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Abstract
Targeting tumor cells is an important strategy to improve the selectivity of cancer therapies. With
the advanced studies in cancer biology, we know that cancer cells are usually under increased
oxidative stress. The high level of reactive oxygen species in cancer cells has been exploited for
developing novel therapeutic strategies to preferentially kill cancer cells. Our group, amongst
others, have used boronic acids/esters as triggers for developing ROS-activated anticancer
prodrugs that target cancer cells. The selectivity was achieved by combining a specific reaction
between boronates and H2O2 with the efficient masking of drug toxicity in the prodrug via
boronates. Prodrugs activated via ferrocene-mediated oxidation have also been developed to
improve the selectivity of anticancer drugs. We describe how the strategies of ROS-activation can
be used for further development of new ROS-targeting prodrugs, eventually leading to novel
approaches and/or combined technology for more efficient and selective treatment of cancers.

Tumor genetics & targeting
A decade ago information and data regarding the initial human genome sequencing efforts
became available [1,2]. This was followed a few years later by the full euchromatic
sequence of the human genome [3]. It became clear that for diseases such as cancers, which
evolve due to genetic changes, deciphering of the human tumor genome would transform
how we identify, classify and treat malignancies [4]. At the same time, technological
advances enable potential individual genome sequencing, an integral part of disease
identification and treatment; this resulted in the genesis of personalized medicine [5].
Corollary to that is the development of genome-based chemistry to target such diseases. As
the tumor genome is being deciphered, it becomes more and more attractive to identify
driver mutations or lesions that are specific to cancer cells [6,7]. The expectation is that such
information will provide a tumor-specific target. Such target identification allows the
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creation of small-molecule activators (for tumor suppressor genes and proteins) or inhibitors
(for oncogenes).

Tumor genetics & therapeutics
Prime examples for successful genetic-based clinical cancer medicine are: imatinib, which
targets the Bcr-Abl oncoprotein in chronic myelogenous leukemia; herceptin in Her-2-
positive breast cancer; and tarceva targeting mutated EGFR in lung cancer. While these
were paragons for such an approach, overall these efforts did not lead to a promising clinical
future, as some tumors were unresponsive, while others responded and then became resistant
as mutations occured in the object tumor proteins [8]. It is becoming clear that targeting
single elements may not be the answer for most tumors. In addition, exploitation of
differences between tumor and normal-cell biology has become the fundamental step in
targeted therapeutics, but such an approach is not at its pinnacle, due to several reasons:

• First, the genomic information is elementary, rudimentary and generally not
complete. Data that becomes available is complex and inundating; and requires
robust analyses in a timely fashion [7];

• There are epigenetic modifications that change the genetic information;

• It is becoming clear that non-coding RNAs override genetic sequence;

• Targets are not available in many tumors, as driver mutations are not identified
among many bystander lesions;

• There are enormous amounts of intra-patient, inter-patient and intra-tumor
heterogeneity, which does not allow for targeting a single lesion;

• The tumor biology and pathophysiology are dependent on the micro- and macro-
environment, an area that is still underdeveloped;

• Targeting single elements generally does not produce desired clinical results.

These limitations underscore the need of cytotoxic agents, which, while toxic to some
normal tissue, do result in stable diseases, partial and complete remissions, and even cures.
In parallel, it also becomes clear that there should be efforts in changing cytotoxics to
targeted cytotoxics.

Incidence of reactive oxygen species in tumor biology
Tumor biology has revealed that cancer cells are known to exhibit increased intrinsic
oxidative stress. Compared with the normal counterparts, most cancer cells have inherently
increased amounts of reactive oxygen species (ROS), such as superoxide, H2O2 and the
hydroxyl radicals [9–12]. These oxygen-containing reactive chemicals react with nucleic
acids, proteins and lipids. The high levels of ROS in cancer cells contributes to cancer-cell
proliferation, DNA alterations, apoptosis, metastasis, angiogenesis and alternation in the
cellular sensitivity to anticancer agents [13,14]. ROS can be found in the environment, but in
cells the major source is through the mitochondrial respiratory chain [15]. There are
additional sources and examples for ROS in cells and especially in cancer cells [16]. c-Myc,
a commonly occurring oncogene, when activated triggers DNA damage and increases ROS
[17]. Telomere dysfunction, which is frequently observed in cancer cells is associated with
impaired mitochondrial biogenesis and function and increased ROS production [18].
Consistent with this report, it is worth noting that increased ROS is related to aging [19].
Increased ROS during aging may be associated with an age-related reduction in superoxide
dismutase, an enzyme that neutralizes ROS [20].
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ROS play a role in normal hematopoiesis and leukemogenesis with increased expression in
myeloid leukemia blasts [21]. Similar to myeloid leukemia cells, comparison of chronic
lymphocytic leukemia cells with normal lymphocytes revealed increased ROS in these
quiescent malignant cells [22]. Several scientific groups have demonstrated that malignant
transformation of normal cells mediated through Ras induced intracellular ROS production
[23,24]. Similarly, modulation of intracellular ROS production was directly responsible for
tumor development [25] and was differentially affected in normal versus tumor tissue [26].
Cells with increased ROS levels are prone to resistance to endogenous and radiation- or
drug-induced cell death [27,28]. Such physiological survival phenomena lead to
accumulation of cancer cells with higher ROS levels. Furthermore, ROS-mediated nuclear
damage is associated with increased disease risk, progression and survival in cancer patients
[29].

In cancer cells, ROS signaling plays a major role in survival, transcription, protein
translation, and tumor formation and development. In general, redox signaling results in
binding of several transcription factors to their cognate promoter sites. Such signaling leads
to activation of genes that are associated with pathogenesis of specific tumors [30].
Superoxide and hydrogen peroxide are the primary determinant of such signaling. Studies
have elucidated that these two species behave differently regarding signaling. While
superoxide anions act as oncogenic ROS, hydrogen peroxide results in apoptosis of cancer
cells [31]. Among several transcription factors, hypoxia induced factor 1 (HIF1) is not only
identified as a primary target, but strategies to inhibit this factor have been successful
[32,33]. In addition to genetic changes, epigenetic modification, especially genome-wide
hypomethylation and hypermethylation of several of the promoter gene CpG islands, have
been observed [34]. Such processes were directly associated with oxidative damage.
Oxidative damage-induced formation and relocalization of a silencing complex to
oncogenes may explain cancer-specific aberrant DNA methylation and transcriptional
silencing [35]. These new observations further underscore the role of oxidative damage in
diseases, such as cancer. Collectively, these investigations establish that tumor and normal
cells have differential biological properties when it comes to hypoxia, oxidative pathways
and ROS. These inherent differences between malignant cells and healthy cells could be
exploited to provide treatment options.

Tumor biology & therapeutics
Cancer therapies are nearly as toxic to healthy cells as to cancer cells and a major focus in
the development of new therapeutics is to exploit differences in cancer cells so that therapies
can be highly targeted. In fact, hypoxia has been tested directly as a target and inhibitors,
such as echinomycin, have been specifically developed [32,36]. Unfortunately, this
compound was not useful as it has a dual effect on HIF1 activity under normoxic and
hypoxic conditions [37], which was consistent with poor clinical results [38,39]. Another
strategy was used by creating small-molecule chemotherapeutics that are activated only in
this low-oxygen condition making them target cytotoxic agents [40]. A primary mechanism
for such an approach is to create prodrugs that are activated by metabolic reduction in
hypoxic conditions to change to cytotoxic agents specifically in tumor environments. One
such example is PR-104, which is a DNA-crosslinking agent that is used as a prodrug, and
has been shown to be active in murine and human tumor models [41,42]. Clinical
investigations are ongoing with this molecule.

Similar to hypoxia, increased ROS could be exploited for therapeutic targeting of tumor
tissue. As previously explained, since ROS induction, as well as decline below a threshold,
impacts cancer cell killing, both strategies (e.g., pro-oxidant and antioxidant approaches)
have been utilized [23,43,44]. The high level of ROS in cancer cells has been exploited for
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developing novel therapeutic strategies to preferentially kill cancer cells [11,16,45]. These
have been reviewed by Hileman et al., Trachootham et al., Pelicano et al., Lopez-Lazaro,
and Fang et al. [11,46–49]. Diverse chemotherapeutic agents have been developed to kill
tumor cells by amplifying oxidant stress, such as agents that directly generate ROS or ones
that inhibit antioxidant enzymes [50–52]. This is based on their vulnerability to further ROS
insults. However, there was little clinical response to such agents, likely due to the fact that
cancer cells were already adapted to higher levels of ROS. For example, an alternatively
spliced isoform of pyruvate kinase M2 was identified in many cancer cells that maintains
cellular redox homeostasis during metabolic stress [53].

An opposite approach is to use antioxidants to increase ROS-scavenging capacity [54–56].
Such agents are capable of abrogating ROS-signaling and suppressing tumor growth.
However, several antioxidants used in clinical trials have been associated with increased
cancer incidence. This was related to the inhibition of ROS-mediated apoptosis and the
prevention of oxidative damage in tumors [57]. In addition, antioxidants were found to
decrease the ROS-mediated anti-tumor activity of anticancer agents; for example, paclitaxel,
bortezomib and radiation therapy [58,59]. Although the potential importance of the
increased ROS stress in cancer cells as a therapeutic target has been appreciated a decade
ago, no approach to date has been effective in moving beyond the status quo, which is little
or no therapeutic selectivity. Tumor-cell redox balance and its modulation are ongoing
efforts [60].

Tumor biology & rationale for prodrugs
Another attractive tactic to utilize increased ROS in cancer cells is to create agents that act
as prodrugs for site-specific activation in the tumor environment due to the presence of
ROS. Such an approach makes a cytotoxic agent become a targeted chemotherapeutic agent.
Prodrug approaches have been used for the development of hypoxia-targeting anticancer
drugs [40]. Scientists from the University of Auckland (Auckland, New Zealand) and others
have been actively working in this field and several promising hypoxia-targeting anticancer
prodrugs have been developed [40–42,61]. Several redox-modulating agents have also been
developed as selective anticancer drugs [22,23,45,46,62–64], while there are very few
reports about ROS-activated prodrugs. Cohen’s group reported the first H2O2-activated
matrix metalloproteinase inhibitor (MMPi) by protecting the hydroxyl group of the zinc-
binding group with a boronic ester [65]. Recently, the authors’ group have found that the
prodrugs of nitrogen mustard coupled with an ROS trigger unit (e.g., an arylboronate or an
arylboronic acid) can be triggered by H2O2 to release active anticancer drugs (effectors)
[66]. Subsequently, Mokhir’s group showed that aminoferrocene-based prodrugs containing
a phenylboronic acid pinacol ester can react with H2O2 to generate quinone methides as well
as iron ions catalyzing the generation of hydroxyl radicals [67]. Prodrugs containing an
oxidizable leaving group or a ferrocene moiety as the trigger units have also been reported
[68–72]. These ROS-activated prodrugs demonstrated selective cytotoxicity towards cancer
cells. In the remainder of this review, we discuss the present status and future prospects of
ROS-activated anticancer prodrugs. We summarize how to use boron chemistry to
develop novel ways for creating prodrugs that can be triggered by the high level of H2O2
found in cancer cells to release pharmacologically active species. Such agents have the
potential to kill malignant cells while leaving healthy cells relatively untouched because
they undergo tumor-specific activation. They also provide an excellent opportunity to
evaluate the feasibility of the ROS-activated prodrug approach.
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Boron-based ROS-activated prodrugs
Design of the trigger (ROS acceptor) unit for developing ROS-activated prodrugs

ROS-activated prodrugs should comprise two separate functional domains: an ROS-
accepting moiety (‘trigger’) and an ‘effector’. The trigger unit should be joined with the
effector by a ‘linker system’ so that the reaction of the trigger causes a large increase in the
cytotoxic potency of the effector. The trigger units are expected to be ROS acceptors that
can suppress the effector toxicity, while efficiently releasing the active species by reaction
with ROS. Furthermore, they should be non-toxic to humans. The aryl boronic acids and
their esters (1) can selectively react with H2O2 forming a boronate intermediate (2) that
rapidly hydrolyzes to release the leaving groups resulting in the phenol (3) and borate ester
or boric acid (Figure 1) [73]. Boronic acids and esters do not appear to have intrinsic toxicity
issues, and the boric acid end product is considered non-toxic to humans [74]. Furthermore,
the selective reactivity of boronic acids and esters towards H2O2 provides a chemospecific,
biologically compatible reaction method for detecting endogenous H2O2 production. This
approach allows for the development of highly selective fluorescent probes for imaging
H2O2 in cells [75–78]. These properties coupled with their relative stability make aryl
boronic acids and their esters good candidates as trigger units for the development of the
efficient ROS-activated prodrugs. Recently, Cohen’s group has used boronic ester as the
H2O2-sensitive trigger for developing hydrogen peroxide-activated MMPis [65]. These
proinhibitors allow for efficient activation with H2O2 and demonstrated a dual mode of
action in the prevention of reperfusion injury, by neutralizing ROS and generating an active
MMPi.

ROS-activated nitrogen mustard prodrugs
Initially, we used nitrogen mustard as an effector to develop an efficient ROS-responsive
trigger unit and linker system. As the cytotoxicity of nitrogen mustards depend very much
on the lone-pair electron at the mustard nitrogen, the prodrugs should contain an electron-
withdrawing group linked to nitrogen mustards to decrease their electron density. A
quaternary ammonium cation (linker A) is sufficient to mask the toxicity of the nitrogen
mustard. Therefore, the nitrogen mustard (HN2) was coupled with an arylboronate
generating ammonia salts 4a & b (Figure 2). An NMR study showed that 4a & b reacted
with H2O2 to generate free HN2. Further studies with synthetic DNA indicated that 4a & b
induced DNA interstrand cross-linking (ICL) and/or DNA alkylations upon H2O2 activation.
However, in the absence of H2O2, no ICLs were observed [66]. These results proved that the
toxicity of nitrogen mustard was efficiently masked in the prodrugs 4a & b, but can be
released upon oxidative activation. The masked toxicity of the nitrogen mustard in 4a & b
was caused by the positive charge developed on the nitrogen, which strongly decreased the
electron density required for alkylation (Figure 2) [66]. The positive charge developed on
the nitrogen also made the amino group a better leaving group. The tertiary amine HN2 is
released upon the oxidation of the carbon–boron bond initiated by a nucleophilic attack by
H2O2 (4a or 4a → 5a or 5b). Spontaneously, deboronation occurred leading to the
formation of HN2 (5a & b → HN2). The presence of the lone-pair on HN2 facilitates the
intramolecular displacement of the chloride with the amine nitrogen leading to the formation
of a highly electrophilic aziridinium ring, which directly produced the DNA alkylation and
ICLs.

Compounds 4a & b showed approximately 90% inhibition toward SR cells (leukemia cells),
85% inhibition toward NCI-H460 (non-small-cell lung cancer cells), 66% inhibition toward
CAKI-1 and 57% toward SN12C (renal cancer cells) (Figure 3a) [66]. However, normal
lymphocytes were less affected (Figure 1B). Leukemia, lung cancer and renal cancer cells
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are believed to contain high levels of ROS [79–82]. It is highly likely that prodrugs 4a & b
undergo oxidative activation in cancer cells with high levels of ROS.

Alternatively, a carboxyamide (B) was chosen as a linker unit [UWM Research Foundation,
Inc., US Patent Application (2012)]. The electron-withdrawing property of the carbonyl
group greatly reduced the toxicity of B. The release of the amine effector HN2 occurs upon
the activation of B by H2O2 via an intermediate B-1 (Figure 4). The third strategy for the
linker design is to use aniline boronate N-mustards (C) [UWM Research Foundation, Inc.,
US Patent Application (2012)]. The electron-withdrawing effect of the boronate group
decreases the electron density of the benzene ring and makes the lone-pair of the mustard
nitrogen delocalize to boron (C-1). The oxidation of the carbon-boron bond by H2O2,
followed by transformation to a hydroxyl group, triggers increased electron release to the
nitrogen of the mustard moiety (C-2 & C-3), greatly increasing its reactivity. The activity
and selectivity of B and C were measured by crosslinking and alkylation of DNA [UWM
Research Foundation, Inc., US Patent Application (2012)].

ROS-activated quinone methide prodrugs
An alternative way to increase the potency of the ROS-activated prodrug is to identify a
trigger unit that can couple with multiple potent effectors to maximize the cytotoxicity of
pro-drugs upon activation. We have developed three prodrug building blocks that can couple
with multiple effectors. Among these, compound 6 can be activated by H2O2 to release 2,5-
bis(trimethylammonium)-benzyl-1,4-diol (7), which can generate biquinone methide under
physiological conditions and lead to the efficient ICL formation and DNA alkylation (Figure
5) [83] [UWM Research Foundation, Inc., US Patent Application (2012)]. The oxidative
activation of 6 by H2O2 produced an electron-rich aromatic ring, which facilitated the
quinone methide (QM) formation and the release of the leaving group trimethylamine.
Further investigation demonstrated that the electron-donating groups greatly increase QM
formation [Cao S et al. Substituent effects on oxidation-induced quinone methides formation
from their arylboronic ester precursors (2012). Submitted]. For example, the presence of the
methoxy group in 9b led to 13.8% of the QM trapping product 10b when ethyl vinyl ether
was used as a trapping agent, while no trapping product 10a was observed for the parent 9a
(Figure 6). Therefore, a methoxy group can be introduced in 6 to increase the cross-linking
yield. Compound 6 provides a novel building block for the development of H2O2-targeting
anticancer prodrugs. Such a core structure is currently coupled with dual DNA or protein
damaging agents (L) to produce a new generation of potent ROS-activated anticancer
prodrugs. Such compounds will offer the major advantage that the cytotoxicity can be
generated from the end product of the trigger unit – biquinone bimethide (effector 1) as well
as the dual leaving groups (L: effector 2) (Figure 5). They are expected to be more potent
than 4a & b for killing cancer cells. Numerous quinone-based anticancer drugs have been
developed, such as mitomycin C and porfiromycin [84]. The leaving group contains
bisalkylating or cross-linking agents that can damage DNA and/or protein. Therefore, an
effective strategy has been developed to design and synthesize novel potent anticancer
prodrugs that can be activated under tumor-specific conditions (high level of ROS) to
release multiple active species by using compound 6 as a building block. Such a model will
also be equally applicable to the development of prodrugs for the treatment of other diseases
that are associated with H2O2.

The arylboronate trigger unit has also been coupled with an aminoferrocene-generating,
ferrocene-based prodrug 11 that can react with H2O2 to release two effectors, specifically,
quinone methide and iron/ferrocenium ions (Figure 7) [67]. QMs alkylate glutathione, which
inhibit the antioxidative system of the cells, while the iron ions induce catalytic generation
of hydroxyl radicals. These prodrugs showed selective toxicity towards human
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promyelocytic leukemia and human glioblastoma-astrocytoma, but were non-toxic towards
representative nonmalignant cells [67].

Other approaches used for triggering biologically active molecules via oxidative processes
include the addition of a ferrocenyl moiety to polyaromatic phenols (an anti-estrogen drug
skeleton) [69–72]. The groups of Amatore and Jaouen have developed several ferrocenyl
phenols (e.g., 12a & 13a) that can undergo ferrocene-mediated oxidation to form cytotoxic
species quinone methides [69–72]. The ferrocene triggered an intracellular oxidation of 12a
& 13a to generate a potent cytotoxic quinone methide 12d or 13d (Figure 8). This process
involves a base-promoted intramolecular electron transfer between the phenol and the
ferrcenium cation (12b→12c & 13b→13c) [72]. Compounds 12a & 13a showed strong
antiproliferative effect on hormone-independent breast cancer cells. These results indicated
that the addition of a ferrocene to an anti-estrogen drug skeleton can induce cytotoxicity
towards breast-cancer cells that are resistant to the common anti-estrogen drug [69,71].

Merino et al. presented another ROS-targeting strategy by designing DNA-modifying agents
(e.g., 14) that contain an oxidizable leaving group (e.g., hydroquinone) and a nitrogen
mustard moiety (Figure 9) [68]. Different from traditional nitrogen mustard, these agents
contain a hydroquinone instead of a chlorine leaving group. The hydroquinone is a poor
leaving group, which limits the reaction of 14 with biomolecules via a traditional
mechanism of nitrogen mustard. However, such agents can be oxidized by hydrogen
peroxide to form a nitrogen mustard fragment 15 and a strong electrophile 16. Both alkylate
purine bases in DNA. These oxidatively activated DNA-modifying agents induced selective
cytotoxicity towards renal cell carcinoma [68].

Future perspective
Following the success of several ROS-activated prodrugs, there is renewed enthusiasm for
further development of ROS-targeting prodrug approaches and the next decade promises
significant advances in clinical impact. Future projects include defining the correlation
between the inducible DNA damages and cellular cytotoxicity, the correlation between
cellular toxicity and ROS level, ultimately developing produgs containing more potent
effectors or coupling the efficient ROS-responsive trigger unit 6 with multiple potent
effectors. With the availability of ROS-activated prodrugs, the combined technology has the
potential to be developed for more efficient treatment of cancers.

Key Terms

Oxidative
stress

Oxidative stress results from an imbalance between the production and
detoxification of reactive oxygen species. The persistent oxidative stress
can lead to cell damage through the oxidation of DNA, proteins and
lipids. On the other hand, the intrinsic oxidative stress in cancer cells
can be used for developing cancer-targeted therapies

Reactive
oxygen species

A variety of chemically reactive molecules and free radicals derived
from molecular oxygen, such as H2O2, superoxide anion (O2

−),
hydroxyl radical (HO•), and hypochlorite ion (OCl−). The increased
amount of reactive oxygen species in cancer cells lead to the increased
intrinsic oxidative stress

ROS-
activated

Compounds which are inactive in themselves but can be converted to
active anticancer drugs upon activation by reactive oxygen species (e.g.,
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anticancer
prodrugs

H2O2). ROS-activated anticancer prodrugs can undergo tumor-specific
activation, therefore, increasing the selectivity towards cancer cells

Tumor-
specific
activation

The non-toxic prodrugs are only activated in the cancer cells through
oxidation or reduction to release toxic species, while being kept intact in
the normal cell environment
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Executive summary

Tumor genetics & targeting

• Deciphering the tumor genome facilitated the identification of tumor-specific
targets, which allows the development of personalized gene-targeted cancer
therapy.

Tumor genetics & therapeutics

• While some genetic-based medicines, such as imatinib, herceptin and tarceva,
were highly successful, this strategy is not ready for prime time since cancer
genome research is at an early stage and driver mutations have not been
identified.

Tumor biology & targeting

• Compared with normal cells, tumor cells have higher levels of reactive oxygen
species (ROS), which are caused by the active-energy metabolism associated
with uncontrolled cell proliferation, malfunction of the mitochondrial
respiration, telomere dysfunction and oncogenic stimulation. The increased
oxidative stress in cancer cells could be exploited for developing cancer-
targeting therapy.

Tumor biology & therapeutics

• Cancer therapies are developed to target tumor-specific environments, such as
tumor-hypoxia or the increased oxidative stress. Compounds are designed to
increase ROS in cancer cells to the lethal level (pro-oxidant approach) or to
abrogate ROS-signaling and suppress tumor growth (antioxidant approach).
However, little or no therapeutic selectivity was achieved.

Tumor biology & rationale for prodrugs

• Prodrug approaches are promising for tumor-specific destruction, such as
hypoxia-targeting prodrugs. However, very few ROS-activated anticancer
prodrugs are available, due to the obstacle of developing efficient and selective
triggers that can be coupled with potent effectors via a linker, so that the
reaction of the trigger with ROS causes a large increase in the cytotoxic potency
of the effector.

Design of the trigger (ROS acceptor) unit for developing ROS-activated prodrugs

• Arylboronates selectively react with hydrogen peroxide. They are used for
developing fluorescent probes for imaging cellular H2O2 and for developing
H2O2-activated matrix metalloproteinase inhibitors.

ROS-activated nitrogen mustard prodrugs

• The first ROS-activated anticancer prodrugs have been developed by coupling
nitrogen mustard with an arylboronate via an ammonia salt linker. These
prodrugs can be triggered by H2O2 to release active drugs that can kill cancer
cells, with little to no toxicity to normal cells. Other linkers, such as
carboxyamides and aniline analogues are also effective to join arylboronates
with nitrogen mustard in a way that the toxicity of the effector is masked in the
prodrugs, while the active drugs are released upon reaction with H2O2.

ROS-activated quinone methide prodrugs
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• We have developed non-toxic prodrugs that can react with hydrogen peroxide to
release biquinone methides, directly cross-linking and/or alkylating DNA. These
agents can also crosslink/alkylate proteins as an important non-DNA mechanism
of toxicity. The transformation of an electron-withdrawing boronate group to an
electron-donating hydroxyl group greatly facilitates the formation of quinone
methide. The potency of the quinone methide prodrugs can be further increased
by introducing an electron-donating group on the core structure and/or coupling
the core structure with dual DNA-damaging or protein-damaging functional
groups.

Non boron-based strategies for ROS-activated prodrugs

• Several ferrociphenol anticancer drugs have been developed. These compounds
can be activated via ferrocene-mediated intramolecular oxidation to release
active drugs, such as quinone methide derivatives. They showed a strong
antiproliferative effect on hormone-independent breast cancer cells.
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Figure 1. Activation of boronates by hydrogen peroxide and release of quinone methide
L: Leaving groups.

Peng and Gandhi Page 15

Ther Deliv. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. The activation of prodrugs 4a and 4b by hydrogen peroxide and induced DNA damage
HN2: Nitrogen mustard.
Data taken from [66].
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Figure 3. Effect of compounds 4a and 4b on cancer cells and normal lymphocytes
(A) Four human cancer cell lines (SR, NCI-H460, CAKI-1 and SN12C) were incubated with
10 μM of compounds 4a and 4b for 48 h. (B) Normal lymphocytes obtained from healthy
donors (n = 3) are incubated without drug or 10 μM of 4a and 4b for 48 h. Cell death was
measured by AV/PI staining which measures viable and non-viable cells (early and late
apoptosis as well as necrosis).
AV/PI: Annexin V and propidium iodide.
Reproduced with permission from [66] © 2011 American Chemical Society.
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Figure 4.
The activation of prodrugs B and C by hydrogen peroxide.
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Figure 5. Activation of quinone methide prodrugs
ICL: Interstrand cross-link; L: NMe3, nitrogen mustard or other DNA-damaging functional
groups (Effector 2).
Data taken from [83].
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Figure 6.
Quinone methide-trapping reactions of 9a and 9b in the presence of ethyl vinyl ether.
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Figure 7. The activation of aminoferrocence-based prodrugs by H2O2 to release dual effectors
ROS: Reactive oxygen species.
Data taken from [67].
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Figure 8. Oxidation of ferrociphenols 12a or 13a to the quinone methides 12d or 13d
Data taken from [69–72].
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Figure 9. Oxidative activation of 14 forming DNA-modifying agents
Data from [68].
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