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Abstract

Metronomic dosing of chemotherapy was introduced in the early 2000s and has since gained rec-
ognition as a potential game changer in the manner of which chemotherapy can be administered.
There are several known candidates for metronomic dosing of chemotherapy with the potential
for many more to be elucidated in the future. Minimized overall side effects, longer durations of
treatment, potential minimization of multidrug resistance (MDR) mutations, potential less refrac-
tory responses, and the potential to safely use more than one chemotherapy treatments also make
metronomic dosing of chemotherapy attractive. Metronomic dosing reduces common side effects
and has the potential to reduce neutropenia, lymphocytopenia, and cognitive changes associated
with maximum tolerated dosages (MTD). Methods of enhancing chemotherapy including fasting
and administration of insulin are also discussed. Metronomic dosing combined with a patient’s
molecular profile derived from biomarkers is particularly exciting. It holds significant potential
with regard to administrating the most relevant chemotherapies and offers maximal beneficial
results.
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1. Introduction

It is our opinion that the dosage of chemotherapy in its current maximum tolerated dose (MTD) may be an over-
simplified method of treating cancer. Current standards using MTD essentially focus on what is the highest
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amount of chemotherapy that can be administered safely in one dose without regard to the potential of better
dosing regiments of these drugs. Research has shown that in many cases metronomic dosing has high efficacy
and often contributes to better outcomes with lower tendencies toward adverse side effects. This paper will focus
on building an argument for metronomic dosing in addition to presenting evidence for ways to enhance the use
of metronomic dosing by using genomic targeting such as biomarkers, molecular profiles, patient fasting, and
adjunctive insulin shuttling.

2. Treatment
2.1. Metronomic Dosing

In the year 2000, Fidler and Ellis wrote a paper suggesting that cancer should be treated like a chronic disease,
which lends toward a new model of cancer treatment [1]. The name “metronomic therapy” was coined by
Douglas Hanahan which described a new kind of dosing regimen of chemotherapy [2]. The practice of metro-
nomic therapy involves low dosage of chemotherapy in equally spaced intervals. Judah Folkman and Robert
Kerbel were the first researchers to study the effects of metronomic therapy [3] [4]; demonstrating the efficacy
of the approach using several kinds of chemotherapeutic agents. Judah Folkman was also a pioneer in postulat-
ing that cancer can be targeted by inhibiting or destroying their blood vessels and pioneered angiogenesis. This
new approach allowed for the possibility of treating tumors that are unresponsive to chemotherapy at a maxi-
mum dose by targeting cell target switches associated with tumor endothelial cells.

Although metronomic dosing of chemotherapy usually involves a mechanism associated with angiogenesis,
there is metronomic dosing that more directly affects the tumor. Gemcitabine and its prodrug LY?2334737 show
antitumor activity on various kinds of cancers in metronomic dosing. Gemcitabine works by inhibition of DNA
synthesis and is taken up into cells by nucleoside transporters and phosphorylated. Inhibition of chain elongation
by gemcitabine 5’-triphosphate involves a mechanism where gemcitabine 5’-triphosphate is incorporated di-
rectly into the DNA [5]-[8]. LY2334737 first needs to be catabolized by carboxylesterase 2 (CES 2) [9] [10] in
the liver, kidneys, and intestines where the amide linkage of valproate is cleaved off of gemcitabine.

Results from experimentation associated with metronomic dosing of gemcitabine and L2334737 showed its
efficacy in several kinds of cancer types. Non-small cell lung cancer treated with gemcitabine and LY2334737
in mouse models showed that metronomic dosing of gemcitabine and L2334737 had a greater impact on reduc-
ing tumor growth over the controls [11]. More specifically, the tumor inhibition was found in human pleural
mesotherlioma tumor PXF 1118 or human squamous NSCLC tumor LXFE 937 with LY2334737 having similar
results as the control for LXFE 1422 [11]. In these studies weight loss was less than 6% and well tolerated with
high efficacy and significant tumor reduction on the individuals being treated under metronomic dosing.

An advantage of metronomic dosing of chemotherapy includes the potential to use multiple chemotherapies
without inducing significant side effects. Metronomic dosing limits toxicity in chemotherapy and in turn allows
for the use of more than one chemotherapy more readily than MTD. LY?2334737 and capecitabine were com-
bined in metronomic dosing in mice bearing HCT-116 tumors. The mice were treated once a day with 4 mg/kg
of LY2334737 and the MTD of capecitabine of 175 mg/kg. Each chemotherapy individually showed significant
reduction of tumor growth of 50% to 55% overall growth respectively compared to the control group [11]. Both
chemotherapies given together gave even more significant inhibition of 77% by the end of the study.

A combination of chemotherapies was also administered to mice containing either HT-29 or CFX to deter-
mine whether gavage when taken daily with 150 mg/kg of capecetabine (MTD), and 6 mg/kg LY2334737 had a
synergistic effect. In mice bearing HT-29 or CXF 676, the monotherapies gave significant antitumor activities
while significantly more antitumor properties were observed in vehicle plus LY2334737 [11]. The dual therapies
had significantly better antitumor properties than either monotherapy. There was no significant weight loss
measured and no deaths were recorded. The combination and the monotherapies were also well tolerated.

Metronomic dosing works in part by inhibiting angiogenesis. Angiogenesis itself is a normal function that
occurs naturally in reproduction, development, and tissue repair. However, angiogenesis plays an important role
in inflammation, diabetic retinopathy, and tumor formation. Growth and metastatic spread of tumors was also
associated with angiogenesis [12]. Angiogenesis is regulated by VEGF and fibroblast growth factor (FGF) re-
ceptors and is balanced angiogenesis inhibitors like thrombospondin F (TSP-1) where angiogenic switch occurs
when VEGF and FGF levels are high in comparison to TSP-1 [13] [14].

VEGF is an angiogenic poly peptide that is found in many malignant tumors [15]. VEGF is considered a bio-
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marker for angiogenesis in many tumors and is therefore a target in the treatment of cancer [16]-[19]. Metro-
nomic dosage of cyclophosphamide in advanced breast cancer showed a significant decrease in VEGF in pa-
tients [20]. VEGF levels were also decreased in aggressive non-small cell carcinoma after treatment with plati-
num and oral etoposide using a metronomic dosing regimen [21].

Demonstration of certain chemotherapeutic drugs that can be used in metronomic dosing includes the use of
cyclophosphamide as an antiangiogenic agent. The use of cyclophosphamide in maximum tolerated dosage
(MTD) is well documented. However, when given in shorter intervals and lower dosages, cyclophosphamide
showed to have better results than that of the MTD in EMT-6 cell lines [3]. Drug sensitivity was also eradicated
in L1210 leukemia and Lewis lung carcinoma when used in metronomic dosing. Although the dosage was lower
than the MTD, the animals treated in these experiments required palliative care including to treat gastrointestinal
dysfunction and weight loss. Other experiments involving the cyclophosphamide in a metronomic dosing regi-
men showed the eradication of lymphoma and sarcoma in rat models without reoccurrence or metastatic growth
in lymphoma and 83% of sarcomas. The side effects were mitigated with no weight loss and no toxicities in car-
diac, hepatic, and renal toxicities [22].

Other experimentation involving vinblastine in metronomic dosing in vitro showed promising results on neu-
roblastoma cell lines including SK-NM-C and SK-N-AS. In animal models, neuroblastoma cells were treated by
either vinablastine or a monoclonal antibody known to block the function of vascular endothelial growth factor
receptor 2 (VEGFR2) or a combination of the two. The drugs by themselves did show some temporary inhibi-
tion of tumor growth. When the drugs were taken in combination, the effects involved long term tumor regres-
sion. In these experiments, drug toxicity usually signified by weight loss, anorexia, skin tenting, ruffled fur and
toxic death were not seen [23].

A diverse number of chemotherapeutics in metronomic dosing were studied with mice who have severe com-
bined immunodeficiency (SCID) including paclitaxel, vinblastine, cisplatin, or doxorubicin either alone or in
combination with DC101 [24]. Data showed efficacy in chemo-switching where the standard MTD was fol-
lowed with metronomic dosing. This data suggest efficacy in a strategy where MTD is followed by maintenance
of chemotherapy by metronomic dosing [25].

Metronomic chemotherapy regimens are poorly defined despite a multitude of clinical trials. The appropriate
dosing and time periods to obtain maximum results have yet to be elucidated. To better understand what the ap-
propriate dosage and timing of such doses associated with metronomic chemotherapy, angiogenic and vasculo-
genic biomarkers have been investigated to predict the response of the chemotherapy in patients receiving anti-
angiogenic treatment [26] [27]. Thus, VEGF and TSP-1 could play a role in the monitoring of treatment activity
[28]. It is important to mention that such markers are only a part of a complex system associated with various
inducers and inhibitors that are associated with the regulation of angiogenesis [29].

Vasculogenesis describes the progenitor cell-dependent generation of new blood vessels which may also play
an important role in the growth and spread of tumors. Circulating endothelial cells (CEC) can be detected in pa-
tients vascular, inflammatory and neoplastic conditions but are also demonstrated in some preclinical cancer
models [30] [31]. Tumor associated endothelial cells were found to have non-uniform nuclei in some melanoma
and liposarcoma xenograft models. Previously, endothelial cells were assumed to not undergo drug resistance
because the CECs were thought to be genetically stable [32]. Activated CECs associated with newly formed
blood vessels are sensitive to metronomic doses chemotherapeutic drugs including 5-fluoruracil, etoposide, tax-
anes, doxorubicin, and 4-hydroperoxycyclophosphamide alone or in concert with anti-angiogenic drugs [33]-
[36]. CECs were found to be a surrogate marker for angiogenesis and can be used to evaluate the anti-angi-
ogenic drug activity [37] in addition to selecting drugs at optimal dosage of chemotherapy [38].

Metronomic chemotherapy also has an effect on the immune system in some cases including cyclophospha-
mide by reducing T-reg cells. This in term reduces the inhibition of T-cells and natural Kkiller cells which restores
innate killing activity and peripheral T-cell proliferation when T-reg inhibitory functions are suppressed [39].
Metronomic chemotherapy using cyclophosphamide in nude rats with B-cells lymphoma had sustained tumor
regression. Therapeutic effects mediated by the immune system in addition to the effect of tumor angiogenesis
supports evidence that the metronomic chemotherapy from these trials involves two mechanisms of action for
tumor regression [40].

2.2. Refractory to Treatment and Genomic Selection of Drug Regimens

Multiple drug resistance (MDR) describes the phenomenon of resistance to one drug which leads to resistance of
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similar and distinct drugs whose structure and mechanism of action are completely different. Once a term that
was used to describe antibiotic resistance [41], the term is now used to describe similar findings in chemothera-
py. New chemotherapies are in the process of development to overcome MDR [42]-[46] show some promise in
reaching their aims. MDR can be broken down into two forms; acquired or pre-existing. Both forms are certain-
ly problematic for cancer patients trying to find the correct chemotherapy.

One of the mechanisms associated with MDR is drug efflux from cells. Cellular vesicles that eliminate toxins
by exocytosis or by promotion of drug efflux have been identified in tumor cells as a mechanism related to
MDR. P-glycoprotein is usually found in the plasma membrane and was identified as a transporter of primarily
hydrophobic and positively charged toxins [47]. The mechanism is ATP dependent with regard to moving sub-
strates out of the cell. The ABC transport system, comprising of 48 structurally related transporters, are another
group of transporters found in cells [48]. Of these 48 structurally related transporters there are three subfamilies.
Subfamily B includes P-glycoprotein, subfamily C which includes multi-resistance protein related (MRP)
transporters, and subfamily G includes ABCG2, MXR and ABCP proteins. P-glycoproteins are ATP driven and
produced particularly in certain cell types including liver, pancreas, kidney, colon, and jejunum. Tumor cell
lines with stem cell characteristics have been shown express ABCG2 and MRP1 [49]. Researchers have hy-
pothesized that tumor cells often express drug efflux proteins which is consistent with the previous finding [50]
[51]. The efficacy of various anticancer drugs in tumor stem cells can be affected by the expression of drug
transporters [52] [53].

It is difficult to tell whether the pre-existing form of MDR is caused by the improper selection of chemothera-
pies in the first place. There is potential for the use of biomarkers associated with the patient’s molecular profile
to determine which drugs are more likely to work the first time. Although the exact mechanism for MDR is un-
known, postulations with regard to reducing the effect of MDR by metronomic dosing are only beginning to be
elucidated. mdrl gene expression is linked proportionally to the level of drug resistance [54] [55] and an in-
crease in MDR expression is significant in both resistance and cross-resistance of drug sensitive cell lines [56].
Tumor microenvironments are known to induce hypoxia which is the primary driver of ABCB1, ABCC1, and
ABCG?2 expression [57]-[61]. Therapeutic agents have also been suggested upregulate the expression of these
pumps through various signal transduction pathways [62] [63]. These experimentations were conducted using
maximum tolerated dosing regiment. There is potential for the use of metronomic dosing in conjunction with a
patient’s molecular profile to select drugs that have maximum effect without having the significant side effects
not to mention MDR. High doses of chemotherapy not only influence cancer cells, but also interact with normal
cells that can become resistant to the chemotherapy itself. If any of these exposed and resistant cells become
cancerous, one can speculate that there will be a greater opportunity for that kind of cancer to reach MDR at an
earlier stage or at the onset.

Cancer stem cells have the potential to have resistance to apoptosis based on acquired changes in apoptotic
pathways. Such changes could be inherent in cancer or acquired later in cancer progression. An example in-
volves the inactivation of the p53 gene, loss of expression of PTEN, activation of PI3K, and activation of the
RAS/RAF pathway. These activation or deactivation of genes affects pathways that affect the balance of bcl-2
family of proteins respectively [64]. These changes affect the permeability of the out mitochondria and lead to
permeability transition [65]. The potential of acquiring these kinds of mutations has an effect on the potential
chemotherapy that can be used, thus inducing MDR.

Tumor heterogeneity is also a cause for MDR. Within one tumor, there is potential to be a heterogenic mix of
cancer stem cells in particular. This allows resistant cancer stem cells to grow in a niche environment since it is
already shielded by a form of MDR. There are a few ways that a tumor can have heterogeneity. The most com-
mon are through genetic mutations and/or epigenetic shifts. These changes effect the cancer stem cells’ ability to
differentiate. These kind of changes can lead to centrosome replication [66] [67] which leads to mitosis, chro-
mosome instability, aneuploidy, and tetraploidy. Microsatalite instability and defective DNA repair mechanisms
also have the potential to induce what is known as a mutator phenotype which leads to a large number of genetic
variations due to changes in the genetic material [68]. The fact that most cancers are naturally heterogeneous, as
well as aneuploidy, may also play a role in resistance respectively.

2.3. Neutropenia and Lymphocytopenia

Host protective mechanisms are suppressed by chemotherapy as it affects the hematopoietic system. The most
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serious hematologic toxicity of cancer chemotherapy is neutropenia. Such side effects often limit the amount of
chemotherapy that can be administered to a patient. The length and the extent of neutropenia can be used to de-
termine the risk of infection [69] [70]. Suppression of neutrophils and the cytotoxic effect on the alimentary tract
predispose cancer patients that undergo chemotherapy to infection. Risk for neutropenia can be either patient-
specific or regimen-specific. Patient-specific risk factors include age, comorbid conditions, and type of cancer
and disease stage. Hematologic malignancies are known to be a greater risk factor for the development of neu-
tropenia during treatment due to the disease process in addition to the aggressive treatment required. Regimen
specific risk factors are intrinsically designated by the kind of chemotherapeutic regimen where some drugs are
more myelotoxic than others. Individual chemotherapies that do not significantly affect neutropenia by itself can
in combination have a more significant effect than inducing neutropenia.

The condition of having abnormally low levels of lymphocytes in the blood is known as lymphocytopenia.
More specifically, lymphocytopenia describes low levels of T lymphocytes, B lymphocytes, and NK lympho-
cytes. Lymphocytopenia is a common side effect among various types of chemotherapies and can even be
caused by the cancer itself. Several chemotherapies have been known to cause lymphocytopenia including te-
mozolomide [71], everolimus [72], bendamustine [73], erlotinib [73], various purine analogs [74], and various
cytotoxic chemotherapies [75]. Lymphocytopenia has the potential to reduce the body’s own ability to eliminate
cancer cells naturally, thus reducing the effectiveness of chemotherapy. However, metronomic dosing of cyclo-
phosphamide in particular induced a selective reduction of regulatory T cells which in turn can restore innate
antitumor activity by mollifying the suppression of cytotoxic T cells and natural killer NK cells [76]. The poten-
tial for reducing the effect of lymphocytopenia through metronomic dosing should be explored in order to de-
termine whether or not there is a dose dependent response toward lymphocytopenia during the administration of
chemotherapy.

2.4. The Use of Biomarkers

Common practice of administering chemotherapy is under the guise of maximum tolerated dose (MTD). In this
kind of dosing pattern, the maximum amount of chemotherapy is administered in rounds. This kind of dosing
requires a period of recovery for the patient due to the extensive amount of side effects associated with this
treatment schedule which can be detrimental to patient response. The drug selection is typically guided by the
kind of cancer in addition to elements associated with the tissue biopsy. Biomarkers offer an opportunity to un-
derstand how a particular cancer works or how a cell mutated to become cancerous in the first place. Armed
with this knowledge, more intelligent selection of chemotherapies can be used to determine which kind of ther-
apy would have the greatest impact on the cancer. The molecular profile describes all the biomarkers associated
with a cancer. Knowledge of multiple targets can be used particularly with metronomic dosing to allow the use
of more than one chemotherapy to be administered at once. While MTD has the potential to reduce tumor size,
there is a high level of relapse and resistance toward the chemotherapy by the tumor in addition to other cells not
directly targeted by the round of chemotherapy.

2.5. Cognitive Changes Induced by Chemotherapy

Although the mechanism for cognitive changes induced by chemotherapy is for the most part unknown, there
are several candidate mechanisms that can offer some light on this issue. The symptoms of chemotherapy in-
duced cognitive changes are subtle and is reflected in executive functions, processing speeds, and various do-
mains of cognition that include working memory [77]-[80] without affecting the retrieval of remote memories
[78] [79]. Whereas previous assumptions believed these cognitive changes were related to depression and an-
xiety or even fatigue, growing research suggests that changes are caused by the chemotherapy themselves. Im-
aging of patients’ brains before and after treatment of chemotherapy show structural and functional changes [81]
[82]. However, there are studies that have found that cancer itself can affect cognitive changes before the initia-
tion of chemotherapy [83]-[86] in addition to studies that correlate the diagnosis of cancer as a risk factor for
Alzheimer’s disease [87].

2.6. Adjunctive Insulin Shuttling Potentiation

The effect of insulin to increase cell cycle progression in cancer cells has been documented extensively [88].
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Insulin’s ability to change the phase of the cell cycle to accommodate various chemotherapies that target specif-
ic phases of the cell cycle has been documented as a method to potentiate chemotherapies [88]. These insulin
potentiated chemotherapies have the potential to be applied in a metronomic dosing regimen in a manner that
increases the potency of the chemotherapy while limiting side affects more commonly associated with MTD.

In addition to insulin influencing the cell cycle, early experimentation suggests that insulin also influences the
fluidity of the cellular membrane, potentially increasing the opportunity for some chemotherapies to enter the
cell less inhibited. Experimentation using liposomes composed primarily of phsophatidyl choline, which is ana-
logous to cellular membranes and also used as a control against membrane proteins that can influence permea-
bility to molecules and elements, showed that there was an increase in glucose permeability in the presence of
insulin without GLUT-4 [89]. The experiments showed that there was a two fold increase in glucose permeabil-
ity in the liposome in the presence of insulin [89]. Although experimentation with regard to increase permeabil-
ity of chemotherapeutic agents in liposomes in the presence of insulin has not been documented, the increase in
fluidity is promising and could potentially add to the documented effects of adjunctive insulin shuttling. Al-
though further studies should be conducted to confirm this hypothesis, insulin affecting the permeability of
chemotherapy, additional studies using inverted membrane vesicles (IMV) should also be tested to determine
whether insulin increases permeability of glucose and chemotherapies as a more accurate control. As opposed to
traditional cellular models, IMV would have the GLUT-4 on the inside of the vesicle so transport of glucose by
GLUT-4 would be controlled. The membrane would be significantly more similar to that of cells which would
increase the fidelity of the experiments associated with increased permeability of molecules by insulin without
using GLUT-4.

2.7.Fasting

The inability for cancer cells to acquire key nutrients like glucose has been investigated in vitro and in animal
studies. These experiments have shown that lacking key nutrients like glucose has an effect on cellular growth.
Reduction and/or the delay of progression of tumor growth has been shown to be as effective as chemotherapy
in the reduction or the delaying of tumor progression [90]. This has been documented in glioma, breast cancer
cells, and melanoma with regard to the effect of fasting on tumor progression [90]. Augmentation, and in some
cases replacing the effectiveness altogether of some chemotherapies for the treatment of various cancers, is
caused by fasting in multiple cycles which acts as a method of sensitizing various tumors [90].

3. Discussion

Metronomic dosing has potential and should be explored in current drug therapies, in addition to being tested
during new drug trials. Although the idea behind metronomic dosing is new, there is a lot of promise surround-
ing its application in cancer therapy. The opportunity to administer less toxic doses of chemotherapy to evoke
the same, and in many cases better outcomes with minimal side effects, should gain more attention among phy-
sicians and scientists alike. The significant decrease in side effects may also allow for more chemotherapies to
be used to target a given cancer simultaneously. In practice, we have noticed that the use of biomarkers in gen-
eral to treat cancer suggests the use of newer chemotherapies. These chemotherapies have significantly higher
side effects respectively. Although these chemotherapies are targeted and have a higher probability of working
for patients, there is potential for the use of metronomic dosing to mitigate or repress the severity of these side
effects.

The use of biomarkers to attain a better understanding of a patient’s molecular profile is significant and
should always be consulted first when starting or trying a new chemotherapeutic agent. However, when availa-
ble, metronomic dosing should also be used first in order to retain quality of life in addition to maximizing can-
cer reduction. Other methods to potentiate chemotherapy, including fasting and the use of insulin, are becoming
more popular among physicians. These methods should also be considered when administering chemotherapy to
patients particularly if the chemotherapeutic agent is one that works at a particular phase of the cell cycle.

The effect of MTD on the immune system is also of significance with regard to quality of life and potentially
limiting cancer by immune response. These side effects are significant and can endanger the lives of the patient
by exposing the patient to opportunistic infections. Although not studied in metronomic dosing, there is potential
to reduce cognitive changes in cancer patients, a significant improvement in quality of life, by the use of metro-
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nomic dosing as compared to the standard MTD schedule.

4. Conclusion

Much research needs to be done with regard to establishing optimal dosing regiments for each individual patient
to a specific chemotherapy. Of the multitude of chemotherapeutic agents available, there are only a few that
have been investigated using metronomic dosing. Advantages of using metronomic dosing include increased
tumor reduction and limited side effects as detailed earlier. It is important to consider metronomic dosing when
applicable and more information should be available to physicians, fellow scientists, and the public whether a
chemotherapy can be used metronomically. The use of biomarkers and metronomic dosing in particular is a very
promising combination. Further studies on the efficacy of using several drugs using metronomic dosing should
also be investigated further. Other methods including fasting should be more commonly used due to its ability to
essentially starve the cancer of key nutrients like glucose during chemotherapy. A significant amount of research
needs to be done with regard to adjunctive insulin shuttling but the practice is promising particularly for chemo-
therapies that target specific phases of the cell cycle. Metronomic dosing is promising and has the potential to
offer insight on how chemotherapy should be administered in the present and the future. With advances in im-
munotherapy, the implications of the immune system response are becoming more evident in the treatment of
cancer. Inhibiting the immune response by using MTD has the potential to affect the immune system from tar-
geting cancer cells and ultimately limiting other opportunistic infections.
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