tested for cytotoxic activity to rule out the
possibility of the reduction in marker levels due to toxicity towards the host cell line. The extracts
showed moderate cytotoxicity: the methanol extract caused 15% cytotpasitymeasred bythe
reduction in ATP levels, and the methacbloroform extract a 17% reduction. As a follow up, the
activity of the crude extracts was confirmed in dossponse assays. The extracts showed
dosedependent inhibition of the CHIKYV replicon in tieell model. These promising results led to the
selection ofS. kavarattiensifor a bioactivityguided purification study.

The crude methanol extract was fractionated according to the modified Kupchan partitioning
procedurg39], and the obtained enriched extracts were studied for replicon inhibition and cytotoxic
activity in the BHKCHIKV-NCT cell line. Atal100e g / mL ¢ o n the ahlorofan and athyl
acetateenriched extracts proved to possess inhibitory activity against the CHIKV replicon, causing
a47% and 65% decrease of Rricmarker level, with a cytotoxic effect of 24% and 20%, respectively
The tloroform-enriched extract (3.2 g) was further fractionated by silica gel MPLC using a solvent
gradient system from CJ€l, to MeOH followed by reverse phase HPLC to afford pure compounds.

2.2. Chemical Characterization

Kavaranolide7 was isolated as a whki amorphous soljcand its formulaof C;9H,,0s, implying
nine degrees of unsaturation, was established byreggiution ESIMS based on the pseudomolecular
ion[MT ]Hatnvz329.1381.

The *C NMR data confirmed the presence of 19 carbons (Table 1), including three ketone signals
atcl®5.7, 207.9 and 211431, o0oa0peatyl sablgxOpdad b e d U
139.5, s) and one disubstitdte d o u b | €l472psrand 111.2, t). The carbonyl and olefinic caabon
account for six degrees of unsaturatibence the compound is tricyclic. Analysis of tHel NMR
spectrum revealed an isopropenyl grdup 1.63 (3H, s), 4.43, (1H, br s) and 4.7{%&H, br s), a
deshielded ol786f(iHPbrgdro7 0B HBWE) Gand @22k@H,8)nhe met h

Careful analysis of the COSY spectrum allowed us to build up a single spin system (Figifg 2)

H-10 (by allylic coupling), H11 (H2-7), H-12, H13 (H4), H-14, H1 (H,-16 and H-17, by allylic
coupling), B-2. Even if no scalar coupling was observed betweehadd H5, the linkage €1/C-5,
as well as the location of two ketone functions aB @nd G6 were easily inferred from HMBC
correltions H5/C-3, G4, G6, G7 and H4/C-3, G5, G6, G-13. The acetyl group was placed afC
on the basis of HMBC correlations;H8/C-8, G-9, whereas the loagange correlationH-12/G-19,
allowedthe pladng of the carboxy group at-C2. These data, tether with additional HMBC correlations
(Table 1 and Figure 2) defined the planar structure of kavaran@)ides(depicted in Figure 1.
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Table 1.'H and**C NMR data (700 and 175 MHz, DMS) of kavaranolide ).

Uy ® lic HMBC
1 2.62'm 39.9
2 U 2.50° 43.9 C1,C3, C15
2 b 2.36 m C3, Cl14
3 - 207.9
4 3.12 d (12.6) 50.5 C3, C5, C6, C13
5 4.30 br s 43.3 C3, C4, C6, C7, C8, C9, C10, C1:
6 - 211.3
70 2.19° 39.2 C6, C10, C11, C12
7H 2.24'm C6, C12
8 - 195.7
9 - 139.5
10 7.36 br d (7.5) 149.0 Cs5, C7, C8, C11
11 3.17m 34.7
12 2.29 dd (5.2, 7.5) 48.8 C4, C10, C13, C19
13 1.84m 36.1
140 1.55 m 31.7
146 2.44m C13, C15
15 - 147.2
16 4.75 br s 111.2 C1, C15, C17
4.43brs C1, C17
17 1.63s 21.8 C1, C15, C16
18 2.21s 24.8 C8, C9
19 - 174.1

2 Coupling constants are in parentheses and given in figrand™*C assignmentsereaided by COSY,
HSQC and HMBC experimentdoverlappedwith the solvent signal® overlappedwith theother signal.

Figure 2. (@) COSY connectivities (boldoonds) and key HMBC (black arrows)
correlations; i) key NOE (red dashed arrows) correlationsGompound?.

The relative stereochemistry @ompound7 was deduced from the analysis of the coupling
constants and some key dipolar coupling evidencaddddOESY spectrum (Figure 2).

The NOE correlations between13/H,-16, H11 and H12 suggested that they are on the same
face of the rings. By analogy with ineleganolide [38hich co-occurs in the same specimen and for
which the relative configuration h&een established by-pay diffraction analysis, we assigned these
signalsag) protons.
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The six and severmembered rings ateansfused on the basis of the large valudof.13 (12.6 H2;
therefore H-4  h a sriergatioh. When it comes to the-J1configuration, no diagnostic dipolar
couplings were observed for this protofhe absence of scalar couplings betweed EHnd H5
indicated that they havediahedralangle ofca. 90¢ Force field calculations evidenced that the closure
of the bridged structure of kavaranolide and the geometric relationship betweandHH5 were aly
compat i bl -eriemation of the kb praton. Thereforehe stereostructure of kavaranolid® (
was determined as depicted kigure 1 The bridged 6,78ing-fused framework of kavaranolide
closely resembles that of ineleganolid®, (also isohted from the extract db. kavarattiensisn the
present study, and of horiolid&1), isolated from an Indian Ocean collection Sihularia sp. [40].
The similar experimental scalar and dipolar coupling patterres\adasfor ineleganolides), horiolide (1)
and kavaranoliderf gave further support to the structural assignment. Furthertherebserved structural
and stereochemical homology between these derivatives suggested a common biosynthetic origin.

Scheme 1A plausible biosynthetic route to kavaranolidg (

reverse
oxy-Michael
reaction

reverse
aldol
reaction

opening the 5-ring lactone
Michael reaction C9-C5
dehydration

Ineleganolide (6)

Horiolide (11)

In a recent reportLi et al. [41] proposed biosynthetic pathways that likely lead to polycyclic
skeletons of norcembranoids through transannular Michael reactions from norcembranoid macrocyclic
precusors. In particular, they speculated that the tricyclic ring system in inelegan6jideafy
originate in vivo from 5-eptsinuleptolide {) by two successive Michael reactions, involving the
nucleophilic centers at-@ and G7 and the electrophilic centeed G13 and G11 in 1 [41]. The
proposed biosynthetic route ® from 1 was strongly supported by subsequent studies, which
demonstrated thie vitro conversion ofl to 6, in strong base conditions [42]. Interestingly it turned out
that under different goerimental conditionghe main product was the novel polycyclic derivati®e
(Scheme 1). Its formation from ineleganolid@ Wwas proposed to take place by a reverseMighael
reaction and two successive aldol reactions. The key trione intermedjiatauld undergo an aldol
reaction leading to the polycyclic derivatji®, or a Michael reaction leading to horiolidel). In this
context kavaranolide 7) is likely to be derivedn vivo from horiolide (1) by a reverse oxWlichael
reaction (Scheme 1)t is also conceivable that kavaranolid® ¢ould be derived from trion®, by
opening of the &ing lactone followed by an intramolecular Michael reaction and then dehydration.
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As neither intermediat® nor intermediatel0 have been reported as natuwwrampounds, the isolation
of kavaranolide{) gave further support to the proposed biosynthetic route.

2.3. Inhibition of CHIKV Replicon by Compounds Isolated f&rkavarattiensis
2.3.1.Primary Evaluation byRluc Detection and ATP Quantitation

The repicortinhibiting potential of Compounds1i 3 and 5/ 7 was primarily evaluated in the
BHK-CHIKV-NCT cell line by detection dRluc marker levels as a measuretbé inhibition of the
CHIKV replicon. Additionally, we evaluated the compounds for cytotoxic agtiby ATP
guantitation. The compounds, testechdt0 0 & M ¢ o n c e n theainhibitioroaf the CGHIKY w e d
replicon ranging from 0.5% to 63% (Figure 3). The strongest inhibitory effects were observed for
Compoundsl and 2, which both inhibited the CHIK\Weplicon by more than 60% compared to the
vehicle control. All compounds showed none or only very slight cytotoxicity (<6%) in the ATP assay.

Figure 3. Inhibition of theChikungunya virus (CHIKVYeplicon inthe primary evaluation

of pureCompoundsli 3 ard 5i 7, determined byhe measurement dRluc marker levels at
al00e M c o n c eThe per@antage of.inhibition is basedacomparison of the test
compoundRluc levels to the DMSO vehicle control. Inhibition percentages thee

averages othe results fromthreetest wells error bars represemihe standard deviation.
The positive contrgb-azauridineinhibited the replicon with an average;d@alue of 2 M.
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2.3.2. Live Cell Imaging

% Inhibition of CHIKYV replicon

As a followrup study to the primary assay basedtlo&determination ofRluc expression, cells
treated withCompoundsli 3 and5i 7 were monitored for 48 h by live cell imaging in the
platform. The expression of EGFP marker levels was followed up through fluorescence intensity
measurementsThis confirmed thaCompoundsl and 2 cause the strongest decrease in marker protein
levds (Figure 4) as observed previously bRluc detection. Compounds, 6 and 7 caused only
moderate decreases in the fluorescence intensity. Com@uwtich ata 100 eM concentration
reducedRluc marker levels by 44%, turned diat beinactive in the CellQ® experiments at both test
concentration®f 50 and 10&M. Furthermorethe fluorescence inhibition df was not as prominent
as theRlucinhibition previously obsrved (Figure 3).
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Furthermore, the CelQ® experiment revealethe cytotoxic effects ofCompoundsl and2, which
were not observed by ATP quantitation.a&t00eM concentrationCompoundsl and2 decreased the
amount of viable cells (cells classified Ilye CelllQ Analysef as living or dividing) by >80%,
whereas the effects on the fluorescence intensity levels were not as drastic. The reasons behind thes
observations remain unclear; however, we hypothesize that the relatively high test concentrations
provokingthe cytotoxic properties o€ompoundsl and2 may lie behind the inconsistencies. In order
to further clarify the reasons behind the decrease in cell viability caus€drbgoundsl and 2, the
ATP quantitation and imaging assays were repeatedusing the same cell concentration
(3000 cells/well) in both experiments. At this concentration, the cell population reaches confluence
in 48/ 72 h, as opposed to the standard concentrafid,000 cells/well used in the ATP assay, where
confluence is rached after overnight incubation. The lower cell concentration applied in live cell
imaging facilitates cell classification atige observation of changes in the morphology throughout the
experiment. These additional experiments revealed that the ceirdoatcon has a major impact on
the resistance of the BHRHIKV-NCT cells to the cytotoxic effects @ompoundsl and?2. Indeed,
when the cell concentration was lowered to 3000 cells/M@ampoundl reduced the ATP level
by 39% and2 by 44% atal O O enkenti@ation. These results are supported by the fact that cell
confluence in general is known to affect cellular responses #uedeby results in live cell
imaging studies [43].

The results from the imaging study also imply that the test concentratigrimpact the mode of
action of Compoundsl and2. At a50 & M <c onc & andP2, dhe cel numlzef decreased
drastically during the 4& test, but the remaining cells still appeared viable and bright green in
fluorescence microscopy images.éd¢ 00 € M concentrati on, the cell
furthermore, the remaining cells were rounded in shapethéheduced expression of EGFP. Based
on the results from our study and previous studies on the cytotoxic properliesd® [44,45], we
hypothesize that ah concentrationof 1 0 0 ¢ M, totichedfects greo grevailing. At the lower
concentration of 50 &M, the reduced number of
on the overall fluorescence intensity.

The results obtained for the model antiviral compousdzauriding and the cytotoxic control
compound polymyxin B, in the Rluc detection and ATP assays on BHIHAIKV-NCT cells
corresponded tahe results obtained in CelQ®. Therefore the control compounds were used to
confirm assay accuracy in Gé{)® andto validate tle new detection method that the imaging platform
offers (see Chapter 3.5.4 for more details). As demonstrated in Figineidhibition of the CHIKV
replicon is mainly achieved @100 M ¢ o n ¢ e n @ompotndsh and 29 Which clearly also
triggers cytotoxicity. The predominance of cytotoxic effects at high concentrations likewise makes
further investigation ofthe doseresponse correlation in the CHIKV replicon model challenging and
uncertain. For these reasonthie determination of Igyrvalues for these compounds was not
meaningful. The results obtained f@ompoundsl and 2 by means of live cell imaging and ATP
guantitation accentuate the importance of these fellpwstudies inthe thorough investigation of
compound properties in the cell model, before proceeding to more complex and risky experiments,
such as studies on infectious viruses. Furthermore;|Q&lenables constant visual monitoring of the
cells as well as their expre®mn of the EGFP marker, wherekic detection and ATP quantitation
give only endpoint data withouthe possibility to visualize the results.
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Figure 4. The nhibition of the CHIKV replicon andthe cytotoxicity of Compoundsli 3
and5i 7 measured by CelQ® live cell imagingin the BHK-CHIKV-NCT cell line at test
concentrationsof 50 and 100e M .Results are shown together with representative
photomicrographs captured after 48 h. The percentage of inhibition and cytotoxicity were
calculated bya comparison to the DMSO vehicle control. Values theeaverages of two
independent assays withreereplicates eacgherror bars represetite standard deviation.
Pictomicrographs of cells treated with control compounds €1Bl 6-azauridine and

0.5% DMSO) for 48 h are shown for comparison. More detailed information on the effects
of control compounds ithe live cell imaging study can be foundGhapter 3.5.4

m % Inhibition of CHIKV replicon m % Cytotoxicity

100

1 7: 100 pM

100 pM 100uM B 100 pM 100 pM

We can summarize that imaging in GE)® completes the information obtained by the primary
detection techniques. In the present study, the imaging studies guided us to a more thorough
investigaion of the cytotoxic properties of the compounds obtained f&nkavarattiensisAs a
conclusion, a marked CHIKV replicon inhibitory potential was found for the crude extracts of
S. kavarattiensiswhereasCompoundsl and 2 exhibitedmoderate inhibitiorof the CHIKV replicon
along with prevailing cytotoxic activity.

2.4. Anti-Inflammatory Activity of Isolated Compounds

The biological activity of isolate€ompoundsli 4 and 6 was tested by using primary microglial
cell cultures. Microglial cells in untreateell cultures usually appeared as ramified cells homogeneously
distributed in the cultures. These ramified microglial (RM) cells, resembling the ramified type of
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microgliain vivo, displayed a pleomorphic cell body with a variable number of branchirggses,
sometimes with a spinjke appearance. The cells were usually found as isolated cells without forming
cell clusters. Apart from the RM, a numberashoeboidmicroglia (AM) was also distinguished. AM

were smaller than RM and displayed pseudopoddiaa filopodia instead of cell processése AM

cell density in noftreated cell cultures (NTCC) was about 85% lower thafipiopolysaccharide
(LPS)treated cultures (TC). After treatment with three different concentratiobsd/mL; 2.5eg/mL

and 5.0eg/mL) of Compoundsli 4 and6, significant RM and AM mean differences were observed in
cultures treated with 2.8g/mL (7.2 €M) and 5.0eg/mL (14.4 M) of 2 (Figure 5).The observed

results suggest th&twas able to induce a shifom AM to RM shapes. Since AM cells are mainly
activated cells, we conclude that this compound shows the ability to modulate an immune response an
could interfere with the progression of chronic neurodegenerative diseases, although the underlying
mechaisms are still unclear.

Figure 5. Theeffects on primary microglial cells in LR®eated cultures (TC), nemeated

cell cultures (NTCC) andafter stimulation of LPSreated cultures with different
concentration¢l eg/mL, 2.5eg/mL and 5eg/mL) of Compoundsli 4 and6. In the healthy
CNS, microglial cells have highly ramified morphology with thin processes. Microglia,
in this surveillance statdiave been defined asamified microglia In contrast,reactive
microglia (i.e., microglia that are no longer ramified microglia) can adopt different
morphologies, including a hypertrophic cell with enlarged processemn @moeboid
macrophagédike morphology. Microglial cell density quantification (number of cells/field)
in the treated and untreated primary microglial cell cultures shihe ability of
Compound2 at 2.5eg/mL and 5.Ceg/mL to significantly reduce the number of activated
amoeboid cellsg < 0.05 with respect to the TC control) and increase the number of
ramified/resting cellsg < 0.05 with respect to the TC control).
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Figure 5. Cont.
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Microglia have the capacity to release a large number of substances that can be detrimental to the
surrounding neurons, including glutamate, ATP, reactive oxygen species aimadflgogromatory
cytokines. In glial cultures, different prand antinflammatory cytokinesas well as reactive oxygen
and nitrogen species, are produced in response to LPS treatment. These factors are involved in th
inflammatory response of reactive glial cells and the resolution of the inflammatici0 1& a
cytokine with main immunoregulaty and antinflammatory properties. Several studies have shown
the inhibitory effect of 110 treatment on the production of grdlammatory cytokines by reactive
glia in response to LPS [46,47]. In addition to the morphological changes, cytokinee re@leas
supernatants was also quantified both in treated and control microglial cultures. The levels of
pro-inflammatory cytokinessuch as Ik1 b |, -6, IL-B, IL-18 and TNFU, were significantly § < 0.05)
elevated (Table 2) in primary microglial cultures treated with c&®@pared to controls. A significant
difference was observed in the levels of-prilammatory cytokines It1 b , -6, IL48, IL-18, TNFU,
as well as in antinflammatory cytokines such as IE4 and IL-10, between Compound 2 at
concentrationsf 2.5eg/mL (7.2eM) and 5.0eg/mL (14.4¢M) andthecontrols (Table 2).
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Table 2. Cytokine release (pg/mL) ithe supernatant®f primary microglial cells after
72 hof stimulation with different concentration(€1: 1.0 eg/mL; C2: 2.5eg/mL; and
C3: 5.0eg/mL) of Compoundsli 4 and®6.

IL-1b IL-6 IL-8 IL-18 TNF-U IL-4 IL-10

LPS-treated (TC) (1 eg/mL) 1.05+0.06 135+1.2 257+5.7 325+84 345+122 14124 1.6+2.1
Non-treated (NTCC) (Medium) 0.05+0.02 1.5+0.8 7+1.1 8+1.3 5+1.8 7.3+0.05 8.1+0.08
1(C1) 1.04 +0.08 14.2+1.8 25612 319+8.1 335+11.2 1.9x0.9 7.6 +1.6

1(C2) 1.09+0.1 11.7+1.2 239 +5 318+7.5 31.2+9.2 21+08 8.2z+138

1(C3) 1.08+0.05 13514 241 +7 315+8.1 33.6+11.1 1904 8.7+2.1

2(C1) 1.08 +0.02 12.1+0.9 24943 326 +49 341491 2109 79134

2(C2) 0.07 £0.04* 7.8+1.4* 123+11* 187 +14* 12.3+34* 155+2.3* 17.4+23*

2(C3) 0.08 +0.06* 8.5+1.3* 108+9*  155+11* 9.8+3.3* 18.4+1.8* 185+1.9*

3(C1) 1.1 £0.05 129+1.1 247 +8 312+8.2 33.6+11.2 1509 7514

3(C2) 1.3+0.06 115+1.3 2374 321+7.8 24.5 6.9 1.6+0.8 6.8%15

3(C3) 1.2 £0.05 13.2+1.2 244 +11 318+7.6 354124 1.7x05 6.9+15

4(C1) 1.01+0.04 12.1+1.3 24748 312+8.2 33.2+28 2202 84126

4(C2) 1.02+0.04 14.1+11 247 +8 312 +8.2 29.8+25 2305 7.9+25

4(C3) 1.01+0.02 12.1+1.3 24748 312+8.2 32.5+3.7 1.8+0.2 7.8+3.2

6(C1) 1.07 £0.07 13.2+0.2 247 +8 312 +8.2 31.2+2.9 1.8 £0.6 85+3.2

6(C2) 1.1+£0.05 12.1+0.9 247 +8 312+8.2 30.6+2.6 1.9+0.6 7.8+2.2

6(C3) 1.09+0.02 11.8+1.2 247 +8 312 +8.2 32.3+3.2 1.9+0.9 7521

* p<0.05

Table 3. In vitro cytotoxic effects (IG) on primary microglial cell cultures anihe
inhibitory effect on LPSnduced preinflammatory cytokine release @ompound 1i 4
and6. Each value represents the mean of triplicate determinations.

Sample Cytotoxicity IL-1 b IL-6 IL-8 IL-18 TNE-U IL-4 IL-10
ICs0( € g/ mL)

1 >100 >125 >125 >125 >125 >12.5 >125 >125
2 >100 0.5 2.2 2.3 2.9 1.7 0.5 0.5

3 >100 >125 >125 >125 >125 >12.5 >125 >125

4 >100 >125 >125 >125 >125 >12.5 >12.5 >12.5

6 >100 >125 >125 >125 >125 >12.5 >125 >125
Tamoxifen 3.60 ND ND ND ND ND ND ND
Prednisolone ND 12 13 15 16 10 20 15

ND: not determined

Furthermore, the inhibition ofytokine release and the cytotoxicity towards primary microglial cell
cultures was measured at several compound concentrations to detdreni@gy values (Table 3).
Compoundsli4 and 6 were tested for cytotoxicity at seven concentrations ranging from th.56
100eg/mL and forcytokine releasat six concentrations ranging frdd39 to 12.&g/mL. Tamoxifen
and prednisolone were used as positive controls in the MTT assay aytbkne quantification,
respectively.Similarly to previous data presented Tiable 2, Compound2 showed effective and
dosedependent inhibition of cytokine release. As demonstrated in Table 3, 4khealGes forthe
inhibition of cytokine release fo€Compound2 ranged from 0.5eg/mL (1.4 €M) to 2.9 eg/mL
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(8.3 eM); all of them béng markedly lower than those of the positive control prednisolone. The
ICso-values for cytotoxic activity for eacbf the tested compounds 4 and6, turned out to be higher
than the maximal test concentratioh100 eg/mL, and the cytotoxicity was thusiot influencing the
observed artinflammatory propertiedn accordance with these results, we suggest that among new
antrinflammatory agents, special attention should be pabtapound?.

2.5. Bioactivity Potential and Structu#ctivity Relationship of Metabolites fror®. kavarattiensis

The antiinflammatory properties of metabolites fro8inularia species have previously been
reported in numerous studig®i 24]. Our results imply thafompound?, in addition to antinflammatory
activity, also possesses promising immunomodulatory activity. Takaki and coworkers described
the antrinflammatory effects of by demonstratinghe inhibition of LPSinduced TNFU production
in murine macrophagkke cells [48]. Our results show that the ainflammatory activity of2, except
for theinhibition of TNFU r e lalsodakes place throudhe inhibition of the release of cytokines
that belong to the interleukin faiy

The CHIKYV repliconinhibiting potential of isolate@ompoundsli 3 and5i 7 was not as striking as
the activity observed for the crude extracts and the enriched fractiGskatarattiensisOn the one
hand, the reason behind this observation mayhkesynergetic activity of the compounds in the
extracts and fractions, which leads to higher inhibition percentages than those exhibited by each
compound separately. On the other hand, the primary test concentration for the extracts and fraction:
was as lgh as 100eg/mL, whereas the test concentration of the pure compounds in the CHIKV
replicon model, 10@M, equals a concentration of 3§/mL inthecase oflCompoundsl and?2.

5-epiSinuleptolidel and sinuleptolide2s h ar e a -Eunsatoratet-budyrolactonemoiety,
which is recognized to play a pivotal role in the interactions with unidentified molecular
targets [49,5D The inactivity in both the CHIKV replicon model and the antiammatory assays of
Compounds3i 7 that lack this functionality teongly suggests the involvement ah electrophilic
conjugated function irl and 2, which could act as Michael acceptor toward reactive lysine or
cysteine residues in the biological targets. Compduaad2 only differ from each other regarding the
corfiguration of one stereogenic center. The inactivity in theiaffammatory assays compoundl
is, however, not surprising. The covalent interaction with protein targets requires a correct positioning
through specificthe non-covalent interactions ohe active functional group within the active site of
the biological target.

The observed cytotoxicity against the BHIIIKV-NCT at high concentrations @ompoundsl
and2 could be explained in terms of their potential Michael acceptor actwiich canlead to cell
damage and general toxicity [5The predominating cytotoxic properties at the effeatimecentrations
make further exploration of the antiviral potential of these compounds challenging. On the contrary,
Compound?2 inhibited the release ofrg-inflammatory cytokines and displayed immunomodulatory
activity at concentrations that caused no cytotoxicity against the primary microglial cells used in our
study. Huangand coworkers [26] have described the cytoic properties of the acetate df
(5-eptsinuleptolide acetate) at low concentrations against a panel of cancer cell lines, demonstrating
apoptosis induction and cell cycle arrest to lie behind the cytotoxic effects. Furthermoreah¢hng
coworkers haslemonstrated thdt triggers cell cycle arrest and apoptosis in skin cancer cells at low
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concentrations [44]. Liangt al. studied the cytotoxicity of both and2 and found thal causes more
prominent cytotoxic effects with lower igvalues against thetudied cancecell lines. Our results

imply that at 50eM concentration/l is slightly more cytotoxic to the BHKCHIKV-NCT cells than2;
however, at 10@M, the differences in cytotoxicity are minor. The impact of cellular confluence is
nevertheless critel. Our results show that cell cultures that have reached confluence before the
treatment with compounds is started are more resistant to the cytotoxic effects.

3. Experimental Section
3.1.General Experimental Procedures

Specific rotations were measured a PerkinElmer 243 B polarimeter. Higbsolution ESIMS
spectra were performed with a Micromass QTOF Micromass spectrometeMlE&Stperiments were
performed on an Applied Biosystem API 2000 trigieadrupole mass spectrometer. NMR spectra
were obtaied on Varian Inova 700 MHz spectrometit Gt 700 MHz,*C at 175 MHz, respectively)
equi pped with a SlinnHz laraspectrearefezred todDMEGp (pui). ,5 H39.5) U
astheinternal standardThroughspace'H connectivities were evidendaising a ROESY experiment
with a mixing time of 200 and 300 mBIPLC was performed using a Waters Model 510 pump
equipped witha Waters Rheodyne injector and a differential refractometer, model 401. Silica gel
(200400 mesh) from Macherefagel Company (Diren Germany was used for flash
chromatography. The purities of compounds were determined to be greater than 95% by HPLC.

3.2. Biological Material

Soft coral, Sinularia kavarattiensisAlderslade & Prita was collected off the coast of
Rameshwaram, TamiNadu, India (Latitude: 468PNjNLongitude: 79178PNENjn December 2010.
It was frozen ai 2 TC and transferred to the Council of Scientific and IndakfResearciNational
Institute of Oceanography (CSIRIO) Laboratory, Goa, India. The organism wiaentified by
PanachamoottifAbraham Thomas, Emeritus Scientist, Vizhingam Research Center, Central Marine
Fisheries Research Institute, Kerala, India. A voucher specimen (14S021) is deposited at the
CSIRNIO. Four hundred gramsef freezedried organismwere extracted four times with 80%
methanol (500 mL) each time to obtain 23 g of the crude methanolic extract. The same sample was
then extracted three times with methanol:.chloroform (1:1). The extracts were concentrat€d at 30
usinga Rotavapor an@ vacuum pump.

3.3. Chemical Characterization

The crude methanolic extraci§.061 ¢ was subjected to a médt d Kupchands pa
procedure [39]as follows. The methanol extract was dissolved in a mixture of MegIHddntaining
10% HO and partitionedagaing n-hexane to give 2.9 g of the crude extract. The water content
(% v/v) of the MeOH extract was adjusted to 30% and partitioned against;@@ive 3.2 g of the
crude extract. The aqueous phase was concentrated to remove MeG@tearstibsequetty extracted
with ethyl acetate (0.29 g) and withBuOH (1.6 g).
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The CHC} extract (3.2 g) was fréionated by silica gel MPLC using a solvent gradient system
from CHCl, to MeOH. The fraction eluted with GBIl,//MeOH 995:5 (138 mg) contained pure
entgermacrad(15),%,10(14)trien-1b-ol 5 (19 mg; 0.005% vyield). The fraction eluted with
CH.CIl,/MeOH 99:1 (101 mg) was further pfied by HPLC on a Nucleodur 1@ C18 (5em;
4.6 mmi.d. x 250 mm) with 55% MeOH/FD asthe eluent {low rate 1 mL/min) to give 1.3 mg of
kavaranolide7 (tr = 8.5 min, 0.0003% vyield), 3.9 mg of ineleganol@ég = 10 min; 0.001% vyield),
2.4 mg of scabrolide B (tr = 15.5 min; 0.0006% yieldind1.0 mg of norcembranoi (tz = 19.5min;
0.0003% vyield). The other fraction eluted with £LH/MeOH 99:1 (125 mgyvas further pufied by
HPLC on a Nucleodur 108 C18 (5¢m; 4.6 mm i.d. x250 mm) with 40% MeOHAD asthe eluent
(flow rate 1 mL/min) to give 13.0 mg ofépisinuleptolidel (tg = 20 min; 0.003% yield) and 8.0 mg
of sinuleptolide2 (tr = 24 min; 0.002% yield). The reported percentage yields are referre@ t a0
freezedried material.

3.4.Characteristic Data for Natural Compounds

NMR data fortCompoundsli 6 as previously reportef@9,30,32i 35].
Kavaranolide 7: white amorphous solid J*UHl4.5 ¢ 0.13, MeOH); 'H and *C NMR

spectroscopic data in DMS@ given in Table 1; ESIMSmVz3 2 9. 1 [.MRMS (BS])m/z
329.1381 [Mi H]' (calcd for CygH2105 miz 329.1389).

3.5. Evaluation of AMCHIKYV Replicon Properties
3.5.1. BHK-CHIKV-NCT Cell Culture

A stable BHK21 cell line (BHKCHIKV-NCT), described by Pohjala and coworkers [32dsused
for studying potential amCHIKV activity. The cell line harbors the CHIKV replicon and
continuously expresses the selection marker puromycitylaaasferase and two marker proteins
(enhanced green fluorescent prot@GFP) andRenillaluciferase Rlug) for detectingthe inhibition
of the viral replicon. The BHKCHIKV-NCT cells were subcultured three times a week and
maintainedat 37C, 5% CO, and 95% humidity in Dulbeccobs
high glucose ah L-glutamine (Gibc8) supplemented with 7.5% fetal bovine serum (FBS), 2%
tryptosebroth phosphate, 1 mM sodium pyruvate, 100 IU/mL penicillin, 4@nL streptomycin and
5eg/mL puromycin.

3.5.2.CHIKV Replicon AssayRlucDetection

BHK-CHIKV-NCT cells were seeded onto opaguete, clearbottomed 96well plates
(PerkinElmer Ing. Waltham, MA, USA with a cell density of 4000 cells/well. The cells were
exposed to test samplafter 24 hof incubation at 3T. The sample stocks were diluted into assay
medium consisting of Dul beccob6s ModilLfglutendne Ea g |
(Gibco®) supplemented with 5% fetal bovine serum (FBS), 1 mM sodium pyruvate, 100 1U/mL
penicillin and 100eg/mL streptomycin. Puromycin was excluded from the assay medium to avoid
puromycinrtinduced toxicity. The exposure time to test samples was 48 h, after whicRlube
expression was determined by usiadrenilla luciferase assay kit (Pmega,Madison, W, USA),
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according to the manufacturerds instructions.
Flash plate reader (Thermo Fischer ScientMantaa,Finland) with a meagement time oflL s and
automatic dynamic range settgigrhe primary test concentration for crude extracts wass 0L
(n = 3). The percentage of inhibition of the viral replicon was calculated by comparing the sample
signal to the yielded maximum signal (DMSO vehicle in assay mediamal) the activity threshold
was set at >50% inhibition étlucexpression.

The sceening assay was optimized fluc detection and validated by desssponse experiments
for the positive control6-azauridine. The dosesponse curve for-&zauridine determined bigluc
detection showed sigmoidal, dedependent reduction in the markevel, with an 1G, value of 2eM.
The 6azauridine concentration used as a positive control on every assay plate elds Wich
caused an average inhibition of 69%. T™ignatto-background ratio (S/B) ansignatto-noise ratio
(S/N) were calculated for each plate as a measure af agslity [53]. DMSO in assay medium
represented the maximum signal and wells with only medium and reagents the background.

3.5.3. Cytotoxicity Assay

The viability of BHK-CHIKV-NCT cells was determined after treatment with hit samples in order
to excludepossible false positives. The test conditions were identical to those described Rtuahe
assay. After 48 bf exposurdo the samples, cell viability was determined by ATP quantitation using a
CellTiter GLG® Luminescent Cell Viability Assay kit (Promga, Madison, W, USA). Briefly, the
cells were equilibrated to room temperature and washed witrelQtf phosphate buffered saline
solution, after which 5@L of CellTiter GLG® Reagent and 56L of assay medium were added. The
plate was subjected to shagifor 2 min to induce cell lysignd after 10 minthe luminescence was
measured by usingVarioskan Flash plate reader

Each sample was tested in triplicate, and the cytotoxic effect of test samples was determined as
percentage by using the maximuigral (DMSO vehicle inthe assay medium) ahe reference and
cells with no reagent added #se background value. The cytotoxicity assay was validated by
doseresponse experiments for the positive contpmlymyxin B, which showed dosgependent
cytotoxcity. The EDy for the cytotoxic activity of polymyxin B was determined as 5900 IU/mL.
The polymyxin B concentration used in the experiments weB0Q0IU/mL and causedn average
toxicity of 93%.

3.5.4. CHIKV Replicon Assay, Live Cell Imaging

The effecs ofthe control compounds and test samples on proliferation, morphology and expression
of EGFP in BHKCHIKV-NCT cells was analyzed in a continuous cell culturing platform with
integrated optics (CelQ® Fluorescence, ChiMan Technologies Ltd Tampere, Finland). The
expression of EGFP is an equally valid markeRkg for the inhibition of the CHIKV replicon.

The test conditions were optimized by evaluating different imaging settings and cell densities.
The cells were seeded onto ckeattomed blackramed 96well plates(PerkinElmer Ing. Waltham,

MA, USA) with a density of 3000 cells/well and incubated for 24 h atC3Before starting the
treatment. The samples were diluted into assay medium, as fRfuband cytotoxicity assays. Each
sample wasested in triplicate. After starting the treatment, phesetrast and fluorescent images were
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taken with 30min intervals for 48 h using a 10x objective. Before starting the imaging, aSeelire

Lid (Chip-Man TechnologiesTampere,Finland) equipped wh a gas input connector amadsterile

0.2-em filter was sealed to the plate. The plate was incubatedAt@7 usi ng t he manuf &
CO; flow setting (8 minflow, 20 min pause, 30 min initial flow). For the phase contrast images, th
z-stackwas 17.60em andthe exposure time 10 ms; fahe fluorescent imagethe default imaging
settinggfor green fluorescent proteivith binning 2x 2 andanexposure timef 200 mswere applied.

Protocols for analyzing the images captured in €@l were created according to the

manuf act udationg udisg the BalQ Analysef software (ChipMan TechnologiesTampere,
Finland).Details onthe creation of analysis protocols can be found in the Supplementary Information.

Figure 6. The dfects of control compounds (DMSO vehicleaBauridine, polsnyxin B)

on BHK-CHIKV-NCT cells imaged with CellQ® and analyzed with CellQ Analysef
software:Fluorescence and cell count at 1 h, 24 h and 48 h and combined fluorescent and
phase contrast images for each time point. The number of viable cells mideteas the

sum of cells classified as living and dividing.
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The experiments performed in G&D® were validated through tests on the control compounds
used in theRlucassay and the cytotoxicity assay: DMSO vehiclthaassay medium,-&zauridine as
a model antiviral agent and polymyxin B @amodel cytotoxic agent. BHHCHIKV-NCT cells treated
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with control compounds were imaged for 48 h, after which the created analysis protocols were applied.
The results of cell classification and fluorescence imtgranalysis for BHKCHIKV-NCT cells
treated with control compounds are shown for three time points in Figure 6. Positive control
6-azauridine decreases the fluorescence intensity of the cells, without affecting cell morphology,
whereas polymyxin B raditlg decreases both the number of viable cells, @sda consequence, the
fluorescence intensity.

Percentages of CHIKV replicon inhibition based on fluorescence detection and cytotoxicity based
on cell classification were calculated for each sample. Tdiedally increase the reliability, results
reported for test samples are averages from two independent assays with 3 replicate wells each.

3.6. Evaluation of Antinflammatory Properties
3.6.1.Preparation of Microglial Primary Cell Cultures

Primary micralial cell cultures were prepared from brains of newborn Wistar rats [B#jcs
approval for the experiments waganted by the EBIOTE@Review Board (Valter Lombardiyan
Carrera andLu@ FernédezNovog Project Identification Code: Sinularia ProjeCictober 2013
approved30 October2013. The neocortex of onrday-old postnatal rats was aseptically dissected out
and the meninges and blood vessels were carefully removed. Following cutting in a medium
containing 20% horse serum, the suspension wasefiltthrough a 4éhm filter and transferred as a
single cell suspension to cultwleshes, using 5.0 maf medium per dish. The cultures were incubated at
37 € in an atmosphere containing 5% €®he culture medium consisted of Minimum Essential Medium
Eagle, supplementedith L-glutamine, amino acids, vitamins, penicillin, gentamicin, sodium bicarbonate
and 20% heanactivatedhorse serum. The medium was changed twice a week. After 1 week, the
concentration of horse serumas reduced to 10%. After sixtealays in culture, cells were treated
with 1 eg/mL of lipopolysaccharide (LPS). After six hout#fferent concentrations (1&gy/mL, 2.5eg/mL
and 5.0eg/mL) of Compoundsli 4 and6 were added to each well, and plates were incubated for 72 h
at 37 € in an atmosphere containing 5% gdPositive controls were treated only with LR&ile
negative controls were treated with complete medium. After @2ihcubation cells were counted
and 2.5 mL othesupernatants wewllected from each well and frozena 7 40 AC f or cyt
All experiments were carried out twice.

3.6.2.Cell Count

Statistical analysis was carried out from three randomly chosen untreated dishes and three randoml
chosen treated dishes. Microglial density values were obtainedunying 10 fields in the microglial
area for each cell culture using a 20x objectiidhe ANOVA test was performed at the 95%
significance level in order to contrast differences.

3.6.3.Determination of Cytokine Concentration

The supernatants obtained rfracell cultures were analyzed for TNF, -11bL, -4, IL46, IL-8,
IL-10and k18 wusing commercially available ELI SA ki
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All samples were assayed in duplicai@nd equivocal results were repeated. The cytokine
concentration was calculated from a standard curve of the corresponding recombinant cytokine.

3.6.4. Determination dfCso Values by Quantitation of Cytokine Release and Colorimetric Methyl
Thiazol Tetrazolium (MTT) Cytotoxicity Assay

The cytotoxicity ofthe compounds was measured by the colorimetric methyl thiazol tetrazolium
(MTT) assay and scored as a percentagehefabsorbance reduction of treated cultuxvessus
untreated control cultures. Primary microglial cell cultures were seeded int@lBénicroplates at
10" cells per well and allowed to grow for 24 h. The initial concentratid®onfipoundsli 4 and6 was
100eg/mL in DMSO. The compounds were serially diluted in complete culture medium witfolsvo
dilutions (100, 50, 25, 12.5, 6.25, 3.12 dnB6eg/mL for in vitro cytotoxicity; 12.5, 6.25, 3.12, 1.56,
0.78 and 0.32g/mL for cytokine release). Different concentrations of the compounds were added to
each well and Tamoxifen was used as a positive contralh concentrations ranging from 50 to
1.56eg/mL. Plates were incubated at 87 for 72 h under 5% Cg@atmosphere. Therhe 50eL of
MTT-PBS solution in culture mediumereadded to each well. The plates were further incubated for
4 hunder the same conditions. The medium was then remanwedeplaced with 206L of DMSO to
solubilize the MTT formazan product. The solutions were shaken for 2Q amd the absorbance was
measured at 570 nrf@ne hundred microlitersf the supernatants collected after incubation were used for
cytokine quantittation as desribed inSection3.6.3, and pednisolone was used as a positive control.
Each value represents the mean of triplicate determinations. FhealGes were calculated from the
compound concentratienesponse curves.

3.6.5.Statistics

The resits are expressed dsemean N standard devi ati omtests Pai r
were used to determine the significance of differences; a valup ©f 0.05 was considered
statistically significant.

4. Conclusions

The investigation of bioactiveatural products from an Indian soft cor@inularia kavarattiensis
led to the isolation of a novel norcembranoid, named kavaranolifje glong with six known
compounds Xi 6). Despite its inactivity in the CHIKV replicon model, the isolation and
charactrization of kavaranolide7f adds value to the outcomes of this study. Imaging experiments on
the CHIKV replicon model with the isolated compounds indicated that batid 2 show moderate
activity against the CHIKV replicon, but also remarkable cytotgiioperties. The effects of the
isolated compounds on primary microglial cells, on the contrary, clearly indicat€dhgtound? is
able toregulate the morphology and function of surveying/resting microgliatantkecrease the
activation of microglia, with could contribute to the progression of chronic neurodegenerative
diseasesSinceCompound2 also shows potential arAtiflammatory properties based on the effect on
cytokine release, it is possible to hypothesize that it haaxe the capacity to redutee release of a
large number of substances that can be detrimental to the surrounding reutdinslly contribute to
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a CNS homeostasis. In recent years, several natural products isolated from herbal plants [55] were
proven to act as inhibitors of maglial neurotoxicity. This study represents the first report of a marine
natural product with modulatory activity on neuroinflammation.
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