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Abstract

Angiogenesis induction is a hallmark of cancer. i&mgiogenic properties of Xanthohumol
(XN), a naturally occurring prenylated chalconenfrbops, have been widely reported. Here we
describe the synthesis and study the antiangiogetigty in vitro of a series of XN derivatives,
where different substituents on the B-ring of thalcone scaffold were inserted. The new XN
derivatives inhibited human umbilical-vein endotakekell (HUVEC) proliferation, adhesion,
migration, invasion and their ability to form cdaily-like structuresin vitro at 10 pM
concentration. The preliminary results indicatet tthee phenolic OH group in R, present in
natural XN, is not necessary for having antiangmgeactivity. In fact, the most effective
compound from this serie&3, was characterized by a para-methoxy group in dRaafluorine
atom in R on B-ring. This study paves the way for future @epment of synthetic analogues of

XN to be used as cancer angiopreventive and cheaweptive agents.
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Abbreviations: XN, xanthohumol; HUVEC, human umbilical vein enldelial cells; EGCG,
epigallocatechin-3-gallate;  MOMCI,  chloromethylmgdth ether; DEAD, diethyl
azodicarboxylate; SAR, structure-activity relatioips FBS, foetal bovine serum; FITC,

fluorescein isothiocyanate; DAPI,@-diamidine-2phenylindole dihydrochloride.



1. Introduction

Angiogenesis refers to the formation of new blo@$sels from pre-existing vasculatydg.
Physiological angiogenesis is necessary for kexgsgses such as wound healing and tissue
regeneration and repair. In pathological conditionsluding cardiovascular diseases, diabetes,
cancer, and other pathologies associated with ahioflammation, angiogenesis represent a
relevant hallmark contributing to disease insurgesed progression. Therefore, the induction of
new blood vessels is a necessary condition for tanto recruit oxygen, nutrients and
disseminate to distant sites. Strategies aimedoaking or delaying tumor angiogenesis, have
been employed both in therapeutic and (chemo) pteresettings and promising results have
been obtained in pre-clinical models and in theics [2, 3]. Cancer chemoprevention offers the
possibility of long-term low toxic treatments tratuld keep initial tumors at bay, delaying their
progression to a clinically relevant tump4-6]. Many chemopreventive agents are directly
derived from natural sources (phytochemicals) tizate been reported to exert anti-proliferative,
pro-apoptotic, antioxidant and anti-inflammatoryiates [7]. We have demonstrated that many
of these phytochemical derived agents act alsm@sagiogenic and anti-inflammatory drugs, a
concept we named “angiopreventiof8-10]. Substantial attention has been addressed to
flavonoids and their synthetic precursors, chalspr@eclass of polyphenolic compounds that,
within their wide range of activity, also exhibimta&angiogenic propertiegl1]. During the last
decades, the prenylated chalcone Xanthohumol (XNFig. 1) has emerged as a cancer
chemopreventive agentl2]. It is the major prenylated chalcone presentthe female
inflorescences of the hop plakiumulus lupulus L. (Cannabaceae) employed in the brewing

process to preserve and to add bitterness and fla\zeer. The beneficial properties of hops are



well known from ancient times and have been useataditional medicines since the IX century.
Xanthohumol was first isolated by Power in 1913 #@sdstructure was elucidated in 1957 by
Verzele[13]. However, only in the last decades, we assigtedn increasing interest to this
molecule, since it is endowed with multiple bioloai activities including anti-diabetic, anti-
inflammatory, anti-oxidant, anti-cancer, anti-in&s and anti-angiogenic activiti¢$4]. Given
the promising results fronm vitro andin vivo preclinical studies that have pointed out the
numerous benefits exerted by XN, clinical triale aurrently being developed evaluating the

feasibility of XN treatment in the context of metdib syndrome and prevention of DNA

damage _(https://clinicaltrials.gov]15]. We showed that XN has stronger anti-angiogenic
activity as compared to the green tea flavonoidy@fmcatechin-3-gallate (EGCG)6]. Due to

the multiple beneficial activities of XN, we werptérested in determining whether chemical
modification of the XN-scaffold resulted in mordegftive inhibition of angiogenesis, to identify
novel potential chemopreventive agents. Therefeedeveloped of a series of novel synthetic
analogues of XN, compoun@s14[17],reported in Table 1. A series of XN analogues heenb
recently synthesized and shown to have toxicity aimlvHeLa cells by inhibiting the
selenoprotein thioredoxin reductases (TrxR$). We chose to replace the phenolic group on B-
ring of the XN (Fig. 1) with several substituentsdewed with different electronic and steric
properties such as halogens, methoxy or nitro group evaluate the impact of these
modifications on antiangiogenic activity. The pregsoup on A-ring was left unchanged, since
previous studiegl9] confirmed its importance for antiangiogenicwty. Derivatives3, 5, 7, 10

and 13 were synthesized and tested together with somgues MOM-protected on A-ring,
defined compoundg, 4, 6, 8, 9, 11, 12 and14. Here, we compared the antiangiogenic effects of

XN and our novel synthetic derivatives vitro, where human umbilical vein endothelial cells



(HUVEC) were used as a model for cell proliferati@apoptosis, cell adhesion, migration,

invasion and formation of capillary-like structures
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Fig. 1. Natural product Xanthohumol (XN) and iiewsynthetic analogues.



Table 1. Structure of the new synthetic XN analog@es4.
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Compc R Ri R, R R4
2 Cl CIl H MOM H
3 Ccl cCl H H H
4 F H H MOM H
5 F H H H H
6 H H F MOM H
7 H H F H H
8 oCH;, F H MOM MOM
9 OCH; F H MOM H
10 OCH; F H H H
11 OCH; H F MOM MOM
12 OCH; H F MOM H
13 OCH; H F H H
14 NO, H H MOM H

2. Results and discussion.

2.1. Chemistry.



The novel synthetic XN analogues have been symbésiollowing the synthetic approach
previously reported for the synthesis of XN andnigdural derivatives [20, 21] and depicted in

Scheme 1.

OH
HO OH MOMO OMOM >{ MOMO OMOM |
a
\@Kﬂ/ —_— \Qiﬂ/ —_— \E;K( ———= MOMO OMOM

OH O OH O ﬁmo 0
15 16 17 18 OH O
|
d
MOMO OH R
PONE
R1 |
0 o0 R,
2,4,6,9,12,14 MOMO OMOM R MOMO OMOM
f O e
- N R,
(6]

|
+
I 0 Ry 0 ©
HO OH R 8,11,20-23 19
O “ O 20. R=Cl, R;=Cl, R,=H
R1 21. , R1=H, R2=H
0O O R,

P 22 . Rp=F
23. 02, R1=H, R2=H

ol i )
ZIm
&L

11

T

3,5,7,10,13

Scheme 1.Synthesis of XN analogués14 Reagents and conditions: (a) MOMCI, DIPEA, £H,
rt, 6 h, 57%; (b) 3-methyl-2-butene-1-ol, DEAD, BPFHF, rt, 18 h, 60%; (dN,N-dimethylaniline, 200
°C, 4 h, 42%; (d) (CED)SO;, K,CO, acetone, reflux, 6 h, 65%; (e) the appropriatbsstuted
benzaldehyde, aqueous NaOH, MeOH, reflux, 4 h,24:§f) HCI, MeOH/HO, 45 °C, 45 min, 7-77%.

Partial methoxymethyl (MOM) protection of commetlyia available 2,4,6-
trinydroxyacetophenone with chloromethylmethyl et@OMCI) yielded derivativel6. The
prenyl group has been then introduced using tweegieent steps: a Mitsunobu reaction with

prenyl alcohol to form the prenyl eth&7 followed by a Claisen rearrangement that provided



prenylated acetophenod®. The Mitsunobu condensation of phet6élwith prenyl alcohol was
conducted in the presence of diethyl azodicarbaeyBEAD) and triphenylphosphine (P§im
THF (60% yield), then phendl8 was obtained by treatment 7 with N,N-dimethylaniline, at
200 °C for 4 h (42% vyield). The phenolic hydroxybgp was then converted in the methoxy
function by reaction with dimethyl sulfate in theepence of KCO; (65%yield) and the
derivativel9 thus obtained was used in a Claisen-Schmidt caadiem with diverse substituted
benzaldehydes to build up the chalcone scaffoldemMh4 and 3,4-difluoro benzaldehydes have
been used, the chalcones obtained showed in 4igrogit methoxy moiety, due to fluorine
displacement reaction occurring in the reactionddomns (NaOH ag. in MeOH, at 65 °C).
Finally, treatment of chalcone20-23 8, 11, with HCI in MeOH/HO under controlled
temperature and acidity conditions, allowed to wbthe deprotected XN analogu8s5, 7, 10,

13 together with MOM mono-protected derivatives4, 6, 9, 12-14. Deprotected and mono-

protected derivatives were separated by flash carognaphy.

2.2. Biological activity.
In preliminary experiments the anti-angiogenic\agtiof XN was compared to the one of green
tea epigallocatechin-3-gallate (EGCG), extensivedscribed in literature as anti-angiogenic
flavonoid, by analyzing human endothelial cellslipecation, viability, cell functions, the ability
to interfere with migration, invasion and the capgbto form capillary-like networks on matrix
basement membrane (data not shown) [16]. All oalyas pointed out a more powerful anti-
angiogenic-related activities of XN than EGCG. Weerefore employed in all the assays

unmodified original Xantohumol molecule as a pesittontrol for the synthetic derivatives.



2.2.1. Effects of XN derivatives on HUVE cell proferation and viability.

The newly synthesized compounds1d, Table 1) were first tested for cytotoxicity onnhan
umbilical vein endothelial cells (HUVECs). Composn® and 3 were considered unfit for
testing due to some solubility issues. We treated/BHCs with increasing concentrations of XN
(the positive control for antiangiogenesis) anddiésivatives ranging from 1 uM to 20 uM for
24, 48, 72 and 96 h. Cell viability was then asseédsy the MTT assay and cell death was
demonstrated by Annexin-V/7-AAD double-staining amaantified on a flow cytometry. We
observed that most of the XN derivatives inhibit¢ddVEC proliferation in a dose-dependent
and time-dependent manner (Fig. 2). Since XN andynad its derivatives, such ds3 and14
showed a relevant toxicity at 20 uM (Fig. 3), weedighe 10 uM dose for the subsequent
experiments and consistent with previous publicet[d6, 22]. At the 10 uM concentration and
the 96h time point, several derivatives statisycadhibited HUVE cell growth as compared to
XN alone: in particulaB and11 (Fig. 2). Noteworthy, derivativé4 was the only compound to

show toxicity at 10 UM dose, as indicated by insegsbapoptosis on HUVECs (Fig. 3).
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Figure 2. Effects of XN derivatives on endotheliatell proliferation in vitro =XN and XN derivatives
interfere with endothelial cell (HUVEC) proliferati, as assessed by MTT assay. Results are showed as
Mean + SEM; *p <0.05, ***p<0.001 compared to XN alon&Vehicle” indicates cells treated with

vehicle (DMSO in the medium).
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Figure 3. Effects of XN derivatives on endotheliatell viability in vitro - Flow cytometry analysis
showed that 24 h treatment of endothelial cell$1\2® uM XN derivatives resulted in increased raties
apoptotic (AnnexinV7-AAD™) cells. “Vehicle” indicates cells treated with vehicle (DMS® the

medium). Results are showed as Mez®EM.

These results suggest that the presence of a M@kgiive group in Rpositively impacts on
the ability to block cell proliferation, considegrihat8 and11 (the only two derivatives of the
series bearing two MOM-protecting groups on A-riag¢ the most potent inhibitors of HUVE
cell growth (Fig. 2). Moreover, the introductionafstrong electron-withdrawing group such as a

nitro group in R on B-ring seems to cause toxicday, shown by the increased apoptosis on

11



HUVECs given by compound4 already at 1QuM concentration. Finally, only compouri@
characterized by a para-methoxy substituent omB:i fluorine atom in Rand a MOM-group

in R3 position was not able to affect endothelial cetivgh.

2.2.2. Effect of XN derivatives on HUVE cell adhesion, migation and invasion

Sinceadhesion, migration and invasion are crucial stepsangiogenesis, we also investigated
the abilities of XN and its derivatives to inhiltitese processes. We observed that XN and its
synthetic derivatives were able to decrease HUVHEBesion compared with the nontreated
control (FBS 10% with dissolved vehicle, DMSO) (High). However, only one of the synthetic
derivatives,13, was statistically more active than the parentpound XN. Comparable results
were obtained in terms of migration with XN anddesivatives (except fat2) which were able

to decrease HUVEC migration (Fig. 4B) compared witle control. Again,13 showed
significantly greater inhibition than XN, along witompoundb. In the invasion assay, XN and
its derivatives (except f@ and12) showed statistical differences compared to théhe control
(Fig. 4C). However, in this case, none of the ddixes showed significantly more activity

compared to the parent compound XN.
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Figure 4. Effects of xanthohumol derivatives on HU¥ cell adhesion, invasion and migrationXN
and XN derivatives at 10 UM concentration can fieterwith crucial steps of angiogenesis by decngpsi
HUVEC A) adhesion B) migration and Qvasion, as compared to vehicle-treated céNsehicle”
indicates cells treated with vehicle (DMSO in thedinm). Results are showed as MeaasSEM. *p

<0.05; **p<0.001; ***p<0.001 as indicated by therba

These results point out the importance of a pher©H group in Btogether with a fluorine

atom on ring-B for having inhibitory activity on Itenigration (see activity 06 vs 4 and of13

vs 12, Fig. 4B). In particular, compount3, characterized by a para-methoxy substituent on B-

13



ring and a fluorine atom in JFposition, showed the best activity on migration authesion

inhibition on HUVECSs also compared to XN.

2.2.3. Effect of XN derivatives on morphogenesig vitro

When cultured on a membrane-basement matrix |&@¥/E cells form capillary-like networks
within 6 hin vitro, mimicking the events occurring during vessel rekwformationin vivo. We
evaluated the ability of XN derivatives to effecUMEC morphogenesisn vitro at 10 pM
concentration. We observed that all the XN derixegtiwere able to decrease the formation of
capillary-like structures in a statistically signdnt manner as compared to the control (FBS
10% without vehicle) (Fig. 5). Noteworthy, almodit)dN derivatives were more potent than the
parental compound XN for all parameters consideatad,among therh, 8 and even more st3

showed statistically significant differences in rhgnof master segments.
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Figure 5. Effects of XN derivatives on HUVEC morphgenesis +ollowing 6 h treatment, XN and all
XN derivatives at 10 uM concentration can inhiblWV¥EC ability to form capillary-like structures on
matrigel compared with vehicle-treated cells. SFidlls treated with serum-free EGM-2 medium as a
negative control. FBS 10%: cells treated with meditontaining 10% FBS without vehicleVehicle”
indicates cells treated with vehicle (DMSO in thedinm). Results are showed as MeaSEM. *p

<0.05; **p<0.001; **p<0.001 as indicated by therba

Also in this assay, the best activity results wgiken by compound3, characterized by a para-
methoxy substituent on B-ring and a fluorine atonkj position. Taken together, all these data
suggest that the new XN derivatives exert antiageyiic activities that can be even higher than
the XN ones.

3. Conclusions.

A new series of synthetic derivatives of XN hasrbpeepared and their effects on angiogenesis
have been evaluated in comparison with XN onegdrticular, compoundd4-14 have been
tested in vitro on cell proliferation, apoptosis, cell adhesionjgmation, invasion and
morphogenesis with HUVE cells at 10 uM concentrati®espite the limited number of
derivatives synthesized in the present study, sornenments about structure-activity
relationships (SAR) can be made. The results obthiso far suggest the importance of a
phenolic OH group in fon A-ringtogether with a fluorine atom on B-ring for havimdpibitory
activity on cell migration (see activity & vs 4 and of13 vs 12, Fig. 4B). The presence of a
MOM-protective group in Rseems to positively influence the ability to blaxk| proliferation,
considering thaB and11 are the most potent inhibitors of HUVE cell growkig. 2). Moreover,
the introduction of a nitro group in R on B-ringeses to cause toxicity, as shown by the

increased apoptosis on HUVECs given by compoidilready at 1QuM. Noteworthy, the
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phenolic OH group in R, present in natural XN, dosst seem necessary for having
antiangiogenic activity. In fact, among all syntiaes compounds, the best activity results were
exhibited by compound3, which was the strongest inhibitor of cell adhasimigration and
morphogenesis even compared to XN. This derivasivaharacterized by a para-methoxy group
in R and a fluorine atom in Ron B-ring. Given the different activity betwedr8 and its
analogue bearing a fluorine in,RRompoundl0, the position of F substitution on B-ring seems
to be determinant for activity.

Overall, these preliminary data highlight that thewly synthesized XN derivatives may
represent relevant compounds able to affect cristéds of angiogenesis. Further studies must
be conducted to assess the pharmacokinetic prepesfi the most promising compounds in

comparison with naturally produced XN.

4. Experimental section

4.1. Chemistry. Melting points were determined on a Kofler hotstaapparatus and are
uncorrectedH, *C and**F NMR spectra were determined with a Varian Ger@id® MHz
spectrometer or a Bruker Avance Il HD 400 MHz gpmoeter. Chemical shift$) are reported
in parts per million and coupling constant}) @re given in hertz (Hz). The following
abbreviations are used: singlet (s), doublet (@let (t), double-doublet (dd), double-triplet X dt
broad (br) and multiplet (m). Chromatographic sapans were performed on silica gel columns
by flash column chromatography (Kieselgel 40, 0-@1063 mm; Merck) or using ISOLUTE
Flash Si Il cartridges (Biotage). Reactions werévweed by thin-layer chromatography (TLC)
on Merck aluminum silica gel (60 F254) sheets thatre visualized under a UV lamp.

Evaporation was performdd vacuo (rotating evaporator). Sodium sulfate was alwassduas

16



the drying agent. Commercially available chemieadse purchased from Sigma-Aldrich (Milan,
Italy). Elemental analysis has been used to deterthie purity of target compounds. Analytical

results are within £ 0.40% of the theoretical value
4.2. 2-Hydroxy-4',6'-dimethoxymethylacetophenone (16).

To an ice-cooled suspension df426'-trihydroxyacetophenone monohydrate (2.00 g, 10.74
mmol) in 21.50 mL of CHKLCI,, N,N-diisopropylethylamine (5.60 mL, 32.22 mmol) ancebrth
dropwise MOMCI (2.40 mL, 32.22 mmol) were addede Tkaction was gradually allowed to
reach room temperature and stirred for 6 h. Thetimawas quenched with aqueous saturated
NH4CI solution (20 mL). The resulting mixture was exted with CHCI/H,O (1:1). The
organic layers were combined, dried over,3@;, filtered, and evaporated. The yellowish
residue was purified by flash chromatograpmhéxane/EtOAc 6:1) using a Isolute Flash Si |l
cartridge to affordl6 [23] as a colorless oil (1.57 g, 57% yieli NMR (200 MHz, CDC}) ¢:
2.65 (s, 3H), 3.47 (s, 3H), 3.52 (s, 3H), 5.1723), 5.25 (s, 2H), 6.24 (d,= 2.4 Hz, 1H), 6.27

(d,J=2.4 Hz, 1H).
4.3. 4,6'-Dimethoxymethyl-2-(3-methylbut-2-en-1-yloxy)acetophenone (17).

To an ice-cooled solution df6 (917 mg, 3.57 mmol) in 18 mL of dry THF, PP{.123 g,
4.30 mmol) and 3-methyl-2-buten-1-ol (0.54 mL, 5.3Bmol) were added. Diethyl
azodicarboxylate (DEAD) (0.90 mL, 5.71 mmol), waksled dropwise and the resulting solution
was allowed to reach room temperature and stiroedl8 h. The solvent was evaporated, the
residue suspended in ether and the solid filterad.filtrate was evaporated and the residue was
purified by silica gel flash chromatographg-t{exane/EtOAc 6:1) affordind.7 [24] as a

colorless oil (684 mg, 60% yieldd NMR (200 MHz, CDC}) d: 1.70 (s, 3H), 1.75 (s, 3H), 2.47

17



(s, 3H), 3.45 (s, 3H), 3.47 (s, 3H), 4.491¢; 6.6 Hz, 2H), 5.12 (s, 2H), 5.15 (s, 2H), 5.40 &,

6.6 Hz, 1H), 6.30 (dJ = 1.8 Hz, 1H), 6.43 (d] = 1.8 Hz, 1H).
4.4. 2,4-Dimethoxymethyl-6-hydroxy-3'-(3-methylbut-2-en-1-yloxy)-acetophenone (18).

Intermediatel7 (680 mg, 2 mmol) was dissolved in 21 mLMN-dimethylaniline and heated
at 200 °C for 4 h. Ethyl acetate (100 mL) was adaled the mixture washed with 1 N HCI (2 x
100 mL). The organic layer was dried over.8@, filtered, and evaporated. The residue was
purified by flash chromatography-biexane/EtOAc 20:1) using a Isolute Flash Si Itridge to
afford 18 [24] as yellow oil (275 mg, 42% yield)}H NMR (200 MHz, CDC}) : 1.68 (s, 3H),
1.76 (s, 3H), 2.70 (s, 3H), 3.30 (= 6.6 Hz, 2H), 3.45 (s, 3H), 3.51 (s, 3H), 4.952), 5.12-

5.14 (m, 1H), 5.21 (s, 2H), 6.47 (s, 1H).
4.5. 2,4-Dimethoxymethyl-6-methoxy-3-(3-methylbut-2-en-1-yloxy)-acetophenone (19).

To a stirred solution 0f8 (270 mg, 0.83 mmol) in 17 mL of acetone;GO; (230 mg, 1.66
mmol) was slowly added and then dimethyl sulfaté 30nL, 1.66 mmol). The reaction mixture
was refluxed for 6 h, allowed to cool to room temgbere, and quenched with 16 mL of MNbH.
Then, it was extracted with GBI,/H,O (1:1) 3 x 30 mL. The organic layers were combjned
dried over NaSQ,, filtered and evaporated. The residue was purifigdlash chromatography
(n-hexane/EtOAc 8:1) using a Isolute Flash Si |l mage to afford19 [20] as yellow oil (183
mg, 65% yield)*H NMR (200 MHz, CDC}) 5: 1.66 (s, 3H), 1.74 (s, 3H), 2.49 (s, 3H), 3.30 (d
J=6.6 Hz, 2H), 3.47 (s, 3H), 3.48 (s, 3H), 3.7931d), 4.90 (s, 2H), 5.12-5.14 (m, 1H), 5.20 (s,

2H), 6.54 (s, 1H).

4.6. General Procedure to Synthesize Chalcones 8, 20-23.

18



To a stirred solution 019 (1 eq) and the properly substituted benzaldehydegjlin MeOH
(40 mL/mmol), 10% NaOH aqueous solution (2 mL/mme#s added and the reaction mixture
was refluxed for 4 h. The solution was then exgdotvith EtOAc/HO (1:1). The combined
organic layers were dried over }0,, filtered, and evaporated. The residue was pdribig

flash chromatography affording the desired comps@yd1, 20-23

4.7. (E)-3-(3-fluoro-4-methoxyphenyl)-1-(6-methoxy2,4-bis(methoxymethoxy)-3-(3-

methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (8).

The title compound was prepared according the @géngirocedure, using 3,4
difluorobenzaldehyde (42 mg, 0.29 mmol). The cruds purified by flash chromatography: (
hexane/EtOAc 10:1) using a Isolute Flash Si llradge to afford8 as yellow oil (57 mg, 41%
yield). *H NMR (200 MHz, CDC}) d: 1.70 (s, 3H), 1.78 (s, 3H), 3.37 (#= 6.8 Hz, 2H), 3.45
(s, 3H), 3.52 (s, 3H), 3.79 (s, 3H), 3.94 (s, 3#HY3 (s, 2H), 5.15-5.22 (m, 1H), 5.26 (s, 2H),
6.61 (s, 1H), 6.89 (d] = 15.7 Hz, 1H), 7.01 (d] = 8.4 Hz, 1H), 7.25-7.38 (m, 3H)Y’C NMR
(100 MHz, CDC}) §: 17.9, 22.1, 25.8, 55.9, 56.2, 56.2, 57.4, 894829101.0, 108.3, 109.0,
113.9, 114.3, 123.6, 126.4, 126.8, 129.0, 131.4,014.50.2, 153.6 (dJc.-= 246.6 Hz)), 161.5,
162.0, 164.3, 193.0. Elemental Analysis fosstdsFO; calculated: % C, 65.81; % H, 6.58;
found: % C, 65.93; % H, 6.76.

4.8. (E)-3-(2-fluoro-4-methoxyphenyl)-1-(6-methoxy2,4-bis(methoxymethoxy)-3-(3-

methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (11).

The title compound was prepared according the @éngrocedure, using 2,4
difluorobenzaldehyde (114 mg, 0.80 mmol). The crwds purified by flash chromatography (

hexane/EtOAc 8:1) using a Isolute Flash Si Il idge to affordll as yellow oil (118 mg, 31%
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yield). *H NMR (200 MHz, CDCJ) J: 1.68 (s, 3H), 1.77 (s, 3H), 3.36 (= 6.6 Hz, 2H), 3.44
(s, 3H), 3.51 (s, 3H), 3.77 (s, 3H), 3.83 (s, 3#92 (s, 2H), 5.14-5.21 (m, 1H), 5.24 (s, 2H),
6.60 (s, 1H), 6.65-6.74 (m, 2H), 6.98 (= 16.0 Hz, 1H), 7.46-7.56 (m, 2HYC NMR (100
MHz, CDCk) o: 18.0, 23.1, 25.8, 55.8, 56.1, 56.2, 57.6, 89459100.9, 101.9, 110.8, 111.1,
115.8, 122.8, 128.7, 130.0, 131.3, 136.7, 161.0,6L6, Jc.r= 254.0 Hz), 162.6, 162.7, 164.3,
194.1.*F NMR (376 MHz, CDG)) 6: -111.32. Elemental Analysis for.g3,FO; calculated: %

C, 65.81; % H, 6.58; found: % C, 66.17; % H, 6.63.

4.9. (E)-3-(3,4-dichlorophenyl)-1-(6-methoxy-2,4-B{methoxymethoxy)-3-(3-methylbut-

2-en-1-yl)phenyl)prop-2-en-1-one (20).

The title compound was prepared according the g@éngrocedure, using 3,4-
dichlorobenzaldehyde (93 mg, 0.53 mmol). The cnwds purified by flash chromatography: (
hexane/EtOAc 12:1) using a Isolute Flash Si llradge to afford20 as a semisolid yellow oil
(163 mg, 62% yield)'H NMR (200 MHz, CDCY) J: 1.68 (s, 3H), 1.76 (s, 3H), 3.34 (#= 6.8
Hz, 2H), 3.41 (s, 3H), 3.50 (s, 3H), 3.77 (s, 3#RPO (s, 2H), 5.14-5.21 (m, 1H), 5.24 (s, 2H),
6.59 (s, 1H), 6.96 (d] = 15.9 Hz, 1H), 7.32 (dl = 15.9 Hz, 1H), 7.38-7.47 (m, 2H), 7.60 {d=

1.8 Hz, 1H).

4.10. (E)-3-(4-fluorophenyl)-1-(6-methoxy-2,4-bis(methoxgnethoxy)-3-(3-methylbut-2-

en-1-yl)phenyl)prop-2-en-1-one (21).

The title compound was prepared according the @éngrocedure, using 4-
fluorobenzaldehyde (47 pL, 0.44 mmol). The crude warified by flash chromatographg-(
hexane/EtOAc 12:1) using a Isolute Flash Si llradge to afford21 as a semisolid yellow oil

(47 mg, 24% yield)'H NMR (200 MHz, CDC}) 6: 1.68 (s, 3H), 1.76 (s, 3H), 3.34 @= 7.1
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Hz, 2H), 3.42 (s, 3H), 3.50 (s, 3H), 3.76 (s, 3890 (s, 2H), 5.14-5.22 (m, 1H), 5.24 (s, 2H),
6.59 (s, 1H), 6.92 (d] = 16.0 Hz, 1H), 7.06 (m, 2H), 7.38 @= 16.0 Hz, 1H), 7.49-7.56 (m,

2H).

4.11. (E)-3-(2-fluorophenyl)-1-(6-methoxy-2,4-bis(ethoxymethoxy)-3-(3-methylbut-2-

en-1-yl)phenyl)prop-2-en-1-one (22).

The title compound was prepared according the gépeocedure, using 2-fluorobenzaldehyde
(275 mg, 0.81 mmol). The crude was purified byHlagromatographynthexane/EtOAc 12:1)
using a Isolute Flash Si Il cartridge to aff@# as yellow oil (170 mg, 47% yieldjH NMR
(200 MHz, CDC}) §: 1.68 (s, 3H), 1.79 (s, 3H), 3.35 (= 6.9 Hz, 2H), 3.43 (s, 3H), 3.49 (s,
3H), 3.82 (s, 3H), 4.93 (s, 2H), 5.19-5.24 (m, 15128 (s, 2H), 6.50 (s, 1H), 7.00-7.11 (M, 2H),

7.18 (d,J = 16.0 Hz, 1H), 7.29-7.36 (m, 1H), 7.50-7.60 (m)2H

4.12. (E)-1-(6-methoxy-2,4-bis(methoxymethoxy)-3-(@ethylbut-2-en-1-yl)phenyl)-3-(4-

nitrophenyl)prop-2-en-1-one (23).

The title compound was prepared according the gépencedure, using 4-nitrobenzaldehyde
(201 mg, 1.33 mmol). The crude was purified byHlasromatographynthexane/EtOAc 6:1)
using a Isolute Flash Si Il cartridge to affd@@ as yellow oil (274 mg, 44% yield}H NMR
(200 MHz, CDC}) &: 1.69 (s, 3H), 1.77 (s, 3H), 3.36 (= 6.6 Hz, 2H), 3.42 (s, 3H), 3.48 (s,
3H), 3.79 (s, 3H), 4.92 (s, 2H), 5.16-5.24 (m, 1B1R6 (s, 2H), 6.61 (s, 1H), 7.11 @z= 16.2

Hz, 1H), 7.48 (dJ = 16.2 Hz, 1H), 7.66-7.71 (m, 2H), 8.20-8.26 (m)2H

4.13. General Procedure to Synthesize Xanthohumohalogues 2-7, 9, 10, 12-14.
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To a stirred solution of chalcone in MeOH concentrated HCI was added until pH 1 and
the mixture was heated at 45 °C for 45 min. Thectrea mixture was then extracted with
EtOAc/HO, the organic layers were combined, dried oveiS@y filtered, and evaporated at 20
°C. The residue was purified by flash chromatogyagtiording the desired compoungsy, 9,

10, 12-14.

4.14. (E)-3-(3,4-dichlorophenyl)-1-(2-hydroxy-6-médtoxy-4-(methoxymethoxy)-3-(3-
methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (2) and (E)-3-(3,4-dichlorophenyl)-1-(2,4-

dihydroxy-6-methoxy-3-(3-methylbut-2-en-1-yl)phenyJprop-2-en-1-one (3).

The title compounds were prepared according thergéprocedure, starting from compound
20 (62 mg, 0.12 mmol). The residue was purified bgHlahromatographynthexane/EtOAc
7:1) using a Isolute Flash Si Il cartridge to aff@r(31 mg, 57% vyield) as orange solid &h®
mg, 18% vield) as yellow solid2) mp 105-107 °C'H NMR (400 MHz, CDC}) &: 1.67 (s, 3H),
1.79 (s, 3H), 3.32 (dl = 7.1 Hz, 2H), 3.49 (s, 3H), 3.92 (s, 3H), 5.1945(fh, 1H), 5.27 (s, 2H),
6.24 (s, 1H), 7.40 (ddl, = 8.3 Hz,J, = 2.0 Hz, 1H), 7.46 (d] = 8.3 Hz, 1H), 7.61 (d] = 15.6
Hz, 1H), 7.65 (dJ = 2.0 Hz, 1H), 7.81 (dJ = 15.6 Hz, 1H)**C NMR (100 MHz, CDG)) :
17.7, 21.6, 25.8, 55.9, 56.2, 89.1, 93.9, 106.9.0,1122.5, 127.3, 129.6, 129.6, 130.8, 131.4,
133.1, 133.6, 135.7, 138.9, 160.9, 161.3, 164.2.519Elemental Analysis for £H24Cl,0s
calculated: % C, 61.21; % H, 5.36; found: % C, 81% H, 5.48.(3) mp 62-64 °C!H NMR
(400 MHz, CDC}) §: 1.78 (s, 3H), 1.83 (s, 3H), 3.40 @+ 6.3 Hz, 2H), 3.90 (s, 3H), 5.26-5.32
(m, 1H), 5.95 (s, 1H), 6.26 (br, 1H), 7.39-7.48 @hl), 7.60-7.66 (m, 2H), 7.84 (d,= 15.8 Hz,
1H). ¥*C NMR (100 MHz, CDGJ) &: 18.0, 21.7, 25.9, 56.0, 91.4, 106.2, 106.4, 12127 .4,
129.7, 129.8, 130.9, 133.2, 133.8, 135.9, 136.8.113161.3, 162.5, 165.3, 192.3. Elemental

Analysis for GiH»0Cl,O4 calculated: % C, 61.93; % H, 4.95; found: % C282% H, 5.12.
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4.15. (E)-3-(4-fluorophenyl)-1-(2-hydroxy-6-methoxy4-(methoxymethoxy)-3-(3-
methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (4) andE)-1-(2,4-dihydroxy-6-methoxy-3-(3-

methylbut-2-en-1-yl)phenyl)-3-(4-fluorophenyl)prop2-en-1-one (5).

The title compounds were prepared according thergéprocedure, starting from compouzitl
(91 mg, 0.20 mmol). The residue was purified bgtil@hromatographynthexane/EtOAc 7:1)
using a Isolute Flash Si Il cartridge to affetd6 mg, 7% yield) as orange solid abd29 mg,
41% yield) as yellow solid4) mp 80-82 °C!H NMR (400 MHz, CDC)) &: 1.67 (s, 3H), 1.79
(s, 3H), 3.33 (dJ = 7.1 Hz, 2H), 3.50 (s, 3H), 3.92 (s, 3H), 5.2045(&, 1H), 5.27 (s, 2H), 6.24
(s, 1H), 7.07-7.11 (m, 2H), 7.56-7.60 (m, 2H), 7(@2J = 15.6 Hz, 1H), 7.79 (d] = 15.6 Hz,
1H). **C NMR (100 MHz, CDGJ) 6: 17.9, 21.8, 25.9, 56.0, 56.3, 89.3, 94.0, 10714,.1, 116.1
(d, 2Jc¢ = 21.8 Hz), 122.7, 127.7, 130.2, 131.4, 132.0, 44061.0, 161.2, 163.8 (dJcr =
250.9 Hz), 164.4, 193.1. Elemental Analysis fesHGsFOs calculated: % C, 68.99; % H, 6.29;
found: % C, 69.13; % H, 6.18) mp 167-169 °C*H NMR (400 MHz, CDC}) &: 1.77 (s, 3H),
1.83 (s, 3H), 3.40 (dJ = 7.2 Hz, 2H), 3.89 (s, 3H), 5.27-5.31 (m, 1H),%(8, 1H), 6.30 (br,
1H), 7.07-7.11 (m, 2H), 7.56-7.60 (m, 2H), 7.73J& 15.6 Hz, 1H), 7.82 (d] = 15.6 Hz, 1H).
3C NMR (100 MHz, CDG)) ¢: 18.0, 21.7, 25.9, 55.9, 91.3, 106.2, 106.5, 1{6,3)c.r = 21.9
Hz), 121.8, 127.7, 130.2, 132.0, 136.0, 140.9,3,6162.2, 163.9 (d'Jc.-= 250.0 Hz), 165.3,
192.8. Elemental Analysis for,gH,,FO, calculated: % C, 70.77; % H, 5.94; found: % C9%0.

% H, 5.70.

4.16. (E)-3-(2-fluorophenyl)-1-(2-hydroxy-6-methoxy4-(methoxymethoxy)-3-(3-
methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (6) andE)-1-(2,4-dihydroxy-6-methoxy-3-(3-

methylbut-2-en-1-yl)phenyl)-3-(2-fluorophenyl)prop-2-en-1-one (7).
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The title compounds were prepared according thergéprocedure, starting from compowzi
(170 mg, 0.39 mmol). The residue was purified laglil chromatography{hexane/EtOAc 10:1)
using a Isolute Flash Si Il cartridge to aff@&¢86 mg, 54% yield) and (13 mg, 9% yield) as
yellow-orange solidg6) mp 91-93 °C*H NMR (400 MHz, CDC}) d: 1.67 (s, 3H), 1.79 (s, 3H),
3.33 (d,J= 7.1 Hz, 2H), 3.49 (s, 3H), 3.91 (s, 3H), 5.2056(@, 1H), 5.27 (s, 2H), 6.24 (s, 1H),
7.08-7.19 (m, 2H), 7.31-7.37 (m, 1H), 7.55-7.60 {H), 7.83 (d,] = 15.8 Hz, 1H), 7.97 (d] =
15.8 Hz, 1H).2*C NMR (100 MHz, CDG)) &: 17.9, 21.7, 25.9, 55.9, 56.3, 89.2, 94.0, 107.2,
111.1, 116.3 (d?JC_F: 22.0 Hz), 122.8, 123.8, 124.5, 129.8, 130.7,3,3131.4, 134.6, 161.1,
161.3, 161.8 (dNc.r = 254.0 Hz), 164.4, 193.3°F NMR (376 MHz, CDQJ) §: -113.85.
Elemental Analysis for &H,sFOs calculated: % C, 68.99; % H, 6.29; found: % C289% H,
6.62.(7) mp 157-159 °C*H NMR (400 MHz, CDCJ) 6: 1.77 (s, 3H), 1.83 (s, 3H), 3.39 (@@=
7.2 Hz, 2H), 3.88 (s, 3H), 5.26-5.30 (m, 1H), 5(84 1H), 6.40 (br, 1H), 7.08-7.19 (m, 2H),
7.31-7.37 (m, 1H), 7.56 -7.60 (m, 1H), 7.84 J& 15.8 Hz, 1H), 8.00 (d] = 15.8 Hz, 1H):*C
NMR (100 MHz, CDC}) 6: 18.0, 21.7, 25.9, 55.8, 91.3, 106.3, 106.5, 1{6,3)c.-= 22.0 Hz),
121.8, 123.8, 124.5, 129.8, 130.6, 131.3, 134.3,8,361.4, 161.7 (dJc.r= 253.9 Hz), 162.3,
165.3, 192.9.%F NMR (376 MHz, CDGCJ) 4: -113.89. Elemental Analysis forE21FO,

calculated: % C, 70.77; % H, 5.94; found: % C, 20% H, 5.73.

4.17. (E)-3-(3-fluoro-4-methoxyphenyl)-1-(2-hydroxy6-methoxy-4-(methoxymethoxy)-3-
(3-methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (9) E)-1-(2,4-dihydroxy-6-methoxy-3-(3-

methylbut-2-en-1-yl)phenyl)-3-(3-fluoro-4-methoxyptenyl)prop-2-en-1-one (10).

The title compounds were prepared according thergéprocedure, starting from compound
8 (275 mg, 0.58 mmol). The residue was purified bycaigel flash chromatographyn-(

hexane/EtOAc 4:1) to afford (24 mg, 10% yield) and0 (111 mg, 50% yield) as yellow-orange
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solids.(9) mp 89-91 °C*H NMR (400 MHz, CDCJ) 8: 1.67 (s, 3H), 1.79 (s, 3H), 3.32 (@i
7.1 Hz, 2H), 3.49 (s, 3H), 3.93 (s, 6H), 5.21-5(88 1H), 5.27 (s, 2H), 6.24 (s, 1H), 6.97 (dd,
Jnr= 8,5 Hz,dyn = 8,5 Hz, 1H), 7.28-7.31 (m, 1H), 7.36 (dgdr= 12.2 Hz,Jyr = 2.0 Hz, 1H),
7.68 (d,J = 15.6 Hz, 1H), 7.74 (d] = 15.6 Hz, 1H)*C NMR (100 MHz, CDGJ) §: 17.9, 21.8,
25.9, 56.0, 56.4, 56.4, 89.3, 94.1, 107.2, 11118,3, 114.6 (d?Jcr= 18.5 Hz), 122.8, 126.1,
126.9, 129.1, 131.4, 140.9, 149.4, 152.6%0d,- = 246.6 Hz), 161.0, 161.2, 164.4, 193
NMR (376 MHz, CDC}) ¢: -134.56. Elemental Analysis for.4H,7FOs calculated: % C, 66.96;
% H, 6.32; found: % C, 66.71; % H, 6.q40) mp 163-165 °C*H NMR (400 MHz, Acetonea)
d: 1.63 (s, 3H), 1.76 (s, 3H), 3.28 (= 7.2 Hz, 2H), 3.93 (s, 3H), 3.95 (s, 3H), 5.2365(m,
1H), 6.15 (s, 1H), 7.20 (ddl,¢= 8.6 Hz,Jiy = 8.5 Hz, 1H), 7.48-7.51 (m, 1H), 7.54 (Agl=
12.1 Hz,d4.n = 2.1 Hz, 1H), 7.69 (d) = 15.5 Hz, 1H), 7.90 (d] = 15.5 Hz, 1H), 9.23 (s, 1H).
13C NMR (100 MHz, Acetonels) o: 17.8, 22.0, 25.8, 56.2, 56.6, 91.6, 106.3, 10811.5,
115.3, 115.5, 123.9, 126.9, 127.6, 129.7, 131.0,44154.4, 161.9, 163.0, 166.3, 193-%
NMR (376 MHz, CDC}) ¢: -135.91. Elemental Analysis for,§H,3FOs calculated: % C, 68.38;

% H, 6.00; found: % C, 68.44; % H, 5.85.

4.18. (E)-3-(2-fluoro-4-methoxyphenyl)-1-(2-hydroxy6-methoxy-4-(methoxymethoxy)-3-
(3-methylbut-2-en-1-yl)phenyl)prop-2-en-1-one (12&nd (E)-1-(2,4-dihydroxy-6-methoxy-3-

(3-methylbut-2-en-1-yl)phenyl)-3-(2-fluoro-4-methoyphenyl)prop-2-en-1-one (13).

The title compounds were prepared according thergéprocedure, starting from compoutitl
(100 mg, 0.21 mmol). The residue was purified blcaigel flash chromatographyn-(
hexane/EtOAc 7:1) to afforti2 (41 mg, 45% yield) as orange solid at@l(15 mg, 18% vyield)
as yellow-orange amorphous sol{d2) mp 94-96 °C*H NMR (400 MHz, CDC}) J: 1.66 (s,

3H), 1.78 (s, 3H), 3.31 (d,= 7.1 Hz, 2H), 3.48 (s, 3H), 3.83 (s, 3H), 3.893¢), 5.19-5.23 (m,
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1H), 5.25 (s, 2H), 6.22 (s, 1H), 6.64 (dd.c= 12.5 Hz,Jy.i = 2.5 Hz, 1H), 6.72 (dd = 8.6 Hz,
J,= 2.5 Hz, 1H), 7.49 (ddly.r= 8.7 Hz,Ju. = 8.6 Hz, 1H), 7.80 (d] = 15.8 Hz, 1H), 7.87 (d]

= 15.8 Hz, 1H)*C NMR (100 MHz, CDG)) &: 17.9, 21.8, 25.9, 55.8, 55.9, 56.3, 89.3, 94.1,
102.1 (d,2Jc.e= 26.0 Hz), 107.3, 110.8, 111.1, 116.6, 122.9, 1,2830.8, 131.4, 135.2, 161.0,
162.4, 162.5, 162.9 (dJc.r= 254.4 Hz), 164.4, 193.3°F NMR (376 MHz, CDGJ) & -110.93.
Elemental Analysis for £H,;FOs calculated: % C, 66.96; % H, 6.32; found: % C167% H,
6.06.(13) 'H NMR (400 MHz, Acetonek) J: 1.65 (s, 3H), 1.77 (s, 3H), 3.30 @= 7.1 Hz,
2H), 3.91 (s, 3H), 3.93 (s, 3H), 5.23-5.26 (M, 16183 (dd,Ju.r= 12.8 Hz,Jy.n = 2.5 Hz, 1H),
6.88 (dd,J.= 8.4 Hz,J,= 2.5 Hz, 1H), 7.74-7.78 (m, 1H), 7.85 (t& 15.7 Hz, 1H), 8.02 (d] =
15.7 Hz, 1H) 9.03 (br, 1H):*C NMR (100 MHz, Acetonek) &: 16.9, 21.1, 24.9, 55.2, 55.4,
90.8, 101.6 (d,ZJC_F: 26.0 Hz), 105.4, 108.0, 111.2, 115.8, 122.9,32730.1, 130.2, 133.8,
161.0, 162.5 (d*Jc.r= 252.0 Hz), 162.7, 162.8, 165.5, 192% NMR (376 MHz, CDG)) &: -
114.07. Elemental Analysis for,§H,3FOs calculated: % C, 68.38; % H, 6.00; found: % C,

68.49; % H, 6.31.

4.19. (E)-1-(2-hydroxy-6-methoxy-4-(methoxymethoxy3-(3-methylbut-2-en-1-

yl)phenyl)-3-(4-nitrophenyl)prop-2-en-1-one (14)

Starting from compoungd3 (274 mg, 0.58 mmol) and following the general pchoe, MOM
mono-protected derivativd4 was obtained as the only reaction product. Theduesiwas
purified by flash chromatography-hexane/EtOAc 7:1) using a Isolute Flash Si |l idge to
afford 14 (191mg, 77% vyield) as yellow-orange solids, mp 123-°C.'H NMR (400 MHz,
CDCl) &: 1.67 (s, 3H), 1.79 (s, 3H), 3.33 @z= 7.1 Hz, 2H), 3.50 (s, 3H), 3.94 (s, 3H), 5.19-
5.25 (m, 1H), 5.28 (s, 2H), 6.26 (s, 1H), 7.70-7(4 3H), 7.94 (dJ = 15.7 Hz, 1H), 8.24-8.27

(m, 2H).**C NMR (100 MHz, CDQJ) 6: 17.9, 21.7, 25.9, 56.1, 56.4, 89.3, 94.1, 10711,.3,
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122.6, 124.3, 128.8, 131.6, 132.1, 138.5, 142.8,314161.1, 161.7, 164.5, 192.5. Elemental
Analysis for G3sH2sNO; calculated: % C, 64.63; % H, 5.90; % N, 3.28; ¥ C, 64.47; % H,

5.77;, % N, 3.44.

4.20. Cell culture

Human umbilical vein endothelial cells (HUVECSs) wagyurchased by PromoCell (Heidelberg,
Germany) and cultured in endothelial cell growth dimen-2 EGM-2) (Lonza, Basel,
Switzerland) containing 10% FBS, 1% L-glutamine Mnand 1% Penicillin/Streptomycin
(Sigma-Aldrich, Milan, Italy). Cells were treatedtiv XN (Sigma-Aldrich, Milan, Italy) and its
derivatives dissolved in DMSO in a stock solutioh 20 mM and used at indicated
concentrations for different time periods. In alblbgical assays XN was used as positive
control.

4.21. Cell Proliferation assay

The effect of XN and its derivatives on HUVE celofiferation was determined by 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl tetrazolium brasei (MTT, Sigma Aldrich) assay. Briefly, 1 x
10° cells were seeded into 96-well plates and incubated7 °C overnight. Cells were then
treated with XN and its derivative with differenbrcentrations ranging from aM to 20 uM
and incubated for 24, 48, 72 or 96 h. Control clI$RL) received EGM-2 medium containing
10% FBS, 1% L-glutamine 2 mM and 1% Penicillin/$tmmycin with dissolved vehicle
(DMSO). MTT reagent 5 (mg/mL) was added to celtutds and incubated for 3 hours at 37 °C.
After incubation, medium was replaced with 4@0 of DMSO and the amount of solubilized
formazan was quantified at 540 nm in a SpectraM@q{Molecular Devices, Sunnyvale CA).

4.22. Determination of apoptosis by Flow Cytometry
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HUVECSs (2 x 18cells/well) were treated with increasing concefrat of XN and its synthetic
derivatives (ranging from 5 uM to 20 uM) for 24hor@rol cells received EGM-2 medium
containing 10% FBS, 1% L-glutamine 2 mM and 1% Eidim/Streptomycin with dissolved
vehicle (DMSO). Cells were then collected and stdiwith FITC-conjugated Annexin V (BD:
Becton Dickinson Bioscences, San Jose, CA) and D-fBD). Untreated cells and those treated
with DMSO (vehicle) were used as control. This moetlallows discrimination between viable
cells (Annexin V negative, 7-AAD negative) and afmtig cells (Anexin V positive, 7-AAD
positive/negative). Analysis was performed on 20086ed cells, excluding cell debris, using a
FACSCanto Il (BD), with excitation set at 488 nndagmission at 518 nm (FITC detector) or
620 nm (PE fluorescence detector).

4.23. Cell adhesion assay in vitro

HUVECs (3x16 cells) were treated with XN and its derivative® (IM) and seeded in a 48
wells plate pre-coated for 45 min with fibronec{h pg/mL). Control cells received EGM-2
medium containing 10% FBS, 1% L-glutamine 2 mM dfd Penicillin/Streptomycin with
dissolved vehicle (DMSO). After 90 min incubatidhe supernatants were removed and cells
were washed with PBS. Cells were then fixed with gé6aformaldehyde and stained with
DAPI. Six different replicates for each conditiorene considered. Eighteen microscope fields
were randomly selected from the six wells for eaelatment to count the number of adherent
cells.

4.24. HUVEC migration and invasion in vitro assays

Chemoinvasion and chemotaxis assays were perfoimeghodified Boyden chambers, as
previously described [25, 26]. Briefly, viable HUMEIIs (5 x 10) were seeded in the upper

compartment of the Boyden chamber and treated MiMhand its derivatives (10 uM) for 6 h
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and 24 h respectively for migration and invasiomitro assays. Control cells received EGM-2
medium containing 10% FBS, 1% L-glutamine 2 mM dfd Penicillin/Streptomycin with

dissolved vehicle (DMSO). Chemoattractant (FBS 1080EGM-2 was added in the lower
compartment. 10 um pore-size polycarbonate filteesewpre-coated with collagen IV (50
pa/mL, Sigma Aldrich) for the chemotaxis assay andtrigel (1 mg/mL, BD) for the

chemoinvasion assay. After 6 h (chemotaxis) or 2dhemoinvasion) of incubation, filters were
recovered and migrated or invaded cells on the ddiiter surface were fixed with absolute
ethanol and stained with DAPI. Viable cells weraurted in a double-blind manner in 5
consecutive fields each with a Zeiss Microscope casml with a Nikon camera. Experiments

were performed in triplicate.

4.25. Morphogenesis assay

2,5x10 HUVE cells were seeded on a 10 mg/mL matrigelquated 96-well plate and treated
with XN and its derivatives (10 uM) for 6 h at 3Z and 5% CQ@ Control cells received EGM-2
medium containing 10% FBS, 1% L-glutamine 2 mM dfd Penicillin/Streptomycin with
dissolved vehicle (DMSO). After 6 h, the networkrfation was detected with an inverted
microscope (Zeiss). Master segment numbers andthemgeshes numbers and area were
guantified using ImageJ software and the Angiogen&salyzer too[27]. Four to five different
replicates were used for each experiment. Celigdgdewith Serum free medium (SFM), media
containing DMSO (vehicle) and media containing 1BB& (FBS 10%) were used as controls.
4.26. Statistical Analyses

Flow cytometry analyses were performed using BD BRa (v6.1.2) software. For the

morphogenesis analysis, master segment lengthnaesh numbers and areas were quantified
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using the ImageJ software and the Angiogenesis y&ealtool. Statistical analyses were
performed using the GraphPad Prism 5 statisticsgaaohing program (GraphPad Software, San
Diego, CA). One-way ANOVA with Dunnett's MultipleoBhparison Test were used to compare
multiple data sets.
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Figure captions

Fig. 1. Natural product Xanthohumol (XN) and itewsynthetic analogues.

Figure 2. Effects of XN derivatives on endotheliatell proliferation in vitro =XN and XN
derivatives interfere with endothelial cell (HUVE@joliferation, as assessed by MTT assay.
Results are showed as MearSEM; *p <0.05, ***p<0.001 compared to XN alon&/ehicle”

indicates cells treated with vehicle (DMSO in thedium).
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Figure 3. Effects of XN derivatives on endotheliatell viability in vitro - Flow cytometry
analysis showed that 24 h treatment of endotheéiié with 20 uM XN derivatives resulted in
increased rates of apoptotic (AnnexitVAAD ™) cells. “Vehicle” indicates cells treated with
vehicle (DMSO in the medium). Results are showellean+ SEM.

Figure 4. Effects of xanthohumol derivatives on HU¥ cell adhesion, invasion and
migration. XN and XN derivatives at 10 uM concentration cateifere with crucial steps of
angiogenesis by decreasiAgyVEC A) adhesion B) migration and @)vasion, as compared to
vehicle-treated cells:Vehicle” indicates cells treated with vehicle (DMS@ the medium).

Results are showed as MeaSEM. *p <0.05; **p<0.001; ***p<0.001 as indicatdxy the bars.

Figure 5. Effects of XN derivatives on HUVEC morphgenesis —Following 6 h treatment,
XN and all XN derivatives at 10 uM concentratiom @ahibit HUVEC ability to form capillary-
like structures on matrigel compared with vehickated cells. SFM: cells treated with serum-
free EGM-2 medium as a negative control. FBS 108#s ¢reated with medium containing 10%
FBS without vehicle! Vehicle” indicates cells treated with vehicle (DMS@ the medium).

Results are showed as MeaSEM. *p <0.05; **p<0.001; ***p<0.001 as indicatdxy the bars.
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HIGHLIGHTS

» The prenylated chalcone Xanthohumol (XN) has emerged as a cancer chemopreventive
agent.

* New Xanthohumol analogues were designed and synthesi zed.
» Synthesized compounds were tested for their antiangiogenic activity on HUVE cells.
» 13 wasastronger inhibitor of cell adhesion, migration and morphogenesis than XN.



