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Abstract: A series of hybrid compounds based on natural products
bile acids and dihydroartemisinin (DHA) were prepared by different
synthetic methodologies and investigated for their in vitro biological
activity against HL-60 leukemia and HepG2 hepatocellular carcinoma
cell lines. Most synthesized hybrids presented significantly improved
antiproliferative activities respect to DHA and parent bile acids.
Compounds 2 and 13 were the most potent hybrids of the series with
a 10.5- and 15.4-fold increase in cytotoxic activity respect to DHA
alone in HL-60 and HepG2 cells, respectively. Strong evidence that
hybrid 2 induced apoptosis was obtained by flow cytometric analysis
as well as Western blot analysis.

Introduction

Despite the efforts of pharmaceutical and medical research to
fight cancer, this disease is still the leading cause of death
worldwide. Modern medicine has many approaches to fight
cancer including surgical, radio- and chemo-therapies often used
in combination. Although newer therapies have improved the
survival rate and the quality of life of patients, too many advanced
and metastasized cancers remain untreatable. Moreover,
conventional anticancer = chemotherapies are frequently

associated with significant levels of toxicity and/or drug resistance.

Therefore, searching for safer, more effective and selective new
drugs is highly demanded. Naturally occurring cytotoxic products,
being able to target multiple pathways involved in cancer cell
growth through antioxidative, anti-inflammatory and apoptotic
actions, are an important source of bioactive compounds and are
considered as promising candidates for anticancer drug
development.:2¢ Phytochemicals from herbal medicinal plants as
well as from dietary plants are also important in cancer
chemoprevention and can prevent not only the initiation but also
the promotion and progression of tumors through proliferation and

angiogenesis inhibition.*?! Several cytotoxic natural products
have been developed as clinical drugs. For instance, taxanes,
originally derived from Taxus brevifoglia, and vinca alkaloids from
Catharanthus roseus, have been used to treat many types of
advanced and/or metastatic cancers. Phytochemicals can also be
used in combination with chemotherapeutic drugs to increase
mutual anticancer activity. For instance, curcumin,? a natural
COX-2 inhibitor, and genistein,! an isoflavone originated from
several edible plants, were proved to enhance the cytotoxic effect
of gemcitabine against pancreatic cancer cells.

Reduction

3 . 3 .
HO 6. R! N 6 R!
R? N* R2
CDCA: R! = (7a)-0H, R = H
UDCA: R! = (7b)-OH, R2= H
HDCA: R! = H, R? = OH
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N3CDCA: Rl = (7a)-OH, R2 = H
N3UDCA: R = (7b)-OH, R2 = H
N3HDCA: R! = H, R? = OH
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Lipophilicity scale: LCA> CDCA > UDCA > HDCA

Figure 1. Molecular structures of ART, DHA, bile acids and 3-azidobile acids,
and lipophilicity scale of bile acids.
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In the past decades, many studies have been devoted to
artemisinin  (ART), a sesquiterpene lactone obtained from
Artemisia annua, a plant of the Asteraceae family, and its
derivatives such as dihydroartemisinin (DHA) (Figure 1). Some
ART derivatives present outstanding properties against the
Plasmodium parasites and ART-based combination therapies
have become the gold standard for malaria treatment. ART
bioactive features are located in the 1,2,4-trioxane ring and in the
fused 6-membered a-methyl-y-lactone ring® (Figure 1). DHA, a
semisynthetic derivative of ART, preserves the 1,2,4-trioxane ring
whereas the lactone function is modified into lactol by use of a
mild hydride-reducing agent.® This chemical modification makes
DHA a more powerful antimalarial compound respect to ART. 6]
Moreover, DHA’s remarkable anticancer activity towards
hepatocellular carcinoma in vitro and in xenograft models,[”! as
well as towards leukemia cells, ¥ has been disclosed in recent
years. DHA was also proved to act as a chemosensitizer of
gemcitabine against HepG2 and Hep3B hepatocellular carcinoma
cells.®!

Fine chemical modifications of natural compounds can be
exploited for designing new active compounds based on
structure-function relationships. The tailoring of the physical-
chemical properties can be addressed to improve the cytotoxicity
and cytoselectivity towards target cancer cells or other properties
such as bioavailability. This latter approach may represent an
interesting strategy for the development of new anticancer drugs.
In the past years, many C-10 derivatized DHA hybrids have been
reported in literature. For example, DHA conjugated with natural
active molecules such as coumarin, cinnamic acid,**! chalcone
moieties,*? N-aryl phenylethenesulfonamides!*s],
thymoquinonel¥ and estradiol®™ with anticancer activity

themselves, have been tested against a variety of cancer cell lines.

Since our research has been mainly focused on the study of
biologically active hybrids based on bile acids (BAs),62c we
considered BAs as suitable partners for the preparation of novel
DHA hybrids. BAs are oxidative metabolites of cholesterol with
extensive biological activities.'”] The wide distribution of primary
and secondary BAs in nature and the different available positions
suitable for chemical modifications, such as C-3, C-6, C-7 and C-
24, make BAs useful templates for drug discovery (Figure 1).
From the physical-chemical point of view, BAs are amphiphilic
molecules due to the presence of a concave hydrophilic a-side
and a convex hydrophobic B-side. Hydroxyl group number,
position (C-3, C-6, C-7) and stereochemistry (a or B) are
responsible for their different lipophilicity. For instance,
chenodeoxycholic bile acid CDCA and ursodeoxycholic bile acid
UDCA, that differ from each other in the absolute configuration at
C-7-OH, show different physical-chemical properties being CDCA
more lipophilic than UDCA. Hyodeoxycholic bile acid HDCA, that
differs from UDCA and CDCA for the position of one hydroxyl
group, is in turn the least lipophilic compound within this series, [l
while lithocholic bile acid LCA corresponding to the 7-
dehydroxylated CDCA, is the most lipophilic one (Figure 1).

The BAs lipophilicity has also been exploited to improve the
bioavailability of chemotherapeutics by conjugating drugs to
endogenous BAs through a covalent linkage.*®! The discovery of
growth inhibitory effects of endogenous BAs on several cancer
cell lines®d through, among others, apoptosis, membrane
alterations, modulation of nuclear receptors and oxidative stress
points to a potential anticancer activity. UDCA is known to exert
cytoprotective effects against the toxicity of other bile acids?Y and
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anticarcinogenic effects against hepatocellular carcinoma and
colon cancers.??>1 However, endogenous BAs display a relatively
low cytotoxicity (ICsp > 100 uM), therefore the search for new
derivatives of BAs with higher cytotoxic activity has been receiving
much attention, 23]

In order to explore the cytotoxic activity of new BA-DHA hybrids,
we selected four endogenous bile acids together with their C-3-
azido analogues as DHA combination partners: CDCA, a primary
bile acid produced in the liver and UDCA, HDCA and LCA,
secondary bile acids generated during the intestinal transit
(Figure 1). The C-3-azido derivatives, namely N3zCDC-DHA,
NzUDC-DHA, NsHDC-DHA, N3;LC-DHA, were tested in the light of
the azido group’s biological relevance. Indeed, the effect of C-3-
azido substitution on BAs has been studied on cancer cell
viability.?¥ Moreover, it has been recently reported that the
replacement of the hydroxyl group at C-3 with a polarizable
zwitterion moiety, such as the azido one (Figure 1), can enable
the interaction with receptor residues via stable H-bond.?%<l |n
this light, a panel of BA-DHA hybrids was prepared combining the
four selected endogenous BAs and their corresponding C-3-azido
derivatives with DHA through different linkage positions (C-24 or
C-3 or C-7) and linker nature (ester moiety, triazole, succinic
chain). The hybrids were tested in vitro against HL-60 leukemia
and HepG2 hepatocellular carcinoma cells and an insight of cell
death mechanism was reported.

Results and Discussion

The condensation reaction between the appropriate bile acid and
DHA mediated by EDCI was successfully employed for the
preparation of BA-DHA hybrids 1-4. The same synthetic strategy
was applied for the preparation of hybrids 5-8 obtained by reaction
of DHA and the appropriate 3-azido bile acid (Scheme 1).

RY Y R RS Y "Rt
R? R?

CDCA: R! = (7a)-OH, R2 = H, R3= OH
UDCA: R! = (7b)-OH, R? = H, R® = OH
HDCA: R! = H, R? = OH, R® = OH
LCA:R!=H,R?=H, R®=OH

N3CDCA: R! = (7a)-OH, RZ = H, R3 = N3
N3UDCA: R! = (7b)-OH, R2 = H, R3 = N3
N3HDCA: R1=H, R? =OH, R® = N3
N3LCA: R!=H, R2 =H, R®=Nj3

DHA

N =(7a)- ) =H, =

1: R = (7a)-OH, R?=H, R® = OH
2:R1=(7b)-OH, R2=H, R3= OH
3:R!'=H,R?=0H, R®=OH
4:R'=H,R?2=H,R®=0OH
5:Rl=(7a)-OH, RZ=H, R¥= N3
6: R = (7b)-OH, R? = H, R® = N3
7:RY=H, R2=0H, R® = N
8:Rl'=H,R?=H,R3= N3

Scheme 1. Synthesis of hybrids 1-8 by condensation reaction. a): EDCI, DMAP,
DMF, 25 °C, 18 h, 25-60% yield.

N3CDCA, N3UDCA and N;LCA were in turn prepared as
previously reported by the authors.?® An unprecedented NsHDCA
was obtained in the same way unless in very poor yield. In all
cases, the chromatographic purification allowed the isolation of
the target hybrid as pure 10-a isomer whose configuration was
assigned by *H-NMR analysis on the basis of Jug.n10 value. The
large Jug-nio found (9.7-9.8 Hz) was consistent with an anti-
periplanar arrangement of H-9 and H-10 protons that led to the
10-a isomer. It is worth noting that, under the reaction conditions
employed, only the a-sterecisomer was detected among the



products, even though the starting DHA was a mixture of a and 3
epimers.

We also explored a synthetic approach to obtaining a derivative
of UDC-DHA hybrid via CUAAC click chemistry (Scheme 2). This
coupling methodology allows introducing a triazolyl group which
is known to improve the biostability, bioavailability and also the
anticancer activity of bioactive compounds. 2% 223

Ns™ OH

N3;UDCMe
OCH,

Scheme 2. Synthesis of triazolyl hybrid 11. a): the best click chemistry reaction

conditions: propargyl-DHA 9/NsUDCMe ratio: 1/1, Cul 0.1 eq, room temperature,

18 h, 28% yield.

Propargyl-DHA 9,77 was reacted in a 1:1 ratio with Ns3UDCMel?4
in the presence of a Cu(l) based system catalyst. Several reaction
conditions were explored by using different catalysts, solvents,
temperature and reaction times (see Sl table S1). The best results
were obtained by using Cu(l) in the absence of ascorbate in
anhydrous polar aprotic solvent such as acetonitrile at room
temperature. *H-NMR analysis of the crude mixtures allowed to
identify the signals of the target hybrid 11 together with signals
that can be attributed to the tricarbonyl derivative 10. We
reasoned that the presence of reductive agents, such as click
reagents, favors the reduction of DHA respect to the sterically
hindered cycloaddition reaction. Indeed, under reductive
conditions, DHA can undergo the homolytic cleavage of the
peroxide ring, resulting in radical intermediates that proceed to
form stable end products such as the tricarbonyl derivative 10,
already reported in literature as a DHA reduction product.?2¢d
Chromatographic purification on silica gel column allowed to
obtain pure 11 in 10-B configuration in ca. 28% yield.

The synthesis of the target CDC-hybrid compounds 13 and 14 is
described in Scheme 3. To prepare compound 13, the C-3
hydroxyl group of CDCMe was first converted into its
hemisuccinate by using succinic anhydride and DMAP. The
resulting compound 12b was condensed with DHA in the same
conditions described above for the C-24 hybrids. Furthermore, we
employed the hemisuccinate 12a (obtained as for 12b, but
starting from CDCA), to achieve the bis-DHA hybrid 14 in which
two residues of DHA were condensed to the position C-3 and C-
24 respectively (Scheme 3).

Finally, we considered the preparation of the bis-DHA-hybrid 16,
in which two residues of DHA were condensed to UDCMe in the
position C-3 and C-7 respectively, after the conversion of their
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hydroxyl groups into hemisuccinates by fusing UDCMe with an
excess of succinic anhydride at a high temperature (Scheme 4).
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Scheme 3. Synthesis of hybrids 13-14 by condensation reaction. a): succinic
anhydride, DMAP, 115 °C, 20 h, 48-84% yield; b) 12b, DHA, EDCI, DMAP, DMF,
25°C, 18 h, 48% yield; c) 12a, DHA, EDCI, DMAP, DMF, 25 °C, 18 h, 28% yield.

In all cases, the purification by flash chromatography allowed the
isolation of the hybrids 13, 14 and 16 as pure 10-a isomers.
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Scheme 4. Synthesis of bis-DHA hybrid 16 by condensation reaction. a):
succinic anhydride, 200 °C, 1 h, 69% yield; b): DHA, EDCI, DMAP, DMF, 25 °C,
25 % yield.



The biological activity of DHA and BA-DHA hybrids was evaluated
in a leukemia cell line HL-60 and a hepatocellular carcinoma cell
line HepG2 (Table 1).

HL-60 cells were treated with various concentrations of DHA and
BA-DHA hybrids for 48 h, the cell viability was then determined by
the MTT assay and the antiproliferative activities were expressed
as ICso values. As showed in Table 1, all the mono BA-DHA
hybrids (1-8, 11 and 13) were more potent, with ICsy values
ranging from 0.19 uM (2) to 1.7 uM (7), than DHA with an ICs
value of 2.0 uM. On the contrary, bis-DHA hybrids (14 and 16)
showed a lower cytotoxicity (with ICso of 7.6 uM and 3.7 uM,
respectively) compared to DHA. Similar results were obtained in
HepG2 cells treated with DHA and BA-DHA hybrids for 72 h. In
particular, hybrid 13, the most potent hybrid of the series against
HepG2 cells, showed an ICsy of 1.36 uM, whereas bis-DHA
hybrids 14 and 16, the least cytotoxic hybrids, showed ICs, of 29
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pM and 21 uM respectively, while DHA had an ICs value of 21
puM. All other hybrids were found also more cytotoxic than DHA in
HepG2 cells with ICs values ranging from 1.7 uM (11) and 20 uM
(5).

In addition, the cytotoxic activity of the most potent hybrids 1, 3,
4,6, 8, 11 and 13 as well as of DHA was also evaluated on normal
epithelial cells (NEC)?8 by MTT assay. All the compounds tested
showed a remarkable lower cytotoxicity towards normal cells
respect to HL-60 and HepG2 cancer cell lines (see Sl table S2).
The toxicity of the BA and DHA derivative building blocks was also
tested towards both HL-60 and HepG2 cell lines (see Sl Table S3).
All the BA building blocks showed an ICso > 100 uM in both cell
lines, except for: CDCMe with ICso = 45 and 66 pM in HL-60 and
HepG2 respectively; UDCMe and NsUDCMe and compound 9
that are slightly toxic only in HL-60 cells with ICso = 58, 44 and 21
LM respectively.

Table 1. ICso values of DHA and BA-DHA hybrids in HL-60 cells (48 h-treatment) and HepG2 cells (72 h-treatment).

HL-60 HepG2
Bile acid  Compound ICs0 (UM) DHA/Hybrid ™ I1Cso (uM)2@  DHA/Hybrid™
DHA 20+x04 - 212 -

1 0.50 £ 0.06 4.0 38+x04 55

CDhC 5 0.68 £ 0.01 2.9 202 1.1
13 0.34£0.03 59 1.36+ 0.04 15.4

14 76+14 0.3 29+5 0.7

2 0.19 £0.03 10.5 1.8+0.2 11.7

ubC 6 0.24 £0.02 8.3 22+04 9.5
11 0.328 + 0.002 6.1 1.7 £0.2 12.4

16 3.7+0.1 0.54 21+2 1.0

HDC 3 0.35+0.06 B/ 20+0.2 10.5
7 1.7+0.2 1.2 14.2 +0.7 1.5

LC 4 0.41 £ 0.05 4.9 57+0.7 3.7
8 0.35+0.04 5.7 4.7+04 4.7

[a] Data are presented as mean + SEM of at least three independent experiments. [b] The DHA/Hybrid value was calculated as the ratio of the ICso of DHA and the

hybrid.

The cytotoxic activity of the combination of DHA and UDCA at a
1:1 molar ratio was also tested against HL-60 cells in comparison
with that of the corresponding hybrid 2 (UDC-DHA) (Figure 2).
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Figure 2. Hybrid 2 (UDC-DHA) is more potent than the combination of DHA and
UDCA at a 1:1 molar ratio. HL-60 cells were treated with DHA or UDCA alone
or in combination, or treated with hybrid 2 for 48 h. Cell viability was measured
by the MTT assay. Data are presented as mean + SEM of two to three
independent experiments.

As expected, hybrid 2 was found much more potent than the two
components combined (DHA+UDCA), since the combination
revealed a similar cytotoxicity to that of DHA alone, confirming the
importance of the hybridization to enhancing the biological activity
of DHA (Figure 2).

Flow cytometry analysis and Western blot analysis were used to
determine whether hybrid 2 (UDC-DHA) could induce apoptosis.
HL-60 cells were treated with the vehicle control, 100 uM UDCA,
5 uM DHA or 0.5 uM hybrid 2 (UDC-DHA) in culture medium for
48 h and then harvested for propidium iodide (PI) staining and
flow cytometry analysis or Western blot analysis. As illustrated in
Figure 3a, the subG1 cells were significantly induced by 5 uM
DHA (70.5%) and 0.5 uM hybrid 2 (90.7%) compared to the
vehicle control (11.3%) or 100 uM UDCA (10.8%) (P < 0.001),
suggesting that DHA and hybrid 2 caused cell death in HL-60 cells.
In addition, subG1 population induced by 0.5 pM hybrid 2 was
higher than that induced by 5 uM DHA (P < 0.001), consistent with
results shown above that hybrid 2 was much more potent than
DHA. Similar results were obtained in HepG2 cells treated with
the vehicle control, 100 uM UDCA, 20 uM DHA or 2 uM hybrid 2
(UDC-DHA) for 48 h. As shown in Figure 3b, the subG1 cells were
significantly induced by 20 uM DHA (28.1%) and 2 uM hybrid 2
(63.6%) compared to the vehicle control (3.88%) or 100 uM UDCA
(4.89%) (P < 0.001 for DHA and P < 0.01 for hybrid 2) in HepG2
cells. Western blot analysis revealed that DHA or hybrid 2



treatment led to dramatic decreases in PARP and caspase 3
protein levels and significant increases in cleaved PARP and
cleaved caspase 3 levels in HL-60 cells (Figure 3c) and PARP
cleavage in HepG2 cells (see Sl Figure S1), indicative of
apoptosis. Altogether, these results confirmed that DHA and
hybrid 2 (UDC-DHA) induced apoptosis in HL-60 and HepG2 cells.
ART derivatives with the peroxide bridge can produce free
radicals or reactive oxygen species (ROS) which are associated
with the induction of oxidative DNA damage and apoptosis.?? To
determine whether BA-DHA hybrids could induce ROS, HepG2
cells were treated with 20 or 40 uM of DHA or hybrid 2 (UDC-DHA)
for 24 h and DCFH-DA was included in the last 30 min of
incubation. Cells were then harvested for flow cytometric analysis
to measure ROS generation.?® Results shown in Figure 3d
indicated that both DHA and hybrid 2 (UDC-DHA) induced ROS
in a dose-dependent manner and 40 uM of hybrid 2 induced
significantly more cells with ROS production compared to 40 uM
of DHA (P < 0.05), suggesting that ROS induction by BA-DHA
may be correlated with apoptosis in HepG2 cells. In contrast, no
clear ROS production was detected in DHA or hybrid 2-treated
HL-60 cells (data not shown). Lu et al. did not observe ROS
induction by DHA in HL-60 cells either using the same detection
method. It has been widely believed that undifferentiated HL-
60 cells cannot produce ROS in response to stimuli; however, it
has also been reported that ROS can be induced by stimuli and
measured using a highly sensitive chemiluminescence dye L-012
in HL-60 cells.B% More studies are required in order to clarify
whether ROS play a role in apoptosis induced by BA-DHA hybrids
in HL-60 cells.
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Figure 3. DHA and hybrid 2 induce apoptosis and ROS. (a) SubG1 cell
populations in HL-60 cells treated with the DMSO vehicle control (C), 100 uM
UDCA, 5 uM DHA and 0.5 uM 2 (UDC-DHA) for 48 h. Data are presented as
mean + SEM of at least three independent experiments. ***, P < 0.001
(compared to C or 100 uM UDCA). (b) SubG1 cell populations in HepG2 cells
treated with the DMSO vehicle control, 100 uM UDCA, 20 uM DHA and 2 uM 2
(UDC-DHA) for 48 h. Data are presented as mean + SEM of three independent
experiments. **, P < 0.01. (c) Western blot analysis of HL-60 cells treated with
the DMSOQO vehicle control (1), 200 uM UDCA (2), 5 uM DHA (3) and 0.5 uM
hybrid 2 (4) for 48 h. y-tubulin was used as a loading control. (d) DHA and hybrid
2 induced ROS in HepG2 cells. Cells were treated with 20 or 40 uM of DHA or
hybrid 2 for 24 h and subjected to ROS detection by flow cytometry. Data are
presented as mean + SEM of three independent experiments. *, P < 0.05.
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In summary, in all cases, except for bis-DHA hybrids 14 and 16,
the hybridization of DHA with BAs significantly enhanced the
growth inhibitory effect of DHA in HL60 and HepG2 cells, with the
ICso ratios of DHA and BA-DHA hybrids ranging from 1.2 to 10.5
in HL-60 cells and from 1.1 to 15.4 in HepG2 cells. Hybrid 2 (UDC-
DHA) was found the most potent hybrid with a 10.5-fold increase
in biological activity against HL-60 cells, whereas hybrid 13 (CDC
based hybrid conjugated through a succinic linker) was the most
potent hybrid with a 15.4-fold increase in biological activity against
HepG2 cells. Hybrid 11 (UDC based hybrid conjugated through a
triazole linker) also exhibited a 12.4-fold increase in biological
activity in HepG2 cells followed by 2 (UDC-DHA) with a 11.7-fold
increase, 3 (HDC-DHA) with a 10.5-fold increase and 6 (NsUDC-
DHA) with a 9.5-fold increase (Table 1). Altogether, these results
indicate that the conjugation of DHA with BA scaffolds
strengthens the cytotoxicity of DHA. Remarkably the bis-DHA
derivatives 14 and 16 were found both less cytotoxic than the
conjugates 13 and 11 respectively. The 2:1 ratio of DHA vs BA
seems to lower the cytotoxicity induced by the conjugation, but
other reasons, such as differences in steric hindrance or the
nature of the BA, cannot be excluded.

Figure 4 reports the hybrids with a significantly increased potency
upon conjugation and highlights their cytoselectivity.

4 |® -
15 % HL-60
® HepG2
Tl o || — cpC
T 10 % I.] e | ubc
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Figure 4. The improvement of antiproliferative activity expressed as ICso ratio
of DHA and selected hybrids in HL-60 and HepG2 cells.

Between the compounds conjugated at the C24 position, only
hybrid 3 (HDC derivative) showed a marked preference for
HepG2 compared to HL-60 cells. In contrast, both conjugates at
the C3 position, hybrids 11 and 13, showed a markedly higher
improvement in cytotoxicity towards HepG2 respect to HL-60
despite the different linker (a triazole and a succinic linker
respectively) and BA nature (UDC and CDC, respectively). These
data might indicate that the conjugation at the C3 position favors
the cytoselectivity towards the HepG2 cell line, possibly reflecting
a more favorable uptake by hepatic cells compared to HL-60 cells
(Figure 4).

Conclusions

The overall findings indicate that the conjugation of DHA with BAs
can significantly improve the in vitro cytotoxicity in the cancer cell
lines tested. This improvement is more marked in HepG2 for
which DHA alone displayed a lower cytotoxicity than in HL-60



(ICs0 21 and 2.0 uM respectively). In HepG2 cells, four hybrids 13,
11, 2 and 3 were found at least 10 times more active respect to
DHA alone with I1Csq values in the low micromolar range from 1.36
uM (13) to 2.0 uM (3). In HL-60 cells, most of the tested hybrids
1, 2, 3, 4,5, 6, 8, 11 and 13) showed ICs, values in the sub-
micromolar range from 0.19 uM (2) to 0.68 uM (5), but only hybrid
2 was at least 10 times more active than DHA.

Experimental Section

Materials and methods

The reactions for the synthesis of DHA-BA hybrids were
monitored by TLC on pre-coated Silica Gel Fzs, plates (thickness
0.25 mm, Merck), and phosphomolybdic acid solution was used
as the spray reagent to visualize the steroids. Flash column
chromatography was performed on silica gel 60 A (230-400 mesh)
or with a combiflash apparatus. NMR spectra were recorded with
a Varian Mercury 400 MHz instrument. ESI-MS were acquired on
a Thermo Finnigan LCQ Duo lon Trap. Elemental analyses were
performed on a Perkin-Elmer 2400 microanalyzer instrument.
Synthesis of intermediate N3CDC, NsUDC and N3;LCA were
performed as previously reported.?® Synthesis of NsHDCA is
reported in Supplementary data. Commercial DHA (from
Carbosynt), CDCA, UDCA, LCA and HDCA (from ICE SpA, ltaly)
were used without any further purification.

General procedure for the condensation reaction

A solution of DHA (0.18 mmol) and the appropriate bile acid, or
NsBA derivatives, (0.27 mmol) in anhydrous DMF (1 ml) was
cooled (ice bath) under Argon atmosphere, then DMAP (0.27
mmol) and EDCI (0.31 mmol) were added. After 10 min at 0 °C
the reaction was warmed up to room temperature and stirred for
18h, then diluted with H,O (15 mL) and extracted with Et,O (3x5
mL). The organic layers were combined, dried over anhydrous
Na,SO, and concentrated in vacuo. The residue was purified by
flash chromatography.

Compound 1 (CDC-DHA). Flash chromatography
(AcOEt/cyclohexane 3:2 + 1%o Et3N): colorless syrup, yield 60%.
'H-NMR (400MHz, DMSO-ds): 8= 5.64 (1H, d, J=9.7 Hz), 5.53 (1H,
s), 4.30 (1H, d, J=4.7 Hz, ex D,0), 4.10 (1H, d, J=3.3 Hz, ex D-0),
3.60 (1H, bs), 3.22-3.10 (1H, m), 2.46-2.08 (5H, m), 2.02-0.79
(45H, m), 0.75 (3H, d, J=7.1 Hz), 0.58 (3H, s). **C-NMR (101MHz,
DMSO-de): 5= 172.08, 170.24, 103.46, 91.37, 90.46, 79.77, 70.24,
66.06, 59.68, 55.37, 51.04, 49.89, 44.51, 41.85, 41.33, 35.87,
35.80, 35.23, 34.74, 34.65, 33.63, 32.17, 31.47, 30.46, 30.36,
29.00, 27.67, 25.42, 24.11, 23.07, 22.62, 22.37, 20.92, 20.17,
19.99, 18.02, 14.00, 11.76, 11.57. MS (ESI, ES+): Calcd for
[C3gHe20g + Na]* 681.43; Found 681.33; 1339.40 [2M+Na]*. Anal
Calcd for C39He20s: C, 71.09; H, 9.48; Found: C, 70.84; H, 9.83.
Compound 2 (UDC-DHA). Flash chromatography
(AcOEt/cyclohexane 6:5): colorless syrup, yield 61%. *H-NMR
(400MHz, DMSO-ds): 6=5.64 (1H, d, J=9.8 Hz), 5.54 (1H, s), 4.43
(1H, d, J=4.6 Hz, ex D;0), 3.87 (1H, d, J=6.9 Hz, ex D,0), 3.31-
3.20 (2H, m), 2.47-2.37 (2H, m), 2.33-2.10 (3H, m), 2.02-0.80
(45H, m), 0.75 (3H, d, J=7.1 Hz), 0.60 (3H, s). 3C-NMR (101MHz,
DMSO-de): 6=172.11, 103.47, 91.39, 90.46, 79.79, 69.63, 69.35,
59.68, 55.74, 54.49, 51.04, 44.50, 43.01, 42.91, 42.08, 37.64,
37.18, 35.86, 35.80, 34.74, 34.65, 33.67, 31.48, 30.46, 30.17,
28.07, 26.65, 25.43, 24.11, 23.23, 20.91, 20.76, 19.99, 18.18,
14.01, 11.95, 11.76. MS (ESI, ES+): Calcd for [C3oHs20s + Na]*
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681.43; Found 681.27; 1339.33 [2M+Na]*. Anal Calcd for
C39He20s: C, 71.09; H, 9.48; Found: C, 70.94; H, 9.86.
Compound 3 (HDC-DHA). Flash chromatography
(AcOEt/cyclohexane 3:2 + 1%0 EtsN): colorless syrup, yield 37%.
!H-NMR (400MHz, DMSO-ds): 6= 5.64 (1H, d, J=9.7 Hz), 5.54 (1H,
s), 4.40 (1H, d, J=4.5 Hz), 4.23 (1H, d, J=4.1 Hz), 3.86-3.74 (1H,
m), 3.30-3.21 (1H, m), 2.47-2.10 (5H, m), 2.02-0.79 (45H, m),
0.75 (3H, d, J=7.1 Hz), 0.58 (3H, s). 3C-NMR (101MHz, DMSO-
ds): 0= 172.15, 103.83, 91.45, 91.50, 79.82, 69.94, 65.84, 55.75,
55.29, 51.01, 48.08, 44.45, 42.27, 35.89, 35.28, 34.58, 34.22,
33.57, 31.46, 30.26, 29.08, 27.55, 25.39, 23.77, 23.44, 20.90,
20.28,19.97, 17.96, 11.73. MS (ESI, ES+): Calcd for [C39Hg20s +
H]* 659.92, [C3oHe20s + Na]* 681.91; Found 659.13, 681.20,
1339.33 [2M+Na]*. Anal Calcd for CsgHe20s: C, 71.09; H, 9.48;
Found: C, 70.88; H, 9.69.

Compound 4 (LC-DHA). Flash chromatography
(AcOEt/cyclohexane 3:2 + 1%o EtsN): colorless syrup, yield 26%.
'H-NMR (400MHz, DMSO-ds): 8= 5.66 (1H, d, J=9.7 Hz), 5.56 (1H,
s), 4.45 (1H, d, J=4.5 Hz), 3.42-3.35 (1H, m), 2.47-2.08 (5H, m),
2.06-0.80 (47H, m), 0.77 (3H, d, J=7.1 Hz), 0.61 (3H, s). 3 C-NMR
(101MHz, DMSO-de): 6= 172.10, 103.47, 91.37, 90.45, 79.77,
69.75, 55.93, 55.32, 51.02, 44.48, 42.21, 41.41, 40.30, 36.20,
35.83, 35.27, 35.04, 34.62, 34.12, 33.61, 31.48, 30.30, 27.59,
26.79, 26.07, 25.42, 24.10, 23.76, 23.18, 20.90, 20.31, 20.00,
18.00, 11.77. MS (ESI, ES+): Calcd for [C39He,07 + Na]* 665.91;
Found 665.27, 1307.47 [2M+Na]*. Anal Calcd for C39Hs0O7: C,
72.86; H, 9.72; Found: C, 72.50; H, 10.03.

Compound 5 (N3CDC-DHA). Flash  chromatography
(cyclohexane/AcOEt 6:1 + 3%o EtsN): white amorphous solid, yield
42%. *H-NMR (400MHz, DMSO-ds): 8= 5.64 (1H, d, J=9.7 Hz),
5.54 (1H, s), 4.22 (1H, d, J=3.4 Hz, ex D;0), 3.61 (1H, bs), 3.27-
3.14 (1H, m), 2.46-2.05 (5H, m), 2.02-0.78 (45H, m), 0.75 (3H, d,
J=7.1Hz), 0.59 (3H, s). 3C-NMR (101MHz, DMSO-ds): 5= 172.66,
104.00, 91.92, 90.98, 80.33, 66.46, 61.09, 60.21, 55.82, 51.56,
50.35, 45.02, 42.37, 41.80, 36.38, 35.44, 35.23, 35.11, 34.88,
34.14, 32.65, 32.01, 30.86, 28.16, 26.88, 25.95, 24.63, 23.54,
23.05, 21.43, 20.66, 20.53, 18.57, 14.54, 12.29, 12.12. MS (ESI,
ES+): Calcd for [CseHeiN3O7 + Na]* 706.92; Found 706.33,
1389.47 [2M+Na]*. Anal Calcd for C3gHe1N3O7: C, 68.49; H, 8.99;
N, 6.14; Found: C, 68.17; H, 9.37; N, 5.89.

Compound 6 (NsUDC-DHA). Flash chromatography conditions
cyclohexane/AcOEt 4:1 + 1%o EtsN; white amorphous solid, yield
45%. 'H-NMR (400MHz, DMSO-de): 8= 5.64 (1H, d, J=9.8 Hz),
5.54 (1H, s), 3.91 (1H, d, J=6.9 Hz, ex D,0), 3.43-3.20 (2H, m),
2.46-2.35 (1H, m), 2.33-2.10 (3H, m), 2.08-0.77 (46H, m), 0.75
(3H, d, J=7.1 Hz), 0.60 (3H, s). **C-NMR (101MHz, DMSO-ds): 8=
172.64,131.63, 110.00, 103.99, 91.91, 90.98, 80.30, 69.59, 60.55,
55.97, 54.96, 51.56, 45.02, 43.51, 43.37, 42.61, 38.96, 37.76,
36.38, 35.15, 34.14, 33.23, 32.00, 30.92, 28.58, 27.12, 26.57,
25.96, 24.64, 24.54, 23.62, 21.44, 21.30, 20.53, 18.70, 17.87,
12.47, 12.29. MS (ESI, ES+): Calcd for [CssHeiN3O7 + Nal*
706.92; Found 706.40, 1389.33 [2M+Na]*. Anal Calcd for
Cs9Hs1N3O7: C, 68.49; H, 8.99; N, 6.14; Found: C, 68.21; H, 9.35;
N, 5.91.

Compound 7  (N3HDC-DHA). Flash  chromatography
(cyclohexane/AcOEt 3:1 + 3%o EtsN): white amorphous solid, yield
67%. *H-NMR (400MHz, DMSO-de): 8= 5.64 (1H, d, J=9.7 Hz),
5.54 (1H, s), 5.16-5.12 (1H, m), 4.08 (1H, d, J=3.0 Hz), 3.89-3.72
(1H, m), 2.46-2.09 (5H, m), 2.07-0.78 (45H, m), 0.75 (3H, d, J=7.1
Hz), 0.58 (3H, s). 3C-NMR (101MHz, DMSO-ds): d= 172.63,
140.09, 121.20, 103.99, 91.91, 90.98, 80.30, 65.52, 60.21, 58.16,



56.72, 55.65, 51.56, 49.95, 45.02, 42.79, 42.34, 37.06, 36.38,
35.14, 34.15, 33.59, 32.78, 32.00, 30.89, 28.92, 28.08, 25.96,
24.64, 24.32, 21.44, 20.78, 20.53, 19.15, 18.56, 14.54, 12.30,
12.16. MS (ESI, ES+): Calcd for [C39He1N3O7 + Na]* 706.92;
Found 706.27. Anal Calcd for C39Hs1N3O7: C, 68.49; H, 8.99; N,
6.14; Found: C, 68.11; H, 9.30; N, 5.82.

Compound 8 (NsLC-DHA). Flash chromatography
(cyclohexane/AcOEt 3:1 + 3% EtsN): white amorphous solid, yield
64%. H-NMR (400MHz, DMSO-ds): 5= 5.64 (1H, d, J=9.7 Hz),
5.54 (1H, s), 4.43 (1H, d, J=4.6 Hz), 2.46-2.06 (5H, m), 2.04-0.77
(47H, m), 0.75 (3H, d, J=7.0 Hz), 0.59 (3H, s). 13C-NMR (101MHz,
DMSO-de): 8= 172.64, 149.04, 134.50, 103.99, 91.91, 90.98,
80.32, 70.29, 56.46, 55.86, 55.38, 51.56, 45.02, 42.73, 41.94,
36.38, 35.81, 35.58, 35.16, 34.65, 34.14, 32.01, 30.83, 28.13,
27.31, 26.60, 25.96, 24.64, 24.29, 23.72, 21.43, 20.84, 20.53,
18.54, 12.31.

MS (ESI, ES+): Calcd for [C3sHe1N3Os + H]* 668.93; Found 667.30.
Anal Calcd for C3gHs1N3Os: C, 70.13; H, 9.21; N, 6.29; Found: C,
69.91; H, 9.45; N, 6.01.

Compound 11. To a 1:1 solution of propargyl-DHA 9 (0.50 mmol)
and N3UDCMe (0.50 mmol) in anhydrous CH3CN (1 ml), Cul (0.05
mmol) was added. After stirring at room temperature for 18 h the
solvent was removed in vacuo and the crude material was purified
by flash chromatography on silica gel (cyclohexane/AcOEt 1:1 +
3%o Et3N): colorless syrup, yield 28%. 'H-NMR (400MHz, DMSO-
de): 6= 8.23 (1H, s), 5.30 (1H, s), 4.81 (1H, d, J=3.6 Hz), 4.52-
4.38 (1H, m), 3.93 (1H, d, J=6.9 Hz), 3.57 (3H, s), 3.34-3.27 (1H,
m), 2.48-2.27 (3H, m), 2.25-0.75 (52H, m), 0.63 (3H, s). 13C-NMR
(101MHz, DMSO-ds): 6=173.67, 143.50, 121.87, 103.23, 100.04,
86.90, 80.37, 68.98, 60.33, 59.53, 55.32, 54.57, 51.89, 51.13,
43.68, 42.96, 42.41, 40.29, 38.30, 37.60, 37.18, 36.61, 35.91,
34.87, 34.69, 34.13, 33.94, 33.71, 30.63, 30.26, 28.93, 28.06,
27.46, 26.59, 25.55, 24.21, 23.89, 23.07, 20.87, 20.04, 18.23,
12.64, 11.92. MS (ES|, ES+)Z Calcd for [C43H67N303 + Na]*
777.01; Found 776.47, 1529.40 [2M+Na]*. MS (ESI, ES-): Calcd
for [CasHe7N3Osg + ClI" 787.47; Found 788.27, 1540.87 [2M+CI].
Anal Calcd for C43Hs7N3Os: C, 68.50; H, 8.96; N, 5.57; Found: C,
68.34; H, 9.24; N, 5.36.

Compounds 12a,b. To a solution of CDCA or CDCMe (0.25
mmol) in Py (2 ml), succinic anhydride (1.27 mmol) and catalytic
DMAP were added. The mixture was warmed to reflux (115°C).
After 18h, succinic anhydride (0.64 mmol) and catalytic DMAP
were added again. After other 4h reflux, the reaction mixture was
cooled to room temperature, diluted with AcOEt (20 ml) and
washed first with 5% HCI (3x7 ml) and then with H,O (10ml). The
organic layer was dried over anhydrous Na,SO, and concentrated
in vacuo. The residue was used for subsequent reaction without
any further purification. 12a. White amorphous solid, yield 48%.
'H-NMR (400MHz, DMSO-ds): &= 12.07 (2H, bs), 4.49-4.33 (1H,
m), 4.18 (1H, bs), 3.61 (1H, bs), 2.45-2.28 (4H, m), 2.27-2.00 (2H,
m), 1.96-0.79 (30H, m), 0.58 (3H, s). **C-NMR (101MHz, DMSO-
de): 5=175.32,173.80, 171.98, 74.51, 66.51, 55.94, 50.37, 42.36,
41.41, 40.85, 35.38, 35.13, 35.00, 34.88, 32.65, 31.18, 29.41,
29.20, 29.13, 28.22, 26.87, 23.56, 22.90, 20.67, 18.60, 12.09. MS
(ESI, ES+): Calcd for [CosHasO7 + Na]* 515.64; Found 515.27,
1007.20 [2M+Na]*. Anal Calcd for C,sH4407: C, 68.26; H, 9.00;
Found: C, 68.01; H, 9.33. 12b. White amorphous solid, yield 84%.
!H-NMR (400MHz, CDCls): 8= 4.68-4.52 (1H, m), 3.85 (1H, d,
J=2.6 Hz), 3.66 (3H, s), 2.74-2.49 (4H, m), 2.41-2.15 (3H, m),
2.01-0.96 (24H, m), 0.95-0.88 (6H, m), 0.65 (3H, s). *C-NMR
(101MHz, CDClg): 6=176.80, 174.79, 171.79, 74.90, 68.48, 55.75,
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51.52, 50.35, 42.68, 41.13, 39.52, 39.32, 35.37, 35.11, 35.04,
34.92, 34.33, 32.73, 31.02, 30.97, 29.37, 28.94, 28.15, 26.59,
23.68, 22.71, 20.56, 18.25, 11.75. MS (ESI, ES+): Calcd for
[C29H4607 + Na]* 529.67; Found 529.33, 1035.20 [2M+Na]*. MS
(ESI, ES-): Calcd for [CxHssO7 - H] 505.67; Found 505.13,
1011.20 [2M-H], 1516.87 [3M-H]. Anal Calcd for CzgHss07: C,
68.75; H, 9.15; Found: C, 68.47; 9.46.

Compound 13. The reaction was carried out as described in
general procedure for the condensation reaction starting from
compound 12b. Flash chromatography on silica gel
(cyclohexane/AcOEt 5:3): white amorphous solid, yield 48%. 'H-
NMR (400MHz, DMSO-ds): 6= 5.64 (1H, d, J=9.8 Hz), 5.55 (1H,
s), 4.43 (1H, bs), 4.17 (1H, d, J=3.4 Hz), 3.60 (1H, bs), 3.55 (3H,
s), 2.68-2.50 (4H, m), 2.47-2.10 (5H, m), 2.09-0.72 (48H, m), 0.58
(8H, s). BC-NMR (101MHz, DMSO-ds): &= 174.21, 171.62,
171.31, 157.61, 104.00, 99.63, 92.22, 91.01, 80.30, 74.68, 66.47,
60.21, 55.85, 51.66, 51.54, 51.28, 50.35, 45.29, 44.99, 42.36,
41.38, 36.34, 35.33, 35.11, 34.97, 34.16, 32.62, 32.09, 31.07,
30.78, 29.13, 28.21, 26.79, 25.96, 24.79, 23.55, 22.89, 21.44,
20.66, 20.51, 18.57, 14.54, 12.34, 12.08. MS (ESI, ES+): Calcd
for [CasHesO11 + Na]* 796.01; Found 795.40, 1567.13 [2M+Na]*.
Anal Calcd for CasHegO11: C, 68.37; H, 8.87; Found: C, 68.07; H,
9.10.

Compound 14. A solution of DHA (0.36 mmol) and 12a (0.18
mmol) in anhydrous DMF (2 ml) was cooled (ice bath) under
Argon atmosphere, then DMAP (0.20 mmol) and EDCI (0.61
mmol) were added. After 10 min at 0 °C the reaction was warmed
up to room temperature and stirred for 18h, then diluted with H,O
(15 mL) and extracted with Et,O (3x5 mL). The organic layers
were combined, dried over anhydrous Na,SO, and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel (cyclohexane/AcOEt 5:2 + 3%. EtsN): white amorphous
solid, yield 28%. *H-NMR (400MHz, DMSO-ds): 3= 5.66 (2H, dd,
J=9.8, 1.4 Hz), 5.56 (2H, d, J=3.5 Hz), 4.52-4.38 (1H, m), 4.19
(1H, d, J=3.3 Hz), 3.62 (1H, bs), 2.66-2.51 (4H, m), 2.48-2.10 (8H,
m), 2.06-0.73 (66H, m), 0.61 (3H, s). **C-NMR (101MHz, DMSO-
ds): 6= 172.10, 171.07, 170.77, 103.46, 91.69, 91.37, 90.49,
79.77, 74.15, 65.93, 55.32, 51.02, 49.81, 44.48, 41.85, 40.86,
35.85, 34.68, 34.58, 33.61, 32.09, 31.57, 31.47, 30.39, 28.62,
27.66, 26.28, 25.42, 24.10, 23.02, 22.36, 20.91, 19.98, 18.04,
11.84, 11.76, 11.57. MS (ESI, ES+): Calcd for [CsgHgsO15 + Na]*
1048.32, [CsgHggO15 + K]* 1064.42; Found 1047.33, 1063.27. Anal
Calcd for CsgHggO15: C, 67.94; H, 8.65; Found: C, 67.79; H, 8.98.
Compound 15. UDCMe (0.61 mmol) and succinic anhydride
(4.92 mmol) were warmed to fusion (200°C). After 1h, the mixture
was cooled to room temperature, dissolved in DCM (25 ml) and
extracted with aqueous NaHCO; (3x10 ml). The aqueous layers
were combined and acidified to pH=5 by 10% HCI. The product
was then extracted by DCM (3x10 ml). The organic layers were
combined, dried over anhydrous Na,SO, and concentrated in
vacuo. The residue was used for the next reaction without any
further purification. White amorphous solid, yield 69%. *H-NMR
(400MHz, CDCl3): 5= 9.47 (2H, bs), 4.84-4.74 (1H, m), 4.73-4.62
(1H, m), 3.65 (3H, s), 2.71-2.46 (8H, m), 2.40-2.13 (2H, m), 1.98
(1H, d, J=12.5 Hz), 1.88-0.99 (23H, m), 0.96 (3H, s), 0.90 (3H, d,
J=6.3 Hz), 0.66 (3H, s). 3C-NMR (101MHz, CDCls): 5= 178.08,
177.98,174.77,171.67,171.59, 74.31, 74.05, 55.11, 54.92, 51.51,
43.54, 41.99, 39.90, 39.37, 35.20, 34.43, 33.94, 32.67, 31.05,
30.95, 29.48, 29.22, 29.01, 28.84, 28.35, 26.30, 25.68, 23.20,
21.19, 18.36, 12.05. MS (ESL ES+): Calcd for [C33H50010 + Na]*
629.74; Found 629.33, 1235.20 [2M+Na]*, 1840.73 [3M+Na]*. MS



(ESI, ES-): Calcd for [C33Hs0010 - H] 605.75; Found 605.20,
1211.00 [2M-H];, 1818.07 [3M-H]". Anal Calcd for Cs3Hs0010: C,
65.33; H, 8.31; Found: C, 65.04; H, 8.54.

Compound 16. The reaction between DHA and compound 15
was carried out as described above for hybrid 14. Flash
chromatography (cyclohexane/AcOEt 5:3). White amorphous
solid, yield 25%. 'H-NMR (400MHz, DMSO-de): 8= 5.65 (2H, dd,
J=9.8, 4.8 Hz), 5.55 (2H, s), 4.71-4.48 (2H, m), 3.55 (3H, s), 2.70-
2.38(8H, m), 2.36-0.69 (74H, m), 0.61 (3H, s). **C-NMR (101MHz,
DMSO-de): 6= 174.15, 171.72, 171.49, 171.31, 171.17, 103.99,
92.19, 91.01, 80.28, 73.87, 73.76, 54.76, 51.66, 51.55, 44.96,
43.51, 41.62, 39.05, 36.35, 35.04, 34.27, 34.15, 34.00, 32.96,
32.83, 32.08, 31.03, 30.83, 30.69, 29.36, 29.13, 28.91, 28.46,
25.95, 24.78, 24.64, 23.27, 21.43, 21.18, 20.51, 18.66, 12.43,
12.24, 12.21. MS (ES|, ES+)Z Calcd for [C63Hg4013 + Nt’:l]+
1162.42; Found 1161.33. Anal Calcd for Ce3HgesO1s: C, 66.41; H,
8.32; Found: C, 66.25; H, 8.62.

Biological evaluation

Cell culture, drug treatment and cell viability assays. The HL-
60 human promyelocytic leukemia cells (ATCC CCL-240) were
grown in Iscove’s Modified Dulbecco’s Medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine and 1x Antibiotic-
Antimycotic containing 100 units/ml penicillin, 100 pg/mi
streptomycin and 0.25 pg/ml Fungizone™ (HyClone, Logan, UT),
and the HepG2 human heptocellular carcinoma cells (ATCC HB-
8065) were cultured in low-glucose Dulbecco’s Modified Eagle’s
Medium supplemented with 10% fetal bovine serum, 2 mM L-
glutamine and 1x Antibiotic-Antimycotic at 37°C in a humidified
5% CO2 atmosphere. Cells were seeded in 96-well plates (3 x 10*
HL-60 cells/well and 5 x 10° HepG2 cells/well) and subjected to
drug treatment for the indicated time periods followed by the MTT
assay to measure cell growth as described previously.?®
Absorbance was measured at 570 nm with a reference
wavelength of 690 nm.

Pl staining and flow cytometric analysis. Cells were treated
with drugs, harvested and fixed in methanol for at least 30 min on
ice and then subjected to Pl staining and flow cytometric analysis.
At least 10,000 cells were analyzed for each sample using
CellQuest Pro software (BD Biosciences, San Jose, CA).
Western blot analysis. After drug treatment, cells were
harvested and lysed in 1x SDS sample buffer containing 62.5 mM
Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 1.4% 2-
mercaptoethanol and 0.001% bromophenol blue, and boiled for 5
min. Lysates were then subjected to 10% SDS-PAGE and
Western blot analysis as previously described.BY Primary
antibodies used were PARP (BD Biosciences, San Jose, CA),
caspase 3 (BioCarta, San Diego, CA) and y-tubulin (Sigma-
Aldrich, St. Louis, MO).

Detection of ROS. 2',7-dichlorodihydrofluorescein diacetate
(DCFH-DA) was used for the detection of ROS. DCFH-DA is
nonfluorescent in the reduced state and is hydrolyzed by
intracellular esterases to 2,7-dichlorodihydrofluorescein, which is
then oxidized to fluorescent 2',7'-dichlorofluorescein (DCF) by
ROS. The fluorescence intensity of DCF is then used to measure
intracellular ROS by flow cytometry. HepG2 cells were seeded in
12-well plates, treated as indicated for 24 h and 10 uM DCFH-DA
was added for the last 30 min of incubation at 37°C. Cells were
then harvested by trypsinization, resuspended in ice-cold PBS
and subjected to flow cytometirc analysis. Cells with ROS
production was quantified.
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Statistical analysis. Results were presented as mean + standard
error of the mean (SEM). Statistical significance was assessed
with two-sided t-tests, and P-values less than 0.05 were
considered statistically significant.
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R "OH

Artemisia annua

A new series of hybrids integrating two natural molecules such
as dihydroartemisinin and selected bile acids were prepared
through highly stereoselective one pot reactions. The
hybridization efficiency was clearly highlighted by the enhanced
cytotoxicity and cytoselectivity of the hybrids respect to the
parent molecules alone. The biological study was targeted
towards HL-60 leukemia and HepG2 hepatocellular carcinoma
cell lines.
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