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ABSTRACT: Glycoconjugation strategies in anticancer drug
discovery exploit the high expression of glucose transporters in
malignant cells to achieve preferential uptake and hence attractive
pharmacological characteristics of increased therapeutic windows
and decreased unwanted toxicity. Here we present the design of
glycoconjugated prochelators of aroylhydrazone AH1, an anti-
proliferative scavenger that targets the increased iron demand of
rapidly proliferating malignant cells. The constructs feature a
monosaccharide (D-glucose, D-glucosamine, or glycolytic inhibitor
2-deoxy-D-glucose) connected at the C2 or C6 position via a short
linker, which masks the chelator through a disulfide bond susceptible to intracellular reduction. Cellular assays showed that the
glycoconjugates rely on the GLUT1 transporter for uptake, lead to intracellular iron deprivation, and present antiproliferative
activity. Ectopic overexpression of GLUT1 in malignant and normal cells increased the uptake and toxicity of the glycoconjugated
prochelators, demonstrating that these compounds are well suited for targeting cells overexpressing glucose transporters and
therefore for selective iron sequestration in malignant cells.
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Cancer cells primarily rely on aerobic glycolysis for energy
production.1 This hallmark of cancer, known as the

Warburg effect, is associated with high rates of glucose
consumption and overexpression of glucose transporters (e.g.,
GLUT1) among cancer cells of different origins.2−4 In clinical
practice, this characteristic of malignancy is exploited in
positron emission tomography (PET), whereby accumulation
of radiolabeled carbohydrate 2-deoxy-2-[18F]fluoro-D-glucose
(18F-FDG, Chart 1) is used to detect and stage tumors.5

The Warburg effect is also exploited in drug discovery
through the conjugation of anticancer drugs to a carbohydrate
moiety. Glycoconjugation is expected to impart tumor
selectivity because malignant cells overexpress glucose trans-
porters.6,7 For instance, glufosfamide (Chart 1), the 1-β-D-
glucose conjugate of ifosfamide mustard, was the first
glycoconjugate compound to be tested in clinical trials.8 This
approach has been investigated for other anticancer agents
including DNA alkylators (e.g., chlorambucil, Chart 1),9

taxoids,10 anthracyclines,11 and platinum-based com-
pounds.12,13

Glycoconjugation has also been employed to mask the
metal-binding units in prochelator systems that are designed
for activation by enzymes (e.g., β-glucosidase)14 or intracellular
reductants (e.g., glutathione).15 We have previously introduced
glycoconjugation in the design of disulfide-masked thiosemi-
carbazone compounds that are reductively activated in cells to
form high-affinity iron chelators.16 This strategy concurrently
targets two metabolic characteristics of malignant cells−the

elevated glucose consumption and the iron addiction that
sustains rapid proliferation.
The high iron demand of cancer cells17 is currently viewed

as a vulnerability and therapeutic opportunity pursued through
the development and testing of iron-sequestering antiprolifer-
ative compounds.18,19 Several FDA-approved iron chelators,
including siderophore deferoxamine (DFO, Chart 1), were
tested in early clinical trials for cancer indications,20 and more
recent clinical studies of iron-binding approaches have
included tridentate thiosemicarbazones (e.g., DpC, COTI-
2).21,22 We have shown that a disulfide linkage can be
employed as a reductively activated switch for the intracellular
release of tridentate thiosemicarbazone and aroylhydrazone
chelators.23,24 For instance, the intracellular reduction of the
disulfide bond in (AH1-S)2 (Chart 1) leads to the formation of
thiolate AH1 featuring a tridentate (S, N, O) metal-binding
unit. This approach is particularly attractive for anticancer
applications because the intracellular environment of cancer
cells is inherently more reducing due to elevated levels of
reduced glutathione (GSH).25−27 These iron-sequestering
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constructs not only affect rapidly proliferating cancer cells but
also tumor-associated macrophages, which promote cell
proliferation and mobility in the tumor microenvironment in
an iron-dependent fashion.28,29

Herein, we report the synthesis of glycoconjugate
prochelators in which a disulfide linkage is employed to
mask a metal-binding aroylhydrazone and connect it to a
carbohydrate moiety (Chart 2). After transporter-mediated

uptake of the glycoconjugate constructs, intracellular reduction
of the disulfide bond in expected to release the tridentate
aroylhydrazone chelator. Aroylhydrazones, such as pyridoxal
isonicotinoyl hydrazone (PIH) and salicylaldehyde isonicoti-
noyl hydrazone (SIH, Chart 1), are chelators of high affinity
for iron30 and well-documented antiproliferative activity.20

Aroylhydrazone binding units have also been incorporated in
the design of prochelators that are activated under oxidative
stress in cells.31

We have previously shown that benzoylhydrazone AH1
forms low-spin ferric complexes of 2:1 ligand-to-metal
stoichiometry,32 and that disulfide-masked prochelator (AH1-
S)2 (Chart 1) exhibits micromolar toxicity and proapoptotic
activity in breast cancer cells.24 With this study, we incorporate
a tumor-targeting strategy through the conjugation of AH1 to
three different carbohydrate moieties (i.e., D-glucose, D-
glucosamine, 2-deoxy-D-glucose). Previous studies on glyco-
conjugate prochelators have shown that the constructs typically
present enhanced hydrophilicity and that the glucose trans-
porters (e.g., GLUT1) are at least in part responsible for their
cellular uptake.16 Here, in addition to reporting on the
synthesis, GLUT1-mediated uptake and antiproliferative
activity of new AH1 glycoconjugate prochelators, we sought
to probe more directly to what extent the GLUT1 expression
has an impact on cellular uptake that is actually meaningful for
toxicity. This type of investigation is key to reveal the potential

of these glycoconjugates to target malignant cells expressing
high GLUT1 levels in complex environments such as living
organisms.
Our molecular design of AH1 prochelators (Chart 2)

features the connection of glucopyranoses at the C2 or C6
positions because these substitutions are well tolerated by the
glucose transporters.6 Examples of these targeting units include
2-D-glucose-conjugated paclitaxel,10 6-D-glucose-conjugated
chlorambucil (Chart 1),9 and 2-D-glucosamine-conjugated
adriamycin.11 Furthermore, we sought to examine the effect
of 2-deoxy-D-glucose (2-DG), a competitive inhibitor of
glycolysis,33,34 in our glycoconjugation strategy. 2-DG is an
energy-restriction mimetic agent that interferes with glycolysis
because its phosphorylation product (2-DG 6-phosphate)
cannot be further metabolized to fructose 6-phosphate.33,34

The combination of 2-DG with anticancer agents (e.g.,
paclitaxel, etoposide) has been promising both in cultured
cells and animal studies;35 however, 2-DG conjugation
approaches remain rare.36 Indeed, 2-DG is an attractive
glycoconjugation moiety as it is recognized by the glucose
transporters and its uptake rate and affinity for GLUT1 are
higher than those of D-glucose.37−39

For the preparation of the glucose conjugate at the C6
position (G6AH1) and the glucosamine conjugate at the C2
position (GA2AH1), we employed our previously reported
precursors 1 and 3, respectively (Scheme 1), which are derived
from the convenient 2-pyridyl disulfide cross-linker 3-(2-
pyridyldithio)-propionic acid.16 In both cases, the carbohy-
drate is thus connected to the prochelator through an ester or
amide bond, an ethylene spacer, and a disulfide switch for
reductive activation of the aroylhydrazone chelator upon
cellular uptake. As a control compound, we also prepared an
aglycone analog featuring the same linker but lacking the
carbohydrate moiety (AAH1, Chart 2, Scheme S1).
The synthesis of the pyridyl disulfide precursor (10, Scheme

2) for the preparation of the 2-DG conjugate at the C6
position (2DG6AH1) required careful optimization of our

Chart 1. Structures of 18F-FDG and Examples of
Glycoconjugates (top), and Chelators and Disulfide-Masked
AH1 Prochelator (bottom)

Chart 2. AH1 Glycoconjugates and Aglycone Control
Compound Investigated in This Work

Scheme 1. Synthesis of Glycoconjugates G6AH1 and
GA2AH1

Scheme 2. Synthesis of 2DG6AH1
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protection/deprotection sequence. Whereas 1,2,3,4,6-penta-
trimethylsilyl-D-glucopyranose can be regioselectively depro-
tected at the C6 position, we observed persistent over-
deprotection of trimethylsilyl (TMS) groups on the secondary
alcohols of 1,3,4,6-tetra-trimethylsilyl-2-deoxy-D-glucopyranose
in a variety of conditions. We therefore opted to protect the
primary alcohol with triphenylmethane (trityl, Tr) chloride to
obtain 5, and then protected the secondary alcohols with tert-
butyldimethylsilyl (TBDMS) triflate. Compound 6 could be
then deprotected selectively at the C6 position and the
resulting primary alcohol 7 was connected to pyridyldithiol
propionic acid 8 via Steglich esterification. Deprotection of the
TBDMS groups in the presence of HF-pyridine (∼70% HF) in
dry THF at 0 °C produced the key pyridyl disulfide precursor
10, which was converted into the desired prochelator
2DG6AH1 through disulfide exchange. To the best of our
knowledge, the conjugation of 2-DG at the C6 position has not
been previously reported. The precursors developed herein are
amenable to the preparation of other conjugates, including a
variety of chelators to be connected at the very last step.
The newly synthesized compounds were fully characterized

by NMR spectroscopy and electrospray ionization high-
resolution mass spectrometry (ESI-HRMS), and the purity of
the final glycoconjugates was confirmed by HPLC analysis
(Figure S1). As expected for compounds featuring hydrophilic
carbohydrate moieties, the calculated partition coefficients of
the glycoconjugates (in the 0.8−1.8 range, Table 1) are
significantly lower than that of the aglycone analog (3.4).

Prior to biological testing, the stability of the AH1
glycoconjugates and the corresponding aglycone was evaluated
in cell growth media supplemented with fetal bovine serum
(10% v/v) by monitoring their optical absorbance at 305 nm.
Only minor hydrolytic degradation of the glycoconjugates was
observed within the first 8 h. The aglycone was generally less
stable than the glycoconjugates; nevertheless, 58% of the
aglycone and more than 70% of the glycoconjugates remained
intact after 24 h (Figure S2). The compounds were therefore
found suitable for testing in cultured cells and indeed the
cellular uptake was found to be considerably faster than 8 h
(vide infra).
Antiproliferative activities were assessed using the MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay in
MDA-MB-231 (breast) and A2780 (ovary) cancer cells
because an increased iron demand has been widely
documented in breast and ovarian cancer.41−43 In addition,
MRC-5 lung fibroblasts were included as a comparison to
normal cells. The antiproliferative activities for all compounds
are summarized in Table 1. After 72 h, the IC50 values of AH1
glycoconjugates were in the range of 2.5 to 5 μM in A2780

cells and 17 to 22 μM in MDA-MB-231 cells, whereas the
toxicity was lower for the normal MRC-5 cells (with IC50
values from 26 to 33 μM). Conversely, the aglycone analog
AAH1 and siderophore DFO, both lacking the carbohydrate
moiety, presented similar toxicity in the malignant and normal
cell lines. The observed antiproliferative activity of DFO (in
the low micromolar range) is attributed to iron sequestration
and consistent with other reported cancer cell panels.23,44

Overall, the AH1 glycoconjugates displayed antiproliferative
activities similar to those of other disulfide-masked prochela-
tors,23,24 including thiosemicarbazone glycoconjugates,16 and a
higher selectivity toward cancer cell lines when compared to
the aglycone control. Interestingly, we found that the ovarian
malignant cell line A2780 was the most susceptible to all the
compounds. This cell line was chosen for further testing of cell
death, iron sequestration, and transporter-mediated uptake.
The type of cell death induced by the glycoconjugates was

assessed by flow cytometry in A2780 cells stained with
propidium iodide (PI) and fluorescein-conjugated Annexin V
(FITC-AnnV) (Figure S3). Our previously reported disulfide-
based prochelators and several iron chelators such as SIH and
DFO are known to initiate apoptotic pathways of cell death in
cancer cells.24 For all the AH1 glycoconjugates, the percent of
cells undergoing early apoptosis (5−6%) was comparable to
that of cells exposed to SIH (7.8%) (Figure 1). The fractions

of cells in late apoptosis were generally smaller for the
glycoconjugates than for SIH (38%), with 2DG6AH1
presenting the largest percentage (20%). 2-DG alone (at the
same concentration) caused some early apoptosis (3.6%) and
late apoptosis (3.4%). Interestingly, synergistic effects with 2-
DG have been employed to enhance the sensitivity of cancer
cells to traditional antineoplastic agent.45 Pending further
investigation, the slightly higher toxicity and apoptosis
induction of 2DG6AH1 in A2780 cells could be attributable
to metabolic effects of 2-DG or also to improved cellular
uptake of this particular glycoconjugate. Overall, these
experiments indicated that all the AH1-derived compounds
(including the aglycone control AAH1) have proapoptotic
effects consistent with their antiproliferative activity and with
the effects of other iron chelators and prochelators.
The ability of the glycoconjugate prochelators to elicit

intracellular iron sequestration was confirmed using the calcein

Table 1. Partition Coefficients and Antiproliferative
Activities of Test Compounds

IC50values (μM)

logPo/w
a

A2780
(ovary)

MDA-MB-231
(breast)

MRC-5
(normal lung)

G6AH1 1.07 5.2 ± 0.8 17 ± 2 26 ± 4
GA2AH1 0.85 5.3 ± 0.8 17 ± 3 33 ± 3
2DG6AH1 1.85 2.5 ± 0.6 22 ± 2 29 ± 4
AAH1 3.40 2.1 ± 0.2 12 ± 2 12 ± 2
DFO 3.5 ± 0.4 6.1 ± 0.4 9 ± 1
aConsensus lipophilicity calculated by SwissADME.40

Figure 1. Apoptotic cell death in the presence of AH1
glycoconjugates and control compounds in A2780 cells. The
compounds (20 μM in all cases) were incubated for 48 h. Following
treatment with FITC-AnnV and PI, the cells were analyzed by flow
cytometry. Experiments were conducted in triplicate and the values
shown are averages ± standard deviation. ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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assay in A2780 cells. The fluorescence emission of intracellular
calcein is partially quenched by the coordination of para-
magnetic cations, primarily cytosolic high-spin Fe(II), and
therefore the uptake of high-affinity chelators that compete for
metal ions results in an increase in fluorescence intensity.46

Indeed, upon incubation with all the glycoconjugates and the
aglycone control (20 μM), we observed a 20−25% increase in
calcein fluorescence, comparable to the effect of cell-permeant
chelator SIH (Figure S4). There was no significant change of
fluorescence over an incubation period of 20 min or 1 h,
indicating rapid cellular uptake and saturation of the calcein
response in the chosen experimental conditions (0.1 μM
calcein). These findings confirmed that all the disulfide-based
prochelators reach the intracellular milieu, undergo reduction/
activation, and effectively coordinate iron. In spite of their
significantly lower lipophilicity relative to AAH1 (Table 1), the
glycoconjugates are efficiently taken up by cells.
The cellular uptake of the AH1 glycoconjugates was

investigated by a competition experiment utilizing the
fluorescent D-glucose derivative 2-NBDG (i.e., 2-(N-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxy-glucose). The cells
were incubated in glucose-free media for 12 h and then the
competition experiments were conducted in growth media
with a D-glucose content (1 g/L) similar to that of human
blood.47 The competition of the glycoconjugates (50 μM) for
glucose transporters resulted in decreased uptake of 2-NBDG
(100 μM), which was recorded as a decreased fluorescence
intensity by flow cytometry (Figure 2). The effect was greater

than 20% for all three glycoconjugates, comparable to the
uptake suppression caused by phloretin (50 μM), a GLUT1
inhibitor48 employed as a positive control. Conversely, the
presence of aglycone AAH1 did not affect the uptake of 2-
NBDG as expected for a negative control lacking the
carbohydrate moiety.
To assess the importance of transporter-mediated uptake for

cytotoxicity, we evaluated the ability of GLUT1 inhibitor
phloretin to rescue A2780 cells treated with the AH1
glycoconjugates. Indeed, coincubation with phloretin (12.5
μM) led to increased IC50 values and therefore decreased
toxicity of the glycoconjugates in MTT assays. Notably,
phloretin alone did not significantly affect the growth of A2780
cells at the chosen concentration (Figure S5), but these data
indicate that it partially inhibited the uptake of AH1
glycoconjugates. For instance, the IC50 of 2DG6AH1 is more

than 5 times higher in the presence of phloretin, whereas the
aglycone AAH1 maintained the same toxicity (Figure 3).

Collectively, these experiments indicated that the AH1
glycoconjugates are antiproliferative prochelators that undergo,
at least in part, transporter-mediated cellular uptake and
interfere with intracellular iron availability. With this
information at hand, we sought to examine whether the
expression levels of the GLUT1 transporter have an impact on
antiproliferative activities.
The relative GLUT1 expression levels in our cultured cells

were estimated through Western blotting. Although the
GLUT1 protein band is expected at 55 kDa, the range from
50 kDa to 70 kDa was monitored to take into account
potential glycosylation (Figure 4). After normalizing the

GLUT1 protein to the loading control β-actin, we observed
that the GLUT1 expression level in A2780 cells was higher
than in MDA-MB-231 cells, which in turn was higher than that
in the normal MRC-5 cells. As such, the GLUT1 expression
reflects the measured antiproliferative activities (Table 1), with
lowest IC50 values for the cell line with highest GLUT1 levels
and potentially highest uptake capacity for glycoconjugate
prochelators. The susceptibility to iron sequestration, however,
could also be ascribed to other factors in this comparison
across cell lines. To determine whether the AH1 glycoconju-
gates are indeed more toxic to cells expressing more GLUT1
transporters, we generated isogenic cell pairs differing only in
GLUT1 expression levels.

Figure 2. Cellular uptake of fluorescent glucose analog 2-NBDG in
the presence of glycoconjugate competitors and aglycone control in
A2780 cells. Tested compounds (50 μM) were coincubated with 2-
NBDG probe (100 μM) for 20 min. GLUT1 inhibitor phloretin (50
μM) was used as a positive control. Experiments were conducted in
triplicate and values shown are averages ± standard deviation. * p <
0.05, ** p < 0.01.

Figure 3. Effects of GLUT1 inhibitor phloretin (12.5 μM) on the
IC50 values (72 h, MTT assays) of AH1 glycoconjugates in A2780
cells. Experiments were conducted in triplicate and the values shown
are averages ± standard deviation. **** p < 0.0001.

Figure 4. Expression of GLUT1 in different cell lines. (a) Western
blot of GLUT1 in MRC-5, A2780, MDA-MB-231 with β-actin as a
loading control. (b) GLUT1 expression levels normalized to the
control as averages of four replicates ± standard deviation.
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Isogenic cell line pairs, ectopically overexpressing GLUT1
and control ectopically expressing Turbo-635 fluorescent
protein, were generated from the MDA-MB-231 and MRC-5
parental cell lines, which intrinsically have lower basal GLUT1
expression (Figure 4). Western blot analyses confirmed that
the overexpression derivative lines were indeed expressing
GLUT1 at a much higher level than their corresponding
control lines (i.e., transduced with the same vector but no
GLUT1 plasmid) (Figure 5a). Glucose uptake assays employ-

ing the fluorescent probe 2-NBDG confirmed that the GLUT1
overexpressing derivative lines take up more probe compared
to their corresponding control lines (Figure 5b).
In comparative MTT assays (Figure 6), we found that the

glycoconjugate prochelators had consistently higher antiproli-
ferative activity in the cell lines with GLUT1 overexpression,
and the effect was particularly pronounced for the normal cell
line that was transduced to bring GLUT1 expression to levels
comparable to those of malignant cells. This increase in
toxicity was not observed for the aglycone AAH1, which does
not rely on the glucose transporters for cellular uptake. These
experiments therefore indicate that the described glycoconju-
gation approach for the design of iron prochelators is suitable
to target cancer phenotypes presenting elevated expression of
glucose transporters (Figure 6).
In summary, we report the syntheses of three mono-

saccharide-conjugated prochelators of aroylhydrazone AH1,
including a new route to the conjugation of 2-deoxy-D-glucose
(2-DG), a competitive inhibitor of glycolysis that is recognized
with high affinity by the glucose transporters. The carbohy-
drate moiety significantly decreases the lipophilicity of these
disulfide-based prochelators, which therefore have to rely on
glucose transporters, particularly the most abundant GLUT1,
for cellular uptake. The reduction/activation of the prochela-
tors to release iron-binding chelator AH1 was confirmed in
cells, along with the expected pro-apoptotic response.
Critically, the toxicity of the glyco-AH1 prochelators is
reduced when GLUT1 is blocked by inhibitor phloretin and
in turn it is enhanced when the GLUT1 is overexpressed. Our
experiments in isogenic cell line pairs differing only in GLUT1
expression indicate that these compounds are more toxic to
cells with higher GLUT1 expression levels. Overall, by relying

significantly on transporter-mediated uptake, glycoconjugated
prochelators have the potential to target iron in cancer cells
overexpressing GLUT1 and hence to display favorable
therapeutic indexes in vivo.
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Figure 5. Efficiency of GLUT1 overexpression in isogenic MDA-MB-
231 and MRC-5 derivative lines. (a) Western blot of GLUT1-
transduced vs Turbo-635-transduced control cell lines. β-Actin is used
as a loading control. (b) Glucose uptake capacity of the transduced
cell lines as indicated by the relative uptake of fluorescent glucose
analog 2-NBDG (100 μM, 20 min). Experiments were conducted in
triplicate and the values shown are averages ± standard deviation. **
p < 0.01, *** p < 0.001.

Figure 6. Effects of GLUT1 amplification on the antiproliferative
activity of AH1 glycoconjugates in transduced (a) MDA-MB-231 and
(b) MRC-5 cell lines. IC50 values were obtained from MTT assays
(72 h). Experiments were conducted in triplicate and the values
shown are averages ± standard deviation. *** p < 0.001, **** p <
0.0001.
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■ ABBREVIATIONS
GLUT1, glucose transporter 1; DFO, deferoxamine; GSH,
reduced glutathione; 2-DG, 2-deoxy-D-glucose; TMS, trime-
thylsilyl; TBDMS, tert-butyldimethylsilyl; DMSO, dimethyl
sulfoxide; THF, tetrahydrofuran; DCC, N,N′-dicyclohexylcar-
bodiimide; DMAP, 4-dimethylaminopyridine; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; PI, propidium
iodide; FITC-AnnV, fluorescein-conjugated Annexin V; 2-
NBDG, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-
deoxy-glucose
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