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Anthracyclines are considered to be some of the most effective anticancer drugs for cancer therapy. However,
drug resistance and cardiotoxicity of anthracyclines limit their clinical application. We hypothesize that
direct modifications of the sugar moiety of anthracyclines avert P-glycoprotein (P-gp) recognition and efflux,
increase drug intracellular concentration in cancer cells, and thus overcome P-gp-mediated drug resistance.
Daunorubicin (DNR) analogues with sugar modifications were synthesized by directly transforming the
amino group of DNR to an azido group or triazole group. Molecular docking showed that the lead compound
(3′-azidodaunorubicin, ADNR) averts P-gp binding, while daunorubicin (DNR) extensively interacts with
multidrug-resistance (MDR) protein through H-bonds and electrostatic interactions. FACS assay demonstrated
that these new compounds abolished P-gp drug efflux and accumulated high intracellular concentration in
the drug-resistant leukemia K562/Dox. P-gp inhibition by CsA confirmed that these new analogues are no
longer P-gp substrates. ADNR exhibited potent anticancer activity in both drug-sensitive (K562) and drug-
resistant leukemia cells (K562/Dox), with a 25-fold lower drug resistance index than DNR. An in vivo
xenograft model demonstrated that ADNR showed more than 2.5-fold higher maximum growth inhibition
rate against drug-resistant cancers and significant improvement for animal survival rate versus DNR. No
significant body weight reduction in mice was observed for ADNR at the maximum tolerable dose, as
compared to more than 70% body weight reduction for DNR. These data suggest that sugar modifications
of anthracyclines avert P-gp binding, abolish P-gp-mediated drug efflux, increase intracellular drug
concentration, and thus overcome P-gp-mediated drug resistance in cancer therapy.

Introduction

Anthracyclines are considered to be some of the most
effective anticancer drugs used either as single agents or in
combination for cancer therapy. Since the first isolation of
doxorubicin (DOX) and daunorubicin (DNR) fromStreptomyces
peucetiusin the 1960s,1 thousands of analogues have been
reported. However, only a few of them have earned clinical
approval: idarubicin (IDA),2 epirubicin (EPI),3 aclarubicin,4-7

pirarubicin,8 and valrubicin (Scheme 1).9 These drugs are natural
or semisynthetic products with similar structures and sugar
moieties.10,11 For instance, DOX and DNR share the same
carbon skeleton (Scheme 1), which contains a fused tetracyclic
ring system and a carbohydrate moiety (daunosamine). The only
difference between DOX and DNR is the side chain at C-14,
where DNR carries no functional group and DOX bears a
hydroxyl group. Although all these anthracyclines contain
similar structures, their therapeutic applications are very dif-
ferent. For instance, DNR and IDA are primarily used in
leukemia (ALL and AML) and lymphoma, whereas DOX and
EPI have broader anticancer activity against leukemia, lym-

phomas, and various of solid tumors including breast, small cell
lung, cervical, head, and neck cancers.

However, several limitations are frequently associated with
the clinical use of anthracyclines. These include drug resistance
and cardiotoxicity. MDR is a simultaneous development of
resistance to a variety of anticancer drugs in cancer therapy.12

Although this phenomenon has been studied for a long time,
the exact mechanism is still under extensive investigation. Many
factors are involved in multidrug resistance.13 One of the
mechanisms is through the overexpression of ABC trans-
porters.14-18 These ABC transporters use ATP hydrolysis as an
energy source to recognize and export very diverse anticancer
compounds from cancer cells, decrease intracellular drug
concentration, and thereby induce drug resistance. These ABC
transporters include 49 different family members, such as
multidrug resistance genes (MDR1, ABCB1, P-gp), multidrug-
resistance-associated proteins (MRP), and breast cancer resistant
proteins (BCRP, ABCG2).17-20 These transporters actively
export a wide range of drugs from cells, which include
anticancer drugs anthracyclines, vinca alkaloids, epipodophyl-
lotoxins, and taxanes; HIV-1 protease inhibitors; immunosup-
pressants; antibacterial reagents; antifungals; and cardiac
glycosides.21-24 The strategy of reversing drug resistance has
been explored on the basis of these mechanisms of drug
resistance; however, limited success has been achieved.

The second limitation for anthracycline clinical use is the
peculiar and often irreversible cardiac toxicity. Cardiac toxicity
of anthracyclines is represented by the development of cardi-
omyopathy and ultimately congestive heart failure. The cardiac
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toxicity is often irreversible and related to the total dose
accumulation.25 Therefore, the maximum cumulative doses of
DNR and DOX should be less than 500 or 450-600 mg/m2,
respectively.26 The mechanisms of anthracycline-induced cardiac
toxicity are rather complex and multifactorial.27 These include
drug accumulation in heart tissues, free radical generation,
apoptosis, C-13 secondary alcohol production, inhibition of
nucleic acid and protein synthesis, release of vasoactive amines,
changes in adrenergic function, abnormalities in the mitochon-
dria, lysosomal alterations, altered calcium transport, imbalance
of myocardial electrolytes, reduction in myocardial antioxidant
enzyme activities, increase of lipid peroxidation,27 and induction
of nitric oxide synthase.27

Our previous research and literature indicate that modifica-
tions on the sugar moiety of anthracyclines markedly alter the
anticancer activity, target selectivity, and the sequence specificity
of DNA break sites.28,29 Indeed, modifications on the sugar
structures resulted in the development of the second generation
of DOX analogues (such as EPI, IDA, valrubicin, and piraru-
bicin). A third generation of anthracycline analogue [MEN10755,
a disaccharide analogue, currently given the generic name of
sabarubicin, 3′-deamino-3′-hydroxy-4′-(O-L-daunosamyl)-4-
demethoxydoxorubicin] shows a different activity spectrum as
compared to DOX.10,30-32 Despite their structure similarity, the
second generation of anthracyclines (IDA and EPI) have less
cardiac toxicity than DOX and DNR; however, they are still
P-gp substrates, and thus, they still exhibit drug resistance.27,32

Sabarubicin shows partial activity against drug-resistant cancer
cells, but it does not avert P-gp recognition.33 In addition,
sabarubicin still shows high cardiac toxicity at higher doses.

We hypothesize that direct modifications of the sugar moieties
of anthracyclines avert P-gp recognition and efflux, increase
drug intracellular concentration in cancer cells, and thus
overcome P-gp-mediated drug resistance. Indeed, this hypothesis
has been validated by other previous reports.34-40 For instance,
replacement of the 3′-NH2 of DOX with 3′-OH or 3′-N-
methylation was shown to reverse the drug resistance.34-43 In
addition, modification of disaccharides in antibiotics (such as
vancomycin) has been successfully applied in overcoming
bacterial drug resistance.44,45

In this research, we report the syntheses and biological
activities of a novel class of DNR analogues, 3′-azido-2,3,6-
trideoxy-R-L-lyxo-hexopyranosyldaunorubicinone (ADNR), where
the 3′-amino group is replaced with an azido group and its
triazole derivatives (Scheme 2). These compounds were modeled
by molecular docking with a MDR protein. The drug efflux by
P-gp was tested in drug-resistant leukemia K562/dox with high
expression levels of P-gp. The anticancer activity and toxicity
were tested in K562/Dox in vitro and xenograft models in vivo.
New anthracycline analogues avert P-gp binding, abolish P-gp
mediated drug efflux, increase intracellular drug concentration,
and thus overcome P-gp-mediated drug resistance. The lead

compound ADNR shows significant anticancer activity against
drug-resistant cancers in cell culture in vitro and in a xenograft
model in vivo, increases animal survival rate, and decreases
general toxicity in animal model.

Results and Discussion

Chemistry. Synthesis of Daunorubicin Analogues.ADNR
was readily prepared by treatment of DNR with a TfN3

solution46 in 70% yield. To prepare triazole analoguesA1-A4
through Huisgen 1,3-dipolar cycloaddition reaction, three
catalytic systems were tested, including CuI/DIPEA (diiso-
propylethylamine),47 CuSO4‚5H2O/sodium ascorbate,48 and
(EtO)3PCuI/DIPEA.49 The results showed that only (EtO)3PCuI/
DIPEA gave a satisfactory yield. Thus, all the triazole analogues
were obtained using this catalytic system in THF at room
temperature. Reaction of ADNR with the corresponding alkynes
in the presence of (EtO)3PCuI and DIPEA afforded compounds
A1-A4 in yields of 53, 67, 60, and 77%, respectively (Scheme
2).

Biology. Molecular Docking of DNR and ADNR to
Multidrug Resistance (MDR) Protein. P-gp exports many
anticancer drugs (including anthracyclines) to confer drug
resistance. After drugs are diffused into cells, they bind to
intracellular domains of P-gp and trigger ATP binding to the
nucleoside binding domain (NBD) and the hydrolysis of ATP.
The energy from the ATP hydrolysis exports the drugs out of
cells.50

The positive charge from the amine (NH2) in the sugar
structure of anthracyclines is very critical in P-gp recognition.27

We hypothesize that replacement of the NH2 with an azido or

Scheme 1.Clinically Used Anthracyclines

Scheme 2a

a Reagents and conditions: (i) K2CO3, CuSO4, TfN3 solution, overnight;
(ii) (EtO)3PCuI, DIPEA.
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triazole group will abolish its positive charge, provide hindrance
with the linear molecular arrangement (-N3) or a large
substituent (trizole), and create a higher electron density (-N3)
to prevent P-gp binding (Figure 1). Since no crystal structure
of mammalian P-gp is available, it is impossible to perform the
molecular docking to mammalian P-gp. Fortunately, a distant
ortholog(MsbA) in bacteria, which has 30% homology to human
P-gp, has been crystallized with 3.8 Å resolution.51-53 More
importantly, MsbA is also a multidrug resistance protein in
bacteria that effluxes many drugs out of bacteria to confer drug
resistance. Also, MsbA and P-gp share many common sub-
strates. Therefore, we utilized the MsbA crystal structure as a
target to perform molecular docking to test our compounds.

The molecular docking results showed that DNR binds to
the cavity between the intracellular domain (ICD) and NBD
(Figure 2). The C4-OH in the sugar structure forms H-bonds
with histidine 202 (His202) in the ICD2 of ICD domain. It also
interacts with aspartic acid 431 (Asp431) in theR2 of NBD
domain. The NH3+ in the sugar structure forms a H-bond with
Asp431 in the NBD domain, in addition to the electrostatic
interaction between the positive and negative charge (Figure
2). However, the four rings in DNR lie in the cavity without
any specific interactions with any amino acid residues. In
contrast, the azido sugar in ADNR turns away from His202
and Asp431. No specific interaction is found between ADNR
and any amino acid residue. The four rings of ADNR are in
the same position as in DNR, which lie in the cavity with no
specific interactions with any amino acid residue (Figure 2).
These data indicate that DNR strongly binds to MsbA while
ADNR has no binding or interaction with MsbA. Therefore,
ADNR may avert recognition by MDR protein to overcome
P-gp-mediated drug resistance.

New Anthracycline Analogues Avert P-gp Recognition and
Efflux in Drug-Resistant Leukemia Cells (K562/Dox) in
Vitro. To confirm our molecular modeling findings, we tested
the P-gp export of these new anthracycline analogues (ANDR
and A1-A4) in K562/Dox cells in the presence or absence of a
P-gp inhibitor (cyclosporine, CsA). If a drug is a P-gp substrate,
the P-gp inhibitor will inhibit the drug efflux and increase the
intracellular concentrationof the drug. Therefore, we performed
a flow cytometry (FACS) study to quantify the drug uptake and
efflux in K562/Dox cells for all new anthracycline analogues.
This cell line was induced to exhibit drug resistance by the
treatment of a low concentration of Dox. One of the mechanisms
for Dox-induced drug resistance is the overexpression of an
ABC transporter (ABCB1, MDR1, gene product is P-glyco-
protein, P-gp). To confirm the high expression of P-gp in K562/
Dox cells, MDR1 mRNA and P-gp protein expression levels
were measured by real-time PCR and Western blotting in both
K562 and K562/Dox cells. In drug-resistant K562/Dox cells,
MDR1 mRNA was induced by 600-fold higher than drug-
sensitive K562 cells as measured by real-time PCR. The P-gp
protein was undetectable in drug-sensitive K562 cells, while
P-gp was significantly induced in K562/Dox cells as confirmed
by Western blot (Figure 3). Since P-gp is significantly over-
expressed in K562/Dox cancer cells, these cells provide good
models for a P-gp-mediated drug resistance study.

As shown in Figure 4, DNR readily diffused to the K562/
Dox cells after 30 min of incubation. P-gp in the cell membrane
exported the drug out of the cells. However, when CsA (5µM)
was coincubated with DNR for 30 min, much more drug was
accumulated in the cells (uptake phase) as measured by FACS.
After the uptake, the cells were washed with PBS, and the drug

Figure 1. 3D Conformations of DNR (left) and ADNR (right).

Figure 2. Molecular docking of daunorubicin (DNR) and ADNR to multidrug resistance protein (MsbA). The left panel is the overall docking
view of drugs and MsbA. The right panel is the detailed interaction between DNR or ADNR with amino acid residues in MsbA.

Figure 3. Real-time PCR and Western blotting results of MDR1
mRNA (A) and P-gp protein (B) levels in drug-resistant leukemia K562/
Dox compared to drug-sensitive leukemia K562 cells.
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Figure 4. Drug uptake and efflux of DNR and its analogues (ADNR,A1-A4, 2 µM) in drug-resistant leukemia cells (K562/Dox) in the presence
of P-gp inhibitor (5µM CsA, red line) or the absence of CsA (green line) by flow cytometry.
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efflux from the cancer cells was monitored again for another
30 min. Similarly, P-gp inhibitor (CsA) significantly inhibited
the drug efflux and increased drug accumulation in the cells.
These data confirmed that DNR is a substrate of P-gp, and
inhibition of P-gp increased intracellular DNR accumulation.
In contrast, the new anthracycline analogues (ADNR and A1-
A4) also readily diffused into K562/Dox cells. However, the
P-gp inhibitor (CsA) did not show any effect on the retention
of these new compounds in both uptake and efflux phases in
the cancer cells. These results strongly suggest that modifications
of the sugar structures of DNR avert P-gp binding, diminish
the drug efflux, and may well overcome P-gp-mediated drug
resistance.

Cytotoxicity of New Anthracycline Analogues against
Drug-Resistant Leukemia Cells K562/Dox in Vitro.To test
if the new anthracycline analogues will overcome drug resis-
tance, we measured their cytotoxicity in K562/Dox cells by MTS
assay in comparison with DNR. As shown in Figure 5, DNR
showed much higher IC50 (>5 µM) against K562/Dox cells than
against K562 (15 nM). The drug resistance index (DRI, ratio
of IC50 in drug-resistant cells over IC50 in drug-sensitive cells)
is a good indicator of a drug’s ability to overcome resistance.
The DRI for DNR is more than 333. These data strongly
suggests that K562/Dox cells are resistant to DNR, which is
due to the drug efflux by P-gp as measured by FACS. In
contrast, the lead compound ADNR exhibited potent anticancer
activity with IC50 of 0.075µM in K562 and of 1.0µM in drug-
resistant cells. Compared to DNR, ADNR was less active in
K562; however, ADNR was at least 5-fold more active than
DNR against drug-resistant K562 cells. Its DRI is only 13, which
is 25-fold lower than that of DNR. These data indicate that
ADNR overcomes P-gp-mediated drug resistance.

However, although compoundsA1-A4 with larger substit-
uents (triazole derivatives) also averted P-gp recognition and
drug efflux, they showed much less activity in both K562 and
K562/Dox cells. These data indicates that modification of the

sugar structure at the 3′ position with large substituents averts
P-gp binding, but it also results in decreased anticancer activity.
Therefore, the following animal studies only focused on the lead
compound ADNR that averts P-gp recognition and maintains
anticancer activity in drug-resistant cancer cells.

To further confirm that drug resistance to DNR is partially
due to P-gp efflux and that ADNR can avert P-gp recognition,
we tested the cytotoxicity of DNR and ADNR against K562/
Dox in the presence of a P-gp inhibitor (CsA). As shown in
Figure 6, CsA alone (5µM) did not show any cytotoxicity to
K562/Dox, while DNR (1µM) alone showed 30% cell killing
effect; however, the combination of CsA and DNR showed more
than 70% cell killing effects under the same condition. These
data indicates that CsA inhibits P-gp for drug efflux and
increases DNR intracellular concentration for better cytotoxicity.
However, ADNR at 1µM concentration kills more than 50%
of the cancer cells, and CsA did not change the cell killing
effects of ADNR. This further confirmed that ADNR is no
longer a P-gp substrate, thus overcoming P-gp-mediated drug
resistance.

However, one question still remains to be answered: why
does ADNR show a different IC50 value in K562 and K562/
Dox cells when it is not a P-gp substrate? This may be due to
the complexity of multidrug resistance in this drug-resistant
leukemia cell line (K562/Dox). P-gp may not be the only
determining factor contributing to anthracycline resistance in
K562/Dox cells. The oncogene alterations (such as Bcl-2, Bax,
and P53) may also contribute to the drug resistance. For instance,
our data showed that BCL-2 is also overexpressed by 14-fold
higher in K562/Dox than K562 (data not shown). It was also
reported that other transporter molecules, such as MRP, LRP,
and ABCG, may also be induced by doxorubicin.54 Therefore,
although ADNR fully averts P-gp-mediated resistance, it may
not overcome another factor-mediated drug resistance. To
confirm our speculation, we conducted cytotoxicity studies of
these compounds on human epidermoid carcinoma cell line (KB-
3-1with low expression of P-gp) and its corresponding drug-
resistant cell line with high P-gp expression (KB-V). As
expected, the IC50 values of ADNR in these two cell lines are
identical (0.3µM), while DNR shows a 5.3-fold higher IC50 in
drug-resistant KB-V cells than in KB-3-1. The results indicate
that ADNR completely overcomes P-gp-mediated drug resis-
tance.

Anticancer Activity of ADNR against Drug-Resistant
Cancers in Xenograft Model in Vivo. On the basis of the in
vitro data, we selected the lead compound ADNR to be
evaluated for its anticancer activity against drug-resistant cancers
in the xenograft mouse model. In this animal model, 107 drug-
resistant leukemia K562/Dox cells were injected subcutaneously
into nude mice. After 14 days, the tumor reached 100 mm3.
From day 15, ADNR (5 or 10 mg/kg) and DNR (5 or 10 mg/

Figure 5. Cytotoxicity of daunorubicin (DNR) and its analogues in
drug-sensitive leukemia K562 cells (Figure 5A) and drug resistant K562/
Dox cells (Figure 5B).

Figure 6. Cytotoxicity of daunorubicin (DNR) and ADNR in drug-
resistant leukemia K562/Dox cells in the presence or absence of 5µM
cyclosporine A (CsA).
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kg) were injected in to the mice intraperitoneally twice per week
for 3 weeks. The tumor volume was measured every 3 days.
As shown in Figure 7, tumor growth was very rapid in the
control group (without drug treatment). However, ADNR and
daunorubicin (DNR) significantly inhibited tumor growth 1
week after dose. As expected, ADNR (5 mg/kg) showed 2.5-
fold higher maximum growth inhibition rate against drug-
resistant cancers than DNR (Figure 7A). This result indicates
that ADNR is more effective than DNR against drug-resistant
cancers.

When ADNR and DNR were given to the xenograft model
at the maximum tolerable dose of 10 mg/kg twice a week for
3 weeks, the body weight of DNR-treated mice decreased more
than 70% and all of them died after 2 weeks of DNR treatment,
while the ADNR treatment group and control group did not
show any significant body weight change (Figure 7C). All

animals (8/8) in the ADNR group survived (100%) after 50 days,
while the mice in the DNR group (6/6) died before 30 days
(due to both tumor growth and drug toxicity; 50% of the mice
died before 20 days). The mice in the control group (5/5) all
died in 33 days (50% of the mice died in 25 days) (Figure 7B).
These data indicate that ADNR overcomes P-gp-mediated drug
resistance and is effective in treatment of drug-resistant cancers
with a better safety profile in the K562/Dox leukemia xenograft
model.

Conclusion

In summary, a novel class of anthracyclines with sugar
modifications was synthesized by transforming the amino group
of DNR to an azido group or triazole group. These new
anthracycline analogues were shown to avert P-gp binding by
molecular docking. While DNR extensively interacts with the

Figure 7. Anticancer activity (A), animal survival rate (B), and relative body weight change (C) of lead compound (ADNR) and daunorubicin
(DNR) in xenograft mice model of drug-resistant leukemia cells (K562/Dox).N ) 5, 8, and 6 for control, ADNR and DNR groups, respectively.
Each point represents the mean( SE of each group.
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MDR proteins, the new anthracycline analogues do not show
any specific interactions with the MDR protein. Therefore, these
new analogues with sugar modifications abolish the drug efflux
by P-gp and accumulate at high intracellular concentration in
the drug-resistant leukemia K562/Dox by FACS assay. P-gp
inhibition by CsA confirmed that these new analogues are no
longer P-gp substrates. One lead compound (ADNR) exhibited
potent anticancer activity in both drug-sensitive and drug-
resistant leukemia cells, with a 25-fold lower DRI value than
DNR. Its cytotoxicity in drug-resistant cancer cells is indepen-
dent of P-gp inhibition. In vivo xenograft results further
demonstrated that ADNR showed 2.5-fold higher maximum
growth rate inhibition against drug-resistant cancers and a
significant increase for animal survival rate. No significant body
weight reduction in mice was observed for ADNR at the
maximum tolerable dose as compared to more than 70% body
weight reduction for DNR. These data suggest that sugar
modifications of anthracyclines can avert P-gp recognition and
drug efflux, increase drug intracellular concentration, and
overcome P-gp-mediated drug resistance in cancer therapy.

Experimental Section

Chemistry. All solvents were dried with a solvent-purification
system (Innovative Technology, Inc). Daunorubicin hydrochloride
(Greenfield Chemicals Inc.) was directly used without further
purification. Analytical TLC was carried out on E. Merck silica
gel 60 F254 aluminum-backed plates. The preparative TLC was
carried out on silica gel 60 F254 plates (20× 20 cm, 1 mm) from
EMD Chemicals, Inc. The 230-400 mesh size silica gel (EMD
Chemicals Inc.) was utilized for all chromatographic purifications.
1H and13C NMR spectra and the high-resolution mass spectra were
collected at The Ohio State University Campus Chemical Instru-
mentation Center.

7-(3-Azido-2,3,6-trideoxy-r-L-lyxo-hexopyranosyl)daunorubi-
cinone (ADNR). Daunorubicin hydrochloride (5.24 g, 9.3 mmol)
was dissolved in water (30 mL) and treated with potassium
carbonate (1.92 g, 13.9 mmol) and CuSO4‚5H2O (14 mg, 88µmol).
MeOH (60 mL) was added to the reaction mixture, and a TfN3

solution (made using 2 equiv of Tf2O46) was added. Then, adequate
MeOH was added to homogeneity. The reaction was stirred
overnight. The mixture was diluted with H2O (100 mL) and
extracted with CH2Cl2. The combined extracts were dried over
anhydrous Na2SO4. After removal of the solvent, the residue was
purified through a silica gel column using MeOH/CH2Cl2 (1:100-
50) to afford ADNR as a red solid (70%): HRMS (M+ Na)+

(ESI) calcd for C27H27N3O10Na+ 576.1589, found 576.1612;1H
NMR (500 MHz, CDCl3) 13.95 (1H, s, HO-6), 13.19 (1H, s, HO-
11), 7.98 (1H, d,J ) 7.4 Hz, H-1), 7.74 (1H, t,J ) 8.2 Hz, H-2),
7.36 (1H, d,J ) 8.4 Hz, H-3), 5.54 (1H, d,J ) 3.6 Hz, H-1′), 5.23
(1H, d,J ) 1.9 Hz, H-7), 4.37 (1H, s, HO-9), 4.10 (1H, m, H-5′),
4.05 (3H, s, MeO-4), 3.69 (1H, br, H-4′), 3.60 (1H, m, H-3′), 3.15
(1H, dd,J ) 1.6 Hz,J ) 18.8 Hz, Ha-10), 2.87 (1H, d,J ) 18.8
Hz, Hb-10), 2.38 (3H, s, H-14), 2.28 (1H, m, Ha-8), 2.09 (2H, m,
Hb-8, Ha-2′), 1.91 (1H, m, Hb-2′), 1.30 (3H, d,J ) 6.6 Hz, H-6′);
13C NMR (125 MHz, CDCl3) 211.5, 186.9, 186.7, 161.1, 156.3,
155.7, 135.7, 135.5, 134.2, 133.9, 120.8, 119.8, 118.5, 111.5, 111.3,
100.6, 76.7, 70.1, 69.5, 67.1, 56.8, 56.7, 34.9, 33.3, 28.5, 24.7, 16.8.

General Procedures A for the Preparation of the Daunoru-
bicin Derivatives Containing Triazole Ring (A1-A4). To a
solution of ADNR (52 mg, 0.094 mmol) and terminal alkynes (1.2
equiv) in THF (1.5 mL) were added (EtO)3PCuI (0.2 equiv) and
diisopropylethylamine (0.3 equiv). The reaction was stirred at room
temperature for 48 h. Water (2 mL) and (NH4)2S solution (22%)
were added. The resulting mixture was stirred for an additional 2
h. The product was extracted with CH2Cl2. The combined organic
layers were washed with saturated NaHCO3 solution and dried over
anhydrous Na2SO4. After concentration and purification through
Prep-TLC (CH2Cl2/MeOH, 18:1), the products were provided.

7-[3-(4-Hydroxymethyl-[1,2,3]triazol-1-yl)-2,3,6-trideoxy-r-
L-lyxo-hexopyranosyl]daunorubicinone (A1).CompoundA1 was
obtained as a red solid (53%) according to the procedure A: HRMS
(M + Na)+ (ESI) calcd for C30H31N3O11Na+ 632.1851, found
632.1860;1H NMR (500 MHz, DMSO) 13.97 (1H, s, HO-6), 13.19
(1H, s, HO-11), 7.88 (1H, s, H-triazole), 7.82 (2H, m, H-1, H-2),
7.57 (1H, d,J ) 7.9 Hz, H-3), 5.51 (1H, s, OH), 5.39 (1H, d,J )
2.9 Hz, H-1′), 5.14 (1H, d,J ) 7.0 Hz, H-7), 5.10 (1H, t,J ) 2.6
Hz, HO), 4.95 (2H, m, OH, H-3′), 4.48 (2H, d,J ) 5.5 Hz, CH2),
4.39 (H, q,J ) 6.7 Hz, H-5′), 3.93 (3H, s, MeO-4), 3.69 (1H, m,
H-4′), 2.90 (2H, m, H-10), 2.49 (1H, m, Ha-8), 2.29 (3H, s, H-14),
2.21(1H, m, Hb-8), 2.06 (1H, m, Ha-2′), 1.85 (1H, m, Hb-2′), 1.17-
(1H, d, J ) 6.5 Hz, H-6′); 13C NMR (125 MHz, CDCl3) 212.4,
186.9, 186.7, 161.2, 156.6, 154.9, 147.8, 136.6, 135.9, 135.0, 134.9,
121.9, 120.4, 120.1, 119.4, 111.1, 111.0, 100.0, 75.5, 70.3, 69.2,
67.3, 57.0, 56.6, 55.6, 36.5, 32.0, 29.8, 24.6, 17.3.

7-[3-[4-(2-Hydroxyethyl)-[1,2,3]triazol-1-yl]-2,3,6-trideoxy-r-
L-lyxo-hexopyranosyl]daunorubicinone (A2).CompoundA2 was
obtained as a red solid (67%) according to the procedure A: HRMS
(M + Na)+ (ESI) calcd for C31H33N3O11Na+ 646.2007, found
646.1981;1H NMR (500 MHz, DMSO) 13.87 (1H, s, HO-6), 13.07
(1H, s, HO-11), 7.79 (1H, s, H-triazole), 7.71 (2H, m, H-1, H-2),
7.45 (1H, d,J ) 7.9 Hz, H-3), 5.45 (1H, s, OH), 5.36 (1H, br,
H-1′), 4.88 (2H, m, H-7, H-3′), 4.36 (H, q,J ) 6.5 Hz, H-5′), 3.86
(3H, s, MeO-4), 3.68 (1H, br, H-4′), 3.58 (2H, t,J ) 6.9 Hz, CH2),
2.78 (2H, m, H-10), 2.71 (2H, t,J ) 6.9 Hz, CH2), 2.47 (1H, m,
Ha-8), 2.28 (3H, s, H-14), 2.21(1H, m, Hb-8), 2.07 (1H, m, Ha-
2′), 1.81 (1H, m, Hb-2′), 1.16(1H, d,J ) 6.5 Hz, H-6′); 13C NMR
(125 MHz, CDCl3) 212.4, 186.6, 186.5, 161.1, 156.5, 154.9, 144.1,
136.4, 135.7, 134.8, 134.7, 121.6, 120.1, 119.9, 119.2, 110.8, 110.7,
100.0, 75.4, 70.3, 69.2, 67.2, 60.9, 56.9, 56.6, 36.3, 31.9, 29.8, 29.7,
24.6, 17.3.

7-[3-[4-(3-Hydroxypropanyl)-[1,2,3]triazol-1-yl]-2,3,6-trideoxy-
r-L-lyxo-hexopyranosyl]daunorubicinone (A3).CompoundA3
was obtained as a red solid (60%) according to the procedure A:
HRMS (M + Na)+ (ESI) calcd for C32H35N3O11Na+ 660.2164,
found 660.2177;1H NMR (500 MHz, DMSO) 13.90 (1H, s, HO-
6), 13.10 (1H, s, HO-11), 7.76 (1H, s, H-triazole), 7.74 (2H, m,
H-1, H-2), 7.49 (1H, d,J ) 7.8 Hz, H-3), 5.46 (1H, s, OH), 5.37
(1H, br, H-1′), 5.11 (1H, d,J ) 6.8 Hz, OH), 4.89 (2H, m, H-7,
H-3′), 4.43 (1H, t,J ) 5.2 Hz, OH), 4.39 (1H, q,J ) 6.7 Hz,
H-5′), 3.88 (3H, s, MeO-4), 3.69 (1H, d,J ) 6.1 Hz, H-4′), 3.41
(1H, q,J ) 5.2 Hz, CH2), 2.81 (2H, m, H-10), 2.60 (2H, t,J ) 7.6
Hz, CH2), 2.48 (1H, m, Ha-8), 2.29 (3H, s, H-14), 2.22 (1H, m,
Hb-8), 2.08 (1H, m, Ha-2′), 1.70 (2H, quint,J ) 7.8 Hz, CH2),
1.17 (1H, d,J ) 6.5 Hz, H-6′); 13C NMR (125 MHz, CDCl3) 212.4,
186.6, 186.4, 161.1, 156.5, 154.9, 146.5, 136.5, 135.8, 134.8, 134.7,
121.1, 120.2, 119.9, 119.3, 110.9, 110.8, 100.0, 75.4, 70.3, 69.2,
67.2, 60.5, 56.9, 56.6, 36.3, 32.7, 31.9, 29.7, 24.6, 22.2, 17.3.

7-[3-[4-(4-Hydroxybutyl)-[1,2,3]triazol-1-yl]-2,3,6-trideoxy-r-
L-lyxo-hexopyranosyl]daunorubicinone (A4).CompoundA4 was
obtained as a red solid (77%) according to the procedure A: HRMS
(M + Na)+ (ESI) calcd for C33H37N3O11Na+ 674.2320, found
674.2363;1H NMR (500 MHz, DMSO) 13.84 (1H, s, HO-6), 13.05
(1H, s, HO-11), 7.75 (1H, s, H-triazole), 7.69 (2H, m, H-1, H-2),
7.43 (1H, d,J ) 8.4 Hz, H-3), 5.44 (1H, s, OH), 5.36 (1H, br,
H-1′), 5.09 (1H, br, OH), 4.88 (2H, m, H-7, H-3′), 4.39 (1H, q,J
) 6.2 Hz, H-5′), 3.84 (3H, s, MeO-4), 3.69 (1H, br, H-4′), 3.37
(1H, m, CH2), 2.72 (2H, m, H-10), 2.56 (2H, t,J ) 7.4 Hz, CH2),
2.48 (1H, m, Ha-8), 2.29 (3H, s, H-14), 2.22(1H, m, Hb-8), 2.05
(1H, m, Ha-2′), 1.58 (2H, m CH2), 1.43 (2H, m, CH2), 1.16 (1H,
d, J ) 6.5 Hz, H-6′); 13C NMR (125 MHz, CDCl3) 212.4, 186.5,
186.3, 161.0, 156.5, 154.9, 146.7, 136.4, 135.7, 134.8, 134.7, 121.0,
120.1, 119.8, 119.2, 110.9, 110.8, 100.1, 75.4, 70.3, 69.3, 67.2,
60.9, 56.8, 56.6, 36.3, 32.5, 31.9, 29.7, 25.9, 25.4, 24.6, 17.3.

Biology. Molecular Docking. The structure of MsbA from
Vibrio cholera(PDB ID 1PF4) was chosen for the docking template.
The functional dimer from chains A and B was selected, polar
hydrogens were added, and Kollman charges55 were assigned.
Three-dimensional affinity grids (120× 120× 100) covering the
central cleft bordering NBDs with 0.375 Å spacing were calculated
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for each of the following atom types: C, A (aromatic C), N, O, S,
H, and e (electrostatic) using Autogrid3.56 For the two ligands, all
hydrogens were added and Gasteiger charges were assigned.57 The
rotatable bonds were assigned via AutoTors.56 AutoDock version
3.0.756 was used for the docking simulation. For each compound,
the docking parameters were as follows: trials of 100 dockings,
population size of 150, random starting position and conformation,
translation step ranges of 2.0 Å, rotation step ranges of 50°, elitism
of 1, mutation rate of 0.02, crossover rate of 0.8, local search rate
of 0.06, and 10 million energy evaluations. Final docked conforma-
tions were clustered using a tolerance of 2.0 Å root-mean-square
deviation (rmsd).

Cell Culture. Drug-sensitive leukemia cells K562 and drug-
resistant leukemia cells K562/Dox were a gift from Dr. J. P. Marie
(Institut National de la Sante’ et de la Recherche Me’dicale, E9912,
University of Paris 6, Paris, France). Human epidermoid carcinoma
cell line (KB-3-1 with low expression of P-gp) and its corresponding
drug-resistant cell line with high P-gp expression (KB-V) were
generously provided by Dr. M. M. Gottesman (Laboratory of Cell
Biology, National Cancer Institute, National Institute of Health,
Bethesda, MD 20892). The cells were cultured in RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 1% nonessential
amino acid, and penicillin (100 units/mL)/streptomycin (100µg/
mL) in a humidified atmosphere of 5% CO2 and 95% air at 37°C.
The culture mediums were changed every 2-3 days. Before each
experiment, K562/Dox cells were stimulated with 0.1µM doxo-
rubicin at least for 1 week and then cultured for 10 days without
doxorubicin stimulation. It was assured that P-gp expression level
was similar in every experiment.

RNA Extraction and Real-Time PCR Analysis. RNA was
extracted from cells using Trizol reagent (Invitrogen, Carlsbad, CA)
according to the manufacture’s instructions. Real-time PCR was
performed using SYBR Green as the dye. The MDR1 mRNA
expression level in each cell line is calculated againstâ-actin as a
control. The MDR1 level in K562/Dox was calculated using K562
as control.

Western Blot Analysis. The cell membrane fractions (20µg)
were subjected to electrophoresis and transferred to nitrocellulose
membranes. Western blotting follows standard procedure with the
monoclonal anti-P-gp antibody.58-60

Flow Cytometry (FACS). The assay was performed on a
Becton-Dickinson FACS calibur (San Jose, CA) equipped with an
ultraviolet argon laser (excitation at 488 nm, emission at 530/30
and 570/30 nm band-pass filters). Analysis was stopped on
acquisition of 30 000 cells. Log fluorescence was collected and
displayed as single parameter histograms. Since DNR analogues
have fluorescence at similar wavelength, a direct intracellular
retention of each compound in K562/Dox cells was performed with
the flow cytometer. When a fluorescent substrate, is diffused into
the cell, P-gp actively pumps out the fluorochrome. If a P-gp
inhibitor is coincubated along with the fluorescence marker, the
fluorescent marker accumulates in the cell, resulting in a higher
intensity of fluorescence.

On the day of the experiment, the cell media was replaced with
fresh 10% FBS RMPI 1640 containing no P-gp inhibitor (CsA) 60
min before experiment. The cells were centrifuged (1000 rpm for
3 min) at room temperature and resuspended in 10% FBS
RMPI1640. One million cells (in 50µL) were transferred to plastic
tubes containing 1.95 mL of incubation media with DNR, ADNR,
or A1-A4. In the uptake phase, cells were incubated with 2µM
DNR (ADNR, or A1-A4) in 10% FBS RMPI1640 in the presence
or absence of 5µM CsA for 30 min at 37°C. After centrifugation
(1000 rpm for 3 min at 4°C), the cells were separated into two
tubes equally. One tube was washed once with ice cold RMPI (no
FBS) and transferred to the FACS tube in the staining buffer on
ice. These cells represent the drug uptake phase. The other tubes
were reincubated in 10% FBS RMPI1640 in the presence or absence
of 5 µM CsA for an additional 30 min at 37°C. This represents
the drug efflux phase. After final centrifugation (1000 rpm for 3
min at 4°C), the supernatant was removed. The cells were washed
once with cold RMPI 1640, and the cell suspension in staining

buffer was transferred to FACS tubes. The drug accumulation in
the cells was analyzed by FACS.

Cytotoxicity of Daunorubicin Analogues by MTS Assay.
Drug-sensitive K562 and drug-resistant K562/Dox cells (2000-
10 000) were seeded in 96-well plates in RPMI-1640 and incubated
for 24 h, while KB-3-1 and KB-V cells were seeded in 96-well
plates in complete DMEM medium for 24 h. The exponentially
growing cancer cells were incubated with various concentrations
of compounds for 72 h at 37°C (5% CO2, 95% humidity). After
72 h of incubation, tetrazolium[3-(4,5-dimethythiazol-2-yl)]-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt (MTS, 2 mg/mL), and phenazine methosulfate (PMS, 25µM)
were mixed and added directly to the cells. After incubated for 3
h at 37°C, the absorbance of formazan (the metabolite of MTS by
viable cells) was measured at 490 nm. The IC50 values of the
compounds for cytotoxicity were calculated by WinNonlin software
from the dose-response curves.

Drug Resistance Assay of Daunorubicin Analogues.K562/
Dox leukemia cells (2000-10 000) were seeded in 96-well plates
in RPMI-1640 and incubated overnight. The cells were pretreated
with 5 µM cyclosporine A (CsA) for 10 min. Then the compounds
(1 µM) were added. After 72 h, tetrazolium[3-(4,5-dimethythiazol-
2-yl)]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium, inner salt (MTS, 2 mg/mL), and phenazine methosulfate
(PMS, 25µM) were mixed and added directly to the cells. After
incubation for 3 h at 37 °C, the absorbance of formazan (the
metabolite of MTS by viable cells) was measured at 490 nm. The
drug resistance index (DRI), which is the ratio of the IC50 in K562/
DOX to the IC50 in K562, was calculated.

In Vivo Antitumor Activity in K562/Dox Xenograft Model.
Female, 5-7-week-old athymic nu/nu mice were purchased from
the Charles River laboratories. Cells (1× 107) were injected
subcutaneously into the right flanks of the mice. Mice bearing
tumors of 100-300 mm3 in volume (usually 10-15 days after
tumor inoculation) were randomized into five to eight mice per
group. Mice were treated with: (1) vehicle alone; (2) DNR at 5 or
10 mg/kg, ip, twice per week for six injections; or (3) ADNR at 5
or 10 mg/kg, ip, twice per week for six injections. Tumor volume
(V) was recorded every 3 days asV ) 1/2lw2, wherel andw are the
longest and shortest diameters of the tumor mass (in mm),
respectively. Body weight was also recorded every 3 days to
monitor the toxicity of the treatment. The statistical significance
was analyzed using Student’st test, and the differences were
considered significant atp < 0.05.
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