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Abstract

Anticancer antibiotics have made a successful impact in the field of chemotherapeutics. For most
of them, DNA is the molecular target. Some act as DNA intercalators or some prevent DNA repair
among other mechanisms of actions, they are seen to have. The major disadvantages of these drugs
though are the constant side effects and toxicities. With more focus on discovery of new drugs with
newer scaffolds, the urge to discover and modify anticancer antibiotics is being lost. Modifications
or even the wider research can yield newer better drugs for clinical use. The review here discusses
the current antibiotic therapeutics, newer discoveries in the field as well ideas for future research.

Keywords

Antibiotics, Lactams, Cancer, Mechanism of Action

1. Introduction

Cancer therapy is as debilitating as the disease and though the global market for cancer drugs has hit billion dol-
lars in annual sales the major limitation still remains with the toxicities that the drugs are associated with. Hence,
new drug delivery techniques and drugs with diverse mechanisms of action are constantly sought after. For ex-
ample, a new invention in the field of medical devices includes a method for treating cancerous tissue and non-
malignant tumors in combination with chemotherapy, for cell mass reduction and tissue dehydration using RF
power via electrodes to heat the tumor tissue to around 45°C [1] or the discovery of novel small molecule deriv-
atives of butyric acid with enhanced anticancer properties and solubility to function as prodrugs to release for-
maldehyde upon metabolic breakdown, showcase the immense effort put into both the arenas of research [2].
Chemotherapy, which is one of the predominant methods for treating cancer patients causes life-threatening side
effects and development of drug resistance in cancer cells. This therapy (often abbreviated to chemo) falls under
the category of cancer treatment that uses chemical substances, especially by use of one or more anti-cancer
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drugs (chemotherapeutic agents) which stops or slows the growth of the cancer cells which have an alarming
growth rate and in turn kills normal cells. This damage to the normal cells causes potential side effects [3]. The
use of chemotherapy to treat cancer began at the start of the 20th century with attempts to screen chemicals us-
ing transplantable tumors in rodents. But the final impetus came from World War Il-related programs, and the
effects of drugs that were made during that time that Cancer Chemotherapy National Service Center came into
being in 1955. There are currently different classes of compounds used in chemotherapy including alkylating
agents, antimetabolities, anti-microtubule agents, topoisomerase inhibitors, mitotic inhibitors, cytotoxic antibio-
tics, and corticosteroids [4]. This review summarizes emerging efforts in combating cancer particularly with the
help of antibiotics delivery systems.

2. Principles of Cancer Development

Normal cells can be differentiated from cancer cells with their ability of uncontrolled cell division mostly driven
by interferences in form of mutations or others in the cell cycle. In cells, the cell cycle is divided into the fol-
lowing phases and is tightly controlled by different molecular switches as illustrated in Figure 1:

Gg—Also known as the resting phase where cells prepare themselves before division.

G;—AlIso known as the growth phase where the cell increases in size and prepares for the copy of DNA.

S phase—The synthetic phase where cell chromatin material is doubled followed by the G, phase.

G, phase—Where further growth occurs followed by mitosis.

Apart from cell growth another tightly regulated process in the cell, is cell death which occurs through apop-
tosis or necrosis mediated by a machinery of enzymes and proteins. The uncontrolled cell growth by the tumor
cell is possible due to its control on these two important cellular processes. The kinetics of tumor growth is re-
gulated by cell cycle time which varies in different tissues; growth fraction of cell achieved and cell death re-
sulting from unsuccessful division, metastasis, and migration. Tumor cells are known to follow a sigmoidal
growth curve depending on the tumor size. The tumor cell division is pronounced when the tumor size is small
(almost double) and growth eventually normalizes and solely depends on blood supply availability and cell
death control. Metastasis of a tumor is possible when it spreads beyond its original site and invades surrounding
tissues. Some factors contributing to this are abnormalities in maintaining tissue integrity in the cells, excessive
growth factor production and suppression of tumor suppressor genes [5].

3. Antibiotic Chemotherapeutics in Cancer Therapy

The purpose of cytotoxic chemotherapeutics is to successively reduce the gap between growth and death of
cancer cells in each cycle of treatment [6]. It is known that different types of cancers behave differently, and are
essentially caused by various factors including genetics, lifestyle, certain types of infections and environmental
exposures to different types of chemicals such as tobacco, alcohol etc. and radiation [7]-[9]. Chemotherapy has
come a long way in overcoming the pessimism about the ability of drugs to cure advanced cancers and also the
use of screening molecules for potential new drugs and for targeted treatments. Although the biggest limitation
for chemotherapy still stands at the dose at which it needs to be administered. Very low doses are seen to be in-
effective against tumors, whereas excessive doses bring in immense toxicity to the patient [10].

Antibiotics which are used in chemotherapy have various modes of actions. Some are potent intercalating
agents whereas some are DNA damagers. Study of different antibiotic cytotoxic agents including Actinomycin,
Adriamycin/Doxorubicin and some other agents showed that stimulation and enhancement of existing host de-
fense mechanisms is one of the additional ways that these chemotherapeutic agents exert their effects. DNA is
one of the primary molecular targets for many of these chemotherapeutic drugs and is essentially viewed as a
non-specific target of the cytotoxic agents. Discovery of new DNA specific drugs now have shown enhanced ef-
ficacy towards DNA itself and are hence anticipated to be far more specific and effective towards it. Neverthe-
less there are limitations of DNA targeted therapy as although they preferentially affect cancerous cells due to
their high proliferation rate and genomic instability, but benign cells can also be affected in the process. Normal
cells have the capacity to tolerate basal levels of DNA damage but the repair mechanisms are often too much for
the cells to handle due DNA targeted therapeutics [11]. Anthracyclins, bleomycins, actinomycin D, mitomycins
are a few anticancer antibiotics used in therapy. Figure 2 summarizes the mechanism of action of these antibio-
tics.

Anthracyclines are anticancer compounds that were originally derived from Streptomyces in the 1960s [12]
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Figure 1. Cell cycle in a cell depicting the different stages it goes through.
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Figure 2. Mechanism of action of Anticancer Antibiotics.

and are aromatic polyketides. Doxorubicin and Daunorubicin were the first two anthracyclines discovered and
were obtained from the bacterium Streptomyces peucetius. Daunorubicin, another anthracycline antibiotic struc-
turally close to doxorubicin is used for treating leukemia. Doxorubicin which is a hydroxyl derivative of dauno-
rubicin which is an anthracycline antibiotic works as an intercalating agent forms free radicals and alters mem-
brane function [13]. It is one of the most effective drugs for solid tumor treatment, e.g., breast cancer, small cell
lung cancer and ovarian carcinoma treatments. It also has activity against bladder, stomach, liver and thyroid
tumors. But both these anthracyclines are known to produce resistance in the tumor cells, and also severe dose
dependent cardiotoxicity, apart from other side-effects hence modification of these drugs structurally to produce
analogs with wider activity and lower toxicity have thus been sought. The few clinically approved analogs in-
clude epirubicin and idarubicin [14] shown in Figure 3.

Epirubicin is an epimer of doxorubicin with the only difference being in the orientation of the C-4 hydroxyl
group on the sugar and is used in the treatment of gastric lung, ovarian and breast cancer. This change decreases
cardio toxicity of the drug as compared to others in the family. ldarubicin which is a structural analog of dauno-
rubicin lacks the C-4 methoxy group thereby increasing its lipophilicity and is used for the treatment of acute
myelogenous leukemia [15]. Another derivative of doxorubicin is Valrubicin which is used mainly in early
bladder cancer, is a N-trifluoroacetyl, 1-4-valerate derivative of doxorubicin and enters cells more rapidly than
doxorubicin [16]. Chemical structure of Valrubicin is shown in Figure 4.

The anthracycline antibiotics are known to produce DNA cleavable complexes and prevention of topoisome-
rase Il activity aiding in prevention of DNA transcription and replication and also produce reactive oxidative
species. One mechanism it works through for generation of reactive species is that upon electron addition to the
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Figure 3. Chemical structures of commonly used Anthracycline
Antibiotics.
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Figure 4. Chemical structure of Valrubicin.

quinone moiety in the C ring leads to formation of a semiquinone that releases reactive oxygen species to go
back to the quinone form. Again, oxidation of the semiquinone would produce a aglycone that has higher solu-
bility in lipids and can hence intercalate into biological membranes and form reactive oxygen species They are
also postulated to bind to the proteasome thereby showing that anthracyclines can also inhibit cell growth
through antiangiogenic pathways. Figure 5 depicts binding of an anthracycline antibiotic to DNA [13] [17].

The side effects of anthracyclines, like any other chemotherapeutic agent, are linked to their cytotoxicity to
non-differentiated, proliferating normal cells. These side effects include nausea, vomiting, and alopecia. The
major toxicities of anthracyclines however include cardiotoxicity which is irreversible and myelosuppression.
Doxorubicin can also cause severe tissue necrosis. Use of anthracycline for pediatrics is a careful consideration
due to its irreversible cardio toxicity effects [18].

Actinomycin is a complex molecule that intercalates DNA and prevents RNA synthesis [19]. Mitoxanthrone,
a quinone antibiotic has lower toxicities as compared to anthracycline antibiotic drugs [20]. Bleomycin, another
class of antibiotics which include bleomycinic acid, BLMAZ2, and B2 are also structurally related phleomycinins
and tallysomycins, are a family of glycopeptide derived antibiotics isolated from the Streptococcus verticullis
species and are essentially used with other agents for treating tumors like squamous cell carcinomas and malig-
nant lymphomas [21] [22]. The basic core structure consists of the basic glycopeptide with a pyrimidine chro-
mophore linked to a propanamide, a f aminoalanine amide and L-glucose and 3-O carbmoyl-d-mannose. A tri-
peptide chain and a bithiazole moiety are attached to this core. The major issue of this drug is early drug resis-
tance and pulmonary toxicity. Their mode of action is exerted using sequence selective metal dependent oxida-
tive cleavage of DNA and RNA in the presence of oxygen, mitochondrial damage and also DNA fragmentation.
They have been seen to produce abnormal G, phase cells during cell cycle. Other adverse effects include signif-
icant skin reactions, erythema and gastric ulcers [23].
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Figure 5. DNA binding of anthracycline antibiotic doxorubicin. An-
tibiotic is depicted in green with its interactions with neighboring re-
sidues. Crystal structure retrieved from PDB ID: 2DES (1.5 A).

Mitomycin, class of antibiotics is a broad spectrum antibiotic and in contrast to others form covalent linkages
to DNA and function as bioreductive alkylating agents in the absence of oxygen [24]. They were isolated from
the broth culture of Streptomyces caespitosus. The core structure is a configuration of a quinone, an aziridine
and a carbamate moiety around a pyrrole 1,2-indole nucleus. The mechanism of action involves crosslinking of
two complementary strands of DNA and attachment of the drug to a single strand for alkylation. Reduction of
the quinone moiety makes the drug a potent alkylator and the acid activation considering the acidic environment
around tumor cells, of mitomycin is a second mechanism that activates it as an alkylater. It is also postulated to
form reactive oxidative species apart from alkylation. The side effects are often unpredictable and dose depen-
dent. Anorexia, necrosis, and ulcers have been reported for most patients. Pulmonary reactions anemia, renal
failure have also been indicated with this treatment.

Another class of antibiotics is the enediyne antibiotics that are very amenable for design and have remarkable
biological activity. Their anticancer activity is apparently due to their ability to damage DNA through radi-
cal-mediated hydrogen abstraction. The enediyne antibiotics show markedly cytotoxicity’s against cancers in vi-
tro and in vivo [25]. One example of this class is Lidamycin.

4. Antibiotic Research Advantages and Disadvantages

The antibiotics used in cancer are named so as they are extracted from active microbes and were also the first
agents used as anticancer drugs. In general, antibiotics have been used in the treatment of bacterial, fungal and
protozoal infections and some physiological diseases. Microbes in their constant fight for survival produce new
metabolites and products due to their flexible metabolic strength. Microorganisms continue to interact with the
physical, chemical, biological and social environment to bring about changes in them which is probably a major
reason for resistance development. Resistance development and toxicities associated with these drugs, discovery
of new drug scaffolds with the help by HTS (high throughput screening) and them being pursued have given rise
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to other cytotoxic agents with different modes of actions. Economic reasons have also added to the somewhat
diminishing area of antibiotic search. The major concern for these drugs lies in the fact that they affect rapidly
dividing cells and do not target cells at the resting phase. Hence control of metastasis and differentiation cannot
be achieved effectively by these drugs. And as discussed earlier the side-effects ranging from vomiting, nausea,
mucotisis, bone marrow suppression to cardio toxicity and many more cannot be ignored. Nevertheless, this
arena still has the possibility of success if pursued considering the plethora of microbes that are out there. There
is some if not none interest in finding newer anticancer antibiotics, some as derivatives of the known clinically
approved drugs and some newer ones. But tapping into nature and finding newer moieties needs to be done not
only to develop newer drugs but also to understand how these new metabolites are being formed by different
microbes. A few approaches that can be taken to initiate this include the classical fermentation approach, ration-
al drug design followed by total synthesis of these compounds and also combination approaches to design com-
pounds from known drugs [26]. Currently approved antibiotics used clinically are shown in Table 1 [27].

5. New Research in the Field

New research in the field of enediyne antibiotics include the discovery of Lactoquinomycin, which is similar to
medermycin but can be differentiated from medermycin by the physico-chemical properties and anticancer ac-
tivity. Lactoquinomycin is seen to be more stable with significant antitumor activity [28]. N1999A2 another
newly discovered 9-membered enediyne, based natural product has anticancer effects in human cancer cells. It
has a chromophore similar to a neocarzinostatin and is found to be considerably stable in nature, with DNA in-
tercalation into the minor groove. The difference in mode of action between the two is solely based on the pres-
ence or absence of an aminoglycoside residue [24]. Improvement of drug delivery techniques for some of these
antibiotics have also resulted in accelerated release of the drug for e.g. doxorubicin. pH-responsive flower-like
micelles consisting of two hydrophobic blocks and one hydrophilic block at physiological pH when made. As
the pH changed to slightly acidic as in tumor extracellular pH, the flower-like micelles underwent a change in
the hydrophobicity of the micellar core resulting in disintegration of the micellar core thereby allowing accele-
rated drug release [29]. Reduction-sensitive polymeric nanocarriers with near-infrared fluorescence probes were
also prepared for doxorubicin. These revealed to have an accelerated release behavior in the presence of gluta-
thione. Cellular uptake studies showed that they could enter cell via endocytosis and had enhanced permeability
and retention effects [30]. Nanoparticles of Doxorubicin have been found to have sustained dosage and show in-
crease in their therapeutic effect [31] [32]. In the recent years, there has been considerable research in re-under-
standing the older antibiotics and also finding new ones. Distamycin, an antibiotic is known to specifically target
the minor groove of DNA. Another class of compounds, the lexitropins which contain a thiazole moiety and
very related to Distamycin have also showed similar modes of action [33]. Chromomycin A3 which is an anth-
raquinone antibiotic is produced at the fermentation of Streptomyces griseus is known to block macromolecule
synthesis via reversible interaction with DNA template only in the presence of divalent metal ions such as Mg?".
New studies unearthed that the formation of two types of complexes occurs with different stoichiometry’s and
formation constants, a 1:1 and a 2:1 stoichiometry in terms of chromomycin A3 and Mg®* with different binding
affinity to DNA [34] [35]. Mithramycin, which is now a discontinued drug and is also called plicamycin, was a
DNA-hinding, anti-tumor antibiotic which too was originally isolated from Streptomyces griseus, had been used
as a chemotherapeutic agent, acts via the inhibition of replication, and transcription. It too blocked macromole-
cular biosynthesis via reversible interaction with DNA in the presence of bivalent cation such as Mg®*. This an-
tibiotic is also known to form two types of complexes with Mg?* 1:1 and 2:1 in terms of the Mg?* complex [36].

Table 1. Clinically approved antibiotics with their brand names.

Brand Name API
Adriamycin Doxorubicin hydrochloride
Cerubidine/Doxil Daunorubicin hydrochloride
Cosmegen Dactinomycin
Idamycin/Zavedos Idarubicin hydrochloride
Novantrone Mitoxantrone hydrochloride
Mitozytrex/Mutamycin Mitomycin C
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It’s interactions with Zn*" was studied and it was seen that it too is another physiologically important bivalent
cation as it acts as a cofactor. Nevertheless, it is been seen that it forms only one kind complex with Zn*" in the
mole ratio of 2:1 in terms of antibiotic with affinity higher than the corresponding dimer complex with Mg** ion
[37]. Leinamycin, has been discovered as a new class of antibiotic which contains an 18-membered macrolactam
that works as a DNA-damaging agent by causing oxidative DNA damage and DNA alkylation mediated by a
episulfonium ion and has been found to be highly toxic and potent against all the cell cycle stages [38]. Another
antibiotic, Dynemicin, a natural product derived out of microbial fermentation of the indigenous bacteria Mi-
cromonospora chersina is found to be an exceedingly potent antitumor antibiotic that cleaves double-stranded
DNA in vitro in the presence of activating factors such as NADPH or glutathione. It is a striking hybrid structure
of both anthraquinone as a DNA intercalator and diynene as a DNA strand breaker. Various new forms of this
class have been tested successfully [39]. Several classes of FDA-approved antibiotics that inhibit mitochondrial
biogenesis as a known “side-effect” have been harnessed instead as a “therapeutic effect”. Mitochondria acts as
the source of energy and very importantly for division for the stem cells a crucial process which if goes wrong
leads to cancer. These stem cells are strongly associated with the growth and recurrence of all cancers and are
especially difficult to eradicate with normal treatment, which also leads to tumors developing resistance to other
types of therapy. Mitochondria and bacteria have evolutionary connections and thus some of the antibiotics also
affect mitochondria. A few different classes of FDA-approved drugs doxycycline and azithromycin, both have
been tested and have already shown positive therapeutic effects in cancer patients which opens up another venue
for drug discovery [40]. Quinolone antibiotics play a role as an adjunct to intravesical chemotherapy for bladder
cancer. Ciprofloxacin and ofloxacin are seen to exhibit significant time- and dose-dependent cytotoxicity against
transitional carcinoma cells and enhance the effect of doxorubicin within tolerable toxicities in patients [41]. A
new actinomycete strain L033 discovered from Streptomyces avermitilis, strongly inhibited in vitro proliferation
of human hepatoma, chronic myelogenous leukemia, and colonic carcinoma cell lines and was seen to be able to
produce a high quantity of oligomycin-A. Hence, the potential use of this strain for scale up of oligomycin is
immense [42]. Dexrazoxane, which is a cardioprotective agent for use in conjunction with doxorubicin has
shown the ability to prevent the devastating tissue necrosis after anthracyclines use and hence is the first and
only proven antidote in anthracycline extravasation [43]. A lactam analog of Actinomycin D was newly synthe-
sized as a potential antitumor chemotherapeutic agent. It was deduced that the lactone and lactam actinomycins
acquired a similar environment when bound to DNA and hence the desired effect [12] [44]. Ascofuranone, an
antibiotic produced by the fungus Ascochyta viciae has also been reported to have anti-tumor activity [45]. The
compound exhibited general inhibitory effects on the macromolecular syntheses and inhibited hypotonic hemo-
lysis [46].

Moving to finally where it all started from. Penicillin, the first antibiotic developed for the therapy of bacterial
infectious diseases have also found new applications as anti-cancer prodrugs and enzyme inhibitors [47]. Several
studies have reported on the anticancer properties of the s-lactams. N-methylthio S-lactams, a new class of drugs
was found to induce apoptotic behavior in a number of cancer cell lines, including human breast, prostate, leu-
kemia, and head-and-neck. The chemical structure has been shown in Figure 6.

The p-lactams caused DNA damage and the inhibition of DNA replication in Jurkat T cells. The result of this
was activation of p38 mitogen-activated protein kinase, as well as S-phase arrest and cellular apoptosis leading
to caspase activation. It was seen that DNA cleavage occurred in a time-dependent and concentration-dependent
manner, before stagnation occurred in the S-phase cell cycle, and in a manner inversely proportional to the size
of the organothio side chain of the g-lactam used. g-lactam antibiotics playing a primary role in cancer chemo-
therapy as no deleterious effects in the mice, or any cellular toxicity to normal cells in vitro was observed for the
first time [48]. Nanoantibiotics, in principle provide for a new paradigm for treating infectious diseases using
nanomaterials. Antimicrobial nanoparticles (NPs) and nanosized carriers use for antibiotics delivery can be en-
visaged for the future. They have proven their effectiveness for treating infectious diseases, including antibiotics
resistant ones, in vitro as well as in animal models hence [49] their use in anticancer antibiotic delivery is some-
thing that can be foreseen in the future.

6. Future Directions and Conclusion

As discussed earlier, antibiotics as anticancer drugs clearly form an important part of chemotherapeutics with
curative properties. With its use as antibacterials and also anticancer drugs, they have come a long way in prov-
ing their worth. But even decades of research has not addressed the overall toxicities involved with them which
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Figure 6. N-methylthio g-lactam, N-ethylthio g-lactam, and
N-sec-butylthio g-lactam.

is a point of genuine concern although follow up medications are provided to ease patients in those respects. The
research in this area needs to take back up to not only make newer safer derivatives of known drugs but also
look into finding newer drug scaffolds. Significant changes in parent chemical structures and newer classes of
antibiotics can provide a chance for this field to boom again. Although chemotherapeutics has seen newer me-
chanistic drugs; antibiotics still continue to show their remarkable properties as important drugs for the masses.
The newer discovered drugs have hope for more effective drugs in the future and with the growth of drug deli-
very techniques and newer moieties, control of toxicity will be an achievable task in the near future with these
chemotherapeutics [50].
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