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ABSTRACT

Cancer has become the leading cause of human death in the world, due to its uncontrolled and rapid proliferation properties.
Radio and chemotherapy are used in the treatment of almost all types of cancer. They mostly act by increasing the
production of reactive oxygen specious (ROS) and free radicals. ROS levels are believed to be higher in cancer cells
compared to their normal counterparts this is suggested to be related to cancer cell growth, angiogenesis, and metastasis.
Although the cure rate for many types of cancer would be increased by radiation dose escalation, balancing the potential
for cure against the risk for normal tissue injury is a complex endeavor. Because normal tissue toxicity during radiotherapy
and pathological conditions that include overproduction of unstable oxygen species, efforts are ongoing to develop new
radioprotective drugs. Antioxidants is an example of co treatment which has potential to protect normal tissues against
radiation-induced damage with increasing IR-induced damage for cancer. Since the discovery of superoxide dimutases
(SODs), a family of metalloproteins, it has become clear that these enzymes provide an essential defense against the
superoxide radical. Application of native SOD has been limited due to short half-lives, lack of cellular uptake and
hypersensitivity. Metal-containing SOD mimetics have now emerged as being especially promising, they have been used
for treatment of different kinds of diseases, as cancer. It is believed to protect cells from radiation damage by removing
free radicals produced by irradiation. The objective of this review is to summarize the most current metalloporphyrin as an
example of SODm in treatment of cancer and in combination with other radio and chemotherapy.

Keywords: SOD; Metalloporphyrin; Cancer; ROS.

INTRODUCTION There are three types of treatment for lung
cancer: chemical, radiation, and surgical treatments,

Cancer is a disease characterized by alone or in combination depending on the stage at which
uncontrolled multiplication and spread of abnormal the cancer is diagnosed as well as the biologic nature of
forms of the body’s own cells. Cancer cells have four the individual case. Most anticancer drugs acting as
characteristics that distinguish them from normal cells, antiproliferative causing damage of DNA or function by
uncontrolled proliferation, dedifferentiation and loss of elevation of ROS production and causing irreversible
function, invasiveness and metastasis?. oxidative damage with the initiation of apoptosis?®.
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Increased ROS could be exploited for therapeutic
targeting of tumor tissue “. Because of heightened basal
level of ROS, cancer cells may be more susceptible to
further oxidative stress than normal cells because their
endogenous antioxidant systems can be overwhelmed °.
Diverse chemotherapeutic agents have been developed to
kill tumor cells by amplifying oxidant stress, such as
agents that directly generate ROS (elevating ROS levels)
or ones that inhibit antioxidant enzymes (decreasing
ROS scavenging potential) 5% Radiotherapy can
force/localize almost all radiation exclusively on tumors
once precisely positioned, thus reducing possible toxicity
to the surrounding normal tissues®. However,
monotherapy of cancer often confronted with challenges
and has limited success, as the tumor cells usually
develop resistance to the agents used and tumors are
usually genetically diverse 1, In addition, intrinsic
radioresistance of cancer cells usually leads to recurrence
or metastasis 2 %3, Although increasing the irradiation
intensity could improve the therapeutic effect, but there
are difficulties in delivering high radiotherapy doses to
the tumor due to potential toxicity of normal cells that
are in the vicinity of the tumor being treated with
radiation 4. Using antioxidants in treatment abrogating
ROS-signaling and suppressing tumor growth. Some
studies suggested that antioxidant supplementation could
sensitize the cancer cells to chemo- or radiotherapy, and
at the same time, reduce the side effects of radiotherapy
by protecting the normal cells. Although several
radioprotectors and radiosensitizers have been tested,
only one compound, amifostine, has been FDA approved
as a radioprotector > ® Thus, it is important to
investigate agents that can enhance tumor response to
radiation while protecting the surrounding normal (non-
cancerous) cells, this is makes a further improvement of
radiotherapy for cancer challenging.

Superoxide dismutase (SOD) are the first line
defense against O, ~ in cells and tissues "8, It is
believed that they may protect cells from radiation
damage by removing free radicals produced by
irradiation. In the presence of SOD, superoxide is
dismutated to H,O, and O2. H,0; is then subsequently
eliminated by catalase and glutathione peroxidase via
water and oxygen ° 2, Three SODs have been identified
in rodents and humans (SOD1-3) they are
metalloproteins enzymes which include the manganese
(Mn) enzyme SOD2, MnSOD is a nuclear-encoded and
mitochondria-matrix-localized homotetrameric enzyme
223 The copper-dependent (CuZnSOD) enzyme
(SOD1) a cytoplasmic homodimer 22 that is localized in
the cytoplasm, cystol, nucleus, and mitochondria
intermembrane space 2> 24,

Many studies show a reduction in MnSOD
expression in various types of cancer compared to

normal tissues suggesting MnSOD acts as tumor
suppressor. Conversely, other studies report an elevation
in MnSOD expression in cancer and its association with
cancer aggressiveness, growth, survival, and metastatic
potential %, implying that MnSOD supports progression
of tumors to a more aggressive stage acting as an
oncogene. SOD, may act as a tumor suppressor during
the initial onset/proliferative stage of tumor initiation.
During early stages of cancer, when MnSOD levels are
low, MnSOD overexpression may suppress cancer
growth through various mechanisms because of greater
hydrogen peroxide flux 2°, yet once the tumor progresses
to a more aggressive and invasive phenotype, SOD;
levels appear to positively correlate and contribute to
enhanced metastatic behavior of cancer cells. At late
stages of cancer progression, when cancer cells
experience persistent oxidative stress 26-%8, increased
MnSOD expression may benefit cancer cells by the
stimulation of metastasis -2,

It has been suggested that MnSOD, is a primary
antioxidant enzyme, may function as a tumor suppressor
for the following reasons: (a) many types of cultured
tumor cells have low MnSOD activity compared to their
normal counterparts 33-%, (b) Mutations in the MnSOD
gene and its regulatory sequence have been reported in
several types of human cancer %.(c) In addition, it has
shown that overexpression of MnSOD reduces
tumorigenicity and metastatic ability in a large number
of experimental tumors in vitro and in vivo 3% 373,
Manipulation of native SOD enzyme for therapeutic
purposes has been problematic and does not show
efficacy due to its short half-life and large molecular
weight (do not penetrate the blood—brain barrier) 4% 4,
Several low-molecular-mass SOD mimetics have been
developed to overcome some of these limitations. Three
groups of SOD mimetics have been developed to date
and used in different models of oxidative stress injuries.
These mimetics, including manganese (1) penta-
azamacrocyclic complexes %> 43, manganese (I11) (salen)
complexes “+6, and manganese porphyrins 4 .
Metalloporphyrins are the popular classes of SODm,
which consist of a carbon-based porphyrin ring and
redox metal core. Mn-based metalloporphyrins
complexes exhibit among the highest SODm activity .
Three lead manganese porphyrins compounds have been
developed: Mn (111) meso-tetrakis (N-ethylpyridinium-
2-yl)  porphyrin  (MnTE-2-PyP5+), Mn(lll)meso-
tetrakis(N-n-hexylpyridinium-2-yl)porphyrin
(MnTnHex-2-PyP5+), Mn(l11)meso-tetrakis(N-n-
butoxyethylpyridinium-2-yl)porphyrin  (MnTnBuOE-2-
PyP5+). MnTE-2-PyP5+ was the first compound
developed. Because of its hydrophilicity, a 5,000-fold
more lipophilic analogue was developed with lengthened
hexyl alkylpyridyl chains, MnTnHex-2- PyP5+.
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Table 1. Properties of Mn (11)-based selective superoxide dismutase mimetics (e.g. M40403, GC4419)

Manganese-containing biscyclohexylpyridine
Catalytic activity equivalent to that of the native enzyme
Penetrates cells and wide organ distribution

Selective for superoxide (no interaction with other biologically relevant molecules, for example, nitric oxide,

hydrogen peroxide, peroxynitrite)
Stable in vivo: no loss of manganese and excreted intact
Not deactivated by peroxynitrite

Suitable pharmacological tool to dissect the role of superoxide in physiopathological conditions

Pharmacologically efficacious in numerous animal models of disease

Its higher mitochondrial distribution and transfer across
the blood-brain barrier (BBB) have been demonstrate
4849 Insertion of oxygen atoms into its hydrophobic
chains resulted in the synthesis of MNTnBuOE-2-PyP5+,
which showed less toxicity than MnTnHex-2-PyP5+
while maintaining high lipophilicity and redox-related

performance .
azamacrocyclic

The manganese (II) penta-
complexes as M40403 and its

enantiomer GC4419 had advantages over other SODm:
equal catalytic activity to the native SOD, selectivity for
dismutation superoxide and stable in vivo 552 (Table 1).

The major objectives of this study are to

summarize metalloporphyrin antioxidant effects on
tumor response to radiation as well as its effect on
normal cells.

Four powerful MnP-based SOD mimics were

identified and explored in vitro and in vivo, starting from
non-active and non-substituted SOD analog MnT-4-
PyP+ 4 by adding methyl group forming plan
compound MnTM-4-PyP5+ but due to its positive charge
it binds to nucleic acid made it losing SOD activity *°.
Modification was done by replacing methyl with ethyl
which enhanced lipophilicity and suppress association
with nucleic acid producing MnTE-2-PyP5+, which had
been studied the most for its safety 3. Improvement in
the bioavailability of Mn porphyrins by lengthening of

the alkyl groups resulted
lipophilicity. Several

in the
were

increase
analogs

in an
alkylpyridyl

synthesized, of which hexyl porphyrin, MnTnHex-2-
PyP5+, which has markedly increased ability to cross the
blood/brain barrier and accumulate into mitochondria
and has the optimally balanced bioavailability and
toxicity 4. The introduction of oxygen atoms into alkyl
chains of MnTnHex-2-PyP5+ gave rise to a less toxic
butoxyethyl analog, MnTnBUOE-2-PyP5+ 505556 polar
alkoxyalkyl chains suppressed the toxicity and reduced
the liver accumulation while slightly reducing its
accumulation within the brain, relative to MnTnHex-2-
PyP5+.

MnTE-2-PyP5+

Mn (1) tetrakis (N-methyl-2-pyridyl) was the
first discovered MnP, by going through the literature
MnTE-2-PyP5+ showed antitumor effect by itself and in
combination with radiotherapy which increasing killing
effect of IR on cancer cells. Injection of breast tumor
xenograft with 2mg/kg or 15 mg/kg of MnTE-2-PyP5+
subcutaneously as a single dose daily for 13 days®’,
reduced many angiogenesis markers, including hypoxia-
inducible factor la (HIF-1a) and vascular endothelial
growth factor (VEGF), which are important for tumor
growth. The cytotoxic effect of MnTE-2-PyP5+ was
increased in other study, when it is combined with both
IR and ascorbate in treatment of breast cancer %. In
accord, pretreatment of PC3, DU145 and LNCaP
prostate cancer cells with MnTE-2-PyP5+ using 1,10, or
30 uM then exposed them to 2 and 5Gy of IR causing
reduction of cancer growth >°. On the other hand, normal
rat lungs were prolonged protected from IR-induced
injury by the administration of MnTE-2-PyP5+ 60 61,
Another study was confirming the protection effect of
MnTE-2-PyP5+ after exposing rat rectum to 20-30Gy by
the enhancement of the injury 2. Oberley-Deegan et al.
showed remarkable radioprotection of erectile function,
prostate, and testes by MnTE-2-PyP5+ in a model where
the low pelvic region of rat was irradiated -6,

MnTnHex-2-PyP+

Our second example of metalloporphyrin,
which is more lipophilic as mentioned before. In vivo
study was showing radio sensitization of glioblastoma
xenograft mice after injection with of 1.6mg/kg of
MnTnHex-2-PyP+ 24hr before IR, while IR was given
1Gy for 3 days, tumor volume was decreased
significantly ¢7. Treatment of 4T1 and B16 cells with 10
uM  of MnTnHex-2-PyP+ combined with 4Gy IR
resulted in a significant reduction in the viability and
clonogenic cell survivability of both cell lines. Also,
MnTnHex-2-PyP+ exacerbate apoptosis induced by IR
and upregulated proapoptotic markers as BAX and Bim,
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showing high radio sensitization of the cancer cells . In
the same study, they confirmed the in vitro results by
performing an in vivo xenograft experiment mice was
implanted with cells and treated with 2mg/kg/day for 3
days then exposed to 5Gy IR daily for 3 days in
combination with MnTnHex-2-PyP+, tumor growth was
ameliorated compared to IR alone. Moreover, the
induction of the survival signals by IR were reverted by
the addition of MnTnHex-2-PyP+ showing reduction in
phosphorylated p38, AKT, ERK and JNK.
Chemosensetization was proved also after treatment of
human mammary cells (MCF7 and MDA-MB-231) with
5 uM of MnTnHex-2-PyP+ (which was not toxic dose)
combined with 0.1 pM doxorubicin, showing a
significant elevation in ROS levels, reduction in cell
migration with reduction in MDA-MB-231 cell
invasion®. Protection normal tissue also is so important
to be studied after proving its radio and chemo
sensitization of cancer cells. In literature studies were
detecting the protection effect of MnTnHex-2-PyP+. An
animal experiment was showing powerful pulmonary
radioprotectant in a rat study at a low dose of 0.05
mg/kg/day for 2 weeks, starting 2 h after whole thorax
radiation 7,

MnTnBuOE-2-PyP+

In  subsequent study, MnTnBuOE-2-PyP+
demonstrated glioblastoma tumor radio sensitizing effect
in vitro ™. Author showed chemo sensitization of
glioblastoma xenograft to temozolimide or cisplatin after
intraperitoneal injection of 5mg/kg/day of MNnTnBuOE-
2-PyP+ for 5 days, in addition, sensitized glioblastomas
to either 10Gy RT * temozolomide in flank tumor
models 2. Prostate cancer cells when treated with
MnTnBuOE-2-PyP+, growth was inhibited significantly
at the same time implanted cells to the mice’s prostate
then exposing it to 2Gy IR daily for 5 days combined
with 3 times injection of MnTnBuOE-2-PyP+ in the
week, the tumor volume was decreased more than
monotherapy %. Another study was showing different
effect on normal vs. cancer colorectal fibroblasts, by
treating them with IR 1Gy and 0.5uM MnTnBuOE-2-
PyP+ the results were in accordance with the previous
studies, inhibition of the viability and clonogenicity after
monotherapy. In addition, the combination exacerbates
IR-killing effect of cancer cell. On the other hand,
combination reverted the IR-effect on normal cells which
means radioprotection. The study was also continued by
the addition of 5-flurouacil with IR and MnTnBuOE-2-
PyP+, a significant decrease in tumor growth was
observed compared to monotherapies™. Moreover,
radioprotection of normal cells including mucositis,
xerostomia, and fibrosis, and augmented the antitumor
effect of radiation at the same time using different doses
of IR in pre-clinical head and neck cancer model 7. On
the same line, MnTnBuOE-2-PyP+ had radioprotection

to normal brain by protection of neurogenesis the effect
was evaluated after 3 to 4 months after single 10 or 8Gy
RT to the brain, respectively. MnTnBuOE-2-PyP+ was
given subcutaneous twice daily for a month at 1.5 mg/kg,
starting 1 week before 8Gy RT and continuing once daily
for another month at 0.5 mg/kg "*. MnTnBuOE-2-PyP+
ameliorated RT-induced loss of axons and motor
efficiency after 3months by testing neurocognitive
activity. The follow-up study, MnP was given sc twice
weekly for a week before 10 Gy RT at 3 mg/kg, and
continued twice weekly for 4 months at 0.5 mg/kg 2,
cisplatin was injected intraperitoneal once at 6 mg/kg 24
h before RT, and temozolomide was administered ip at 5
mg/kg for 5 days starting at 24 h before RT. Protection
of neurogenesis was seen when MnTnBuOE-2-PyP5+
was given sc a week before and a week after 5Gy cranial
RT. In another mouse study, mice received 9Gy RT to
oral cavity and salivary glands and 6 mg/kg cisplatin via
ip injection. MnP dosing started at 24 h before RT at 0.2,
0.6, and 2 mg/kg, and continued three times per week at
0.1, 0.3, and 1 mg/kg, respectively. Stimulated saliva
production and salivary gland fibrosis were quantified
post-RT. MnP protected normal tissue against RT-
induced damage at early and late time points. Cisplatin
did not interfere with MnP induced radioprotection and
MnP did not interfere with RT/ cisplatin-mediated tumor
growth 7. In a cisplatin experiment, MnP sc injections
started at 24 h before RT/cisplatin at 0.6mg/kg and
continued at 0.3mg/kg three times per week for 5 weeks.
MnP lessened cisplatin-induced mouth ulceration,
bleeding, and moist desquamation in the irradiated areas,
and protected against RT/cisplatin-induced weight loss.

GC4419

As an example of Mn (Il) pentaazamacrocycle
complex: is a_new high potency SOD mimetic
characterized by high cell permeability, high stability
and high selectivity towards O, “~. Combination therapy
with GC4419 has shown great promise in cancer
treatment for the reduction of IR-induced side effects.
Reduction of oral mucositis incidence and severity was
observed in phase I1b clinical trials, and a phase 111 trials
is now underway 2 2. Therefore, it is of great
importance to characterize the differential effects of
GC4419 on cancer cells and normal cells as well as its
effects in selective sensitization of cancer cells to IR and
the underlying mechanisms of this process. In our
previous study, we measured the processes of IR-induced
radical generation, and then the subsequent O
generation that occurs, in normal and lung cancer cells,
as well as the effect of GC4419 on these processes. With
EPR spin-trapping, we observe that GC4419 does not
alter IR-mediated hydroxyl radical (‘OH) generation;
however, GC4419 effectively quenches the elevated
levels of Oz~ generation detected in cancer cells before
and after IR. GC4419 was showing anti-proliferative
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effect after treatment of lung cancer cells (A549 and
H1299) for 48hr (5, 10 and 20 uM) for 48hr as
monotherapy in a dose dependent manner without any
effect on the normal lung cells (Beas 2b). Co-treatment
of GC4419 and IR (2 and 8Gy) ameliorated IR-killing
effect of cancer cells, while it protected normal cells
from IR harmful effect significantly. In accordance with
our results, a recent study on lung cancer xenograft
model showed that GC4419 mitigated IR-induced lung
fibrosis and enhanced the response of cancer cells to
radiation. Moreover, in  combination  with
pharmacological ascorbate, GC4419 had a synergistic
effect on irradiation-induced cancer cell killing 7.
Furthermore, the observed protective effect of GC4419
on Beas 2b is in line with a cohort study in patients with
oral cavity or oropharyngeal cancer in which GC4419
reduced the frequency and duration of irradiation-
induced oral mucositis 7. Also, we performed further
studies to investigate characterize by which GC4419
enhanced cancer cell death. IR-mediated tumor growth
inhibition is linked to its ability to cleave DNA and
induce apoptosis. At 48 hours post IR, it was observed
that GC4419 (10uM) increased DNA fragmentation in
both the cancer cells lines by 20 — 40 % compared to IR
alone, while decreasing this in the control cells by over
50%. Again, GC4419 was seen to confer protection of
the normal cells from IR while sensitizing the cancer
cells to injury. The increased DNA fragmentation is
consistent with apoptotic cell death. In addition, caspase
3 activity was increased after treatment of cancer cells
with 10 uM GC4419 and 2Gy, with reduction in its
activity in normal cells compared to IR. Thus, GC4419
is a promising therapeutic for cancer treatment by
enhancing the efficacy of IR in cancer cell killing while
decreasing IR-induced toxicity to normal tissues.

CONCLUSION

In conclusion, usage of antioxidant in treatment
of cancer in combination with radio and chemotherapy is
showing good impact by increasing IR-killing effect in
cancer with protection of the normal tissue adjacent to
cancer tissues, one of the effective examples is GC4419
which under clinical investigations stage I11.
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