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Abstract

Background

Breast cancer chemotherapy with high dose alkylating agents is severely limited by their col-

lateral toxicity to crucial normal tissues such as immune and gut cells. Taking advantage of

the selective dependence of cancer cells on high glucose and combining glucose depriva-

tion with these agents could produce therapeutic synergy.

Methods

In this study we examined the effect of glucose as well as its deprivation, and antagonism

using the non-metabolized analogue 2-deoxy glucose, on the proliferation of several breast

cancer cell lines MCF7, MDA-MB-231, YS1.2 and pII and one normal breast cell line, using

the MTT assay. Motility was quantitatively assessed using the wound healing assay. Lac-

tate, as the end product of anaerobic glucose metabolism, secreted into culture medium

was measured by a biochemical assay. The effect of paclitaxel and doxorubicin on cell prolif-

eration was tested in the absence and presence of low concentrations of glucose using MTT

assay.

Results

In all cell lines, glucose supplementation enhanced while glucose deprivation reduced both

their proliferation and motility. Lactate added to the medium could substitute for glucose.

The inhibitory effects of paclitaxel and doxorubicin were significantly enhanced when glu-

cose concentration was decreased in the culture medium, requiring 1000-fold lesser con-

centration to achieve a similar degree of inhibition to that seen in glucose-containing

medium.

Conclusion

Our data show that a synergy was obtained by combining paclitaxel and doxorubicin with

glucose reduction to inhibit cancer cell growth, which in vivo, might be achieved by applying
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a carbohydrate-restricted diet during the limited phase of application of chemotherapy; this

could permit a dose reduction of the cytotoxic agents, resulting in greater tolerance and

lesser side effects.

Introduction

Nutritional imbalance, decreased physical activity, infection, stress, advanced age, and the use

of chemotherapeutic agents and glucocorticoids may all contribute to the development of an

hyperglycemic state in cancer patients [1, 2]. Several studies have reported correlation between

various metabolic disorders characterized by hyperglycemia such as diabetes, and increased

risk of breast cancer development and mortality [3–6] particularly in post-menopausal women

[5]. This link is attributed in part to the increased utilization of glucose by cancer cells, and

increase in the circulating levels of insulin-like growth factor-1 (IGF-1), which is also associ-

ated with increased risk of cancers [7–9].

Under prevailing aerobic conditions, normal cells derive their energy (ATP) primarily from

oxidative phosphorylation of the products of glucose metabolism. Cancer cells however, even

in the presence of adequate oxygen supply, seem to rely on the meagre output of ATP from

glycolysis alone, with accumulation of lactate that is normally associated with the anaerobic

state [10–13]. The upshot of this is that tumours are highly glucose-dependent and character-

ised by a high rate of glucose uptake and utilisation [14]. This phenomenon has long been

known as the Warburg effect; it is the basis for the detection of metastatic tumour deposits by

positron emission tomography with 2-deoxy glucose (2-DG). Many explanations have been

proposed for this unusual preference, without a convincing resolution [15, 16]. This has not

prevented attempts to use this metabolic anaomly to try and target cancer cells through glucose

deprivation. Several reports have shown that administration of a low carbohydrate ketogenic

diet to mice resulted in significant reduction of blood glucose and insulin levels, reduced breast

cancer growth and metastasis and prolonged survival [17, 18]. In human cancer patients the

outcome of similar studies has been ambivalent [19, 20], although such diets have been

reported to successfully treat refractory drug-resistant epilepsy, obesity and type 2 diabetes

[21–23].

Exposure of several breast cancer cell lines (MCF7, SUM-131502, T47D and ZR75-1), as

well as cell xenografts grown in nude mice, to sodium-glucose transporter 2 inhibitors (cana-

gliflozin and dapagliflozin) has shown inhibition of cell proliferation, in part through

enhanced Amp-activated protein kinase (AMPK) phosphorylation and reduced phosphoryla-

tion of p70 ribosomal protein s6 kinase 1 (p70SK1) [24]. Prolonged treatment of mammary

epithelial cells with transforming growth factor-beta (TGF-beta) was associated with enhanced

expression of the glucose transporter Glut1 and glucose uptake, and subsequently enhanced

cell proliferation [25]. This also induced a stable epithelial to mesenchymal transition (EMT),

which is known to increase tumour cell aggressiveness [26, 27]. The expression of glucose

transporter SLC2A1 and SLC2A3 was upregulated in MCF7 breast cancer cells that had under-

gone EMT as a result of shRNA induced estrogen receptor (ER) silencing [27]. EMT induced

in MCF7 cells by exposure to increasing concentrations of tamoxifen also resulted in increased

glucose consumption by the transited cells [28]. Another report suggested that SNAIL-1 (a

downstream mediator of EMT) enhanced the gene expression patterns that promote glucose

uptake and glycolysis [29]. The balance of these and other observations suggests that glucose

deprivation may be an effective metabolic means of reducing tumour growth.
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Current treatment of metastatic breast cancer, in particular of patients exhibiting de novo
or acquired endocrine resistance, routinely involves the application of high dose chemotherapy

with highly toxic agents whose adverse effects often outweigh their beneficial ones. The side

effects of chemotherapy are dose-dependent which might be alleviated by reducing the doses,

but this will ultimelty comprimise their efficacy.

In this study our aim was to determine whether a dose reduction in chemotherapeutic

agents might be achieved by combining them with glucose deprivation, to create conditions

most unfavourable to cancer cells.

Materials and methods

Cell lines

MDA-MB-231 human breast carcinoma cell line (ER–ve) was originally obtained from the

ATCC (American Type Culture collection, VA, USA; catalogue number CRM-HTB-26).

MCF10A normal breast epithelial cells were obtained from Dr. E Saunderson through Dr J

Gomm St Bartholomews Hospital, London. pII (ER–ve) cells were generated by shRNA-medi-

ated knockdown of the ER in MCF7 cells (which were also originally obtained from the

ATCC, Catalogue number HTB-22). YS1.2 were also derived from similarly transfected

MCF-7 cells [27, 30] but failed to down-regulate ER and therefore have been used as ER+ve.

Dulbecco’s modified eagle’s medium (DMEM) containing 25 mM glucose (ThermoFisher,

USA, Cat# 12491) was used for regular culture. For experiments testing effects of glucose dep-

rivation RPMI medium without glucose (Sigma-Aldrich, USA, Cat# R1383) was used. Both

were supplemented with 5% fetal bovine serum (FBS), 600 mg/mL L-glutamine, 100 U/mL

penicillin, 100 mg/mL streptomycin and 6 mL/500 mL 100 x non-essential amino acids. Glu-

cose was obtained from Sigma Life Science, Cat # 49163). MCF10A were cultured in DMEM

F12 (Cytiva, Cat# SH30023.01) supplemented with 5% horse serum, 1x Pen/Strep, 20 ng/mL

mouse EGF, 0.5 μg/mL hydrocortisone, 100 ng/mL cholera toxin and 10 μg/mL insulin.

All cell lines were routinely grown in monolayer in 25 or 75 cm2 tissue culture flasks (or in

microtitre plates for experiments) inside an incubator maintained at 37˚C with 5% CO2 atmo-

sphere at 95% humidity. Cell cultures were periodically treated with mycoplasma removal

agent from Biorad (USA) and tested with detection kits from Invivogen (CA, USA) and DAPI

nuclear staining to ensure they remained free of mycoplasma.

MTT assay

Cells were routinely seeded at 4x104 into 24-well culture plates and allowed to grow to 30–35%

confluency. The medium was then removed and replaced with fresh medium and additives

according to individual experiments. Cell density was determined either immediately (day

zero) or after 1 day and 4 days of cultivation. For the measurement, medium was removed and

replaced with 500 μl of MTT reagent (Sigma-Aldrich, USA) (0.5 mg/ml) and left at 37˚C for 2

h; MTT solution was removed and 200 μl of acidic isopropanol added to dissolve the blue for-

mazan crystals that had formed. Plates were scanned at 595 and 650 nm (for background sub-

traction) using a MULTISKAN SPECTRUM spectrophotometer, and absorbance compared

between samples as a measure of proliferation. For measurement of growth over 30 days, cells

were initially cultured in 24-well culture plates and transferred into larger vessels before con-

fluency was reached. Cell growth in this case was assessed by trypsinising cells, centrifuging

them and resuspending in a suitable volume of PBS, with aliquots taken for counting using a

haemocytometer. Note that data have been presented directly as comparative OD readings, as

the absolute cell number is not relevant for the purpose of this study. The actual cell density is

indicated as the starting seeding number.
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Apoptosis assay

Cells were cultured in 6 well plates and were then trypsinized, pelleted by centrifugation at

1000g for 3 min and washed twice by re-suspension and centrifugation in ice-cold PBS and

once in Annexin-V binding buffer (10 mM HEPES/NaOH (pH 7.4), 0.14 M NaCl, 2.5 mM

CaCl2). The final cell pellet was re-suspended in 100μl of Annexin-V binding buffer at 1x106

cells/ml and processed for FACS analysis using the PE Annexin V apoptosis detection kit I

from BD Pharmingen (USA). Cells were stained in the following manner: (A), cells only (nega-

tive control) (B), with 10 μl of Annexin V-PE (C), with 20μl of 7AAD (D), with 10μl of

Annexin V-PE plus 20μl 7AAD. All incubations were performed in the dark at room tempera-

ture (RT) for 15 min.

Motility assay

Cells were cultured in 6 well plates with complete DMEM to 80–90% confluence. The medium

was then aspirated off and replaced with a), DMEM containing 25 mM glucose (+ glucose) b),

DMEM plus various concentrations of 2-DG (0.5–10 mM) c), RPMI without D-glucose (- glu-

cose) d), RPMI without D-glucose plus various concentrations of added glucose (1.67–16.7

mM) or e), RPMI without D-glucose plus L-lactate (20 Mm, Sigma-Aldrich, USA, Cat #

71720). These media all contained FBS. A scratch was then created in the cell monolayer using

a sterile p1000 pipette tip and a photograph of the scratched area was taken immediately (0 h).

After incubation for 24h, further photographs were taken of the same scratched area. The

width of the scratch at 24 h was calculated as a percentage of the width at 0 h; a minimum of 3

three areas along the scratch were measured and averaged, and experiments repeated three

times.

Lactate assay

Cells were cultured to a density of approximately 106 in 6-well microtiter plates. The culture

medium was carefully aspirated into Eppendorf tubes and protein concentration was esti-

mated using the Bradford assay. Extracellular lactate was measured in aliquots using the Enzy-

Chrom L-Lactate Assay Kit ECLC-100 purchased from BioAssay Systems USA, following the

manufacturer’s protocol. Standards were prepared by dilution of a stock solution of 100 mM

L-lactate in serum free media, and 20 μl of samples or standards were transferred into wells of

a clear bottom 96-well plate. Two reactions were performed for each sample: one with both

enzymes A and B, and another without enzyme A (control). The working reagent was pre-

pared freshly by mixing 60 μl Assay Buffer, 1 μl enzyme A, 1 μl enzyme B, 10 μl NAD and 14 μl

MTT. For control, enzyme A was omitted from the reagent mix; 80 μl of the working reagent

was added to each sample well and mixed by pipetting up and down. The background optical

density at 650 was measured in a plate reader at ’zero’ time (OD0) and after 20 min (OD20)

incubation at room temperature and subtracted from that at 565nm. For standard curve the

corrected OD0 was subtracted from OD20. For samples with no enzyme A control, the ΔOD no

enzA value was subtracted from ΔOD sample. The ΔΔOD values were used to determine sample

L-lactate concentration from the standard curve.

Statistical analysis

Student’s two tailed unpaired t- test or one-way ANOVA test followed by Bonferroni post hoc

test were used to compare means of individual groups using GraphPad Prism software (ver-

sion 5.0): p< 0.05 was considered statistically significant.
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Results

Effect of glucose starvation on cell proliferation

We wanted firstly to determine whether glucose starvation reduces normal and breast cancer

cell proliferation. As shown in Fig 1A and 1B, culturing of both ER–ve pII cells as well as ER

+ve YS1.2 cells in culture medium without glucose inhibited their proliferation (but did not

induce cell apoptosis; S1 Fig) after 4 days (but not 1 day) of culture. This was also seen with the

other ER–ve MDA-MB-231 cells (Fig 1C) and the normal breast epithelial cell line MCF10A

(Fig 1D). In another set of experiments, performed on the MCF10A and pII cells, we deter-

mined the longer-term effect (up to 30 days) of alternating culture medium with or without

glucose every 72h. For MCF10A, a significant increase in growth rate was observed over the

entire period of 30 days in the presence of glucose, while glucose starvation or intermittent

supply of glucose both completely suppressed growth over the whole period but maintained

them at around seeding level (Fig 1E). For pII cells, a significant increase in growth rate was

also observed over the 30 days when glucose was supplied while complete glucose starvation

killed the cells from day 8 onwards (Fig 1F). Periodic supply of glucose to pII cells every 72h

allowed limited growth, though to a much lesser extent than with a continuous supply of glu-

cose. These data suggest that glucose starvation from the culture medium inhibited cell

proliferation.

Effect of glucose concentration on breast cancer cell proliferation and

motility

Since glucose starvation significantly inhibited cell proliferation, we determined whether

growth could be stimulated by supplying increasing amounts of glucose. As shown in Fig 2,

glucose supplementation to cancerous (A-C) and normal (D) breast cell lines increased their

proliferative rate in a concentration-dependent manner. Supplying exogenous glucose to con-

centrations (17 mM) similar to those in DMEM containing glucose (+ glucose) restored cell

proliferation to a similar degree. This effect was also seen with cell motility; glucose starvation

significantly reduced ER–ve (MDA-MB-231 and pII, Fig 3A–3C) and ER +ve (YS 1.2, Fig 3D)

breast cancer cell motility whereas it was enhanced by glucose supplementation in a concen-

tration-dependent manner. These data suggest that glucose supplementation enhances cell

proliferation and motility in a concentration-dependent manner.

Effect of glucose starvation on production of lactate

Herein, we wanted to determine whether extracellular lactate level is modulated in the ER -ve

breast cancer cells pII when cultured in medium without glucose. Lactate was measured in the

culture medium from the incubation of pII cells grown in medium with or without glucose for

24h. The data in Fig 4 shows that cells cultured in medium without glucose secreted almost no

lactate, while cells cultured in medium containing glucose secreted lactate that reached con-

centrations of approximately 20 mM under the conditions examined.

Effect of adding glucose or lactate to glucose starved cells on their motility

Next, we wanted to determine the effect of supplying exogenous glucose to cells cultured in

medium without glucose, and whether lactate can substitute for glucose in the culture medium

to enhance cell motility. The data in Fig 5 show that the motility of pII cells (assessed using the

wound closure assay) after 24h in medium without glucose was much reduced (panel B;—glu-

cose,) compared to cells grown in medium with glucose (panel A; + glucose,); however, when

incubation was continued for a further 24h after changing the—glucose medium to medium
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Fig 1. Effect of glucose starvation on cell proliferation. pII (panel A) and YS1.2 (panel B) cell density was determined, using the MTT assay, at seeding day

(day 0, hatched bars), and at days 1 and 4 (D 1 and D4) after culture in medium containing glucose (open bars) or without glucose (solid bars). The degree of

proliferation of MDA-MB-231 and MCF10A as indicated in panels C-D was determined at day 4 (D 4) after culture in medium with (open bars) or without

(closed bars) glucose. Panel E (MCF10A) and panel F (pII), show growth of cells (number of cells were measured using hemocytometer) cultured in

+ glucose medium (black line),—glucose medium (red line), or these two media alternated every 72 h (green line). Histobars represent means ± SEM of at

least 3 independent determinations. � denotes significant difference from cells cultured in + glucose medium with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g001
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containing glucose or to glucose-free medium containing 20 mM lactate, the cells regained

their motility (panel B). Combined data from 3 independent experiments is given in panel C.

Fig 2. Effect of glucose concentration on breast cancer cell proliferation. Proliferation of pII (panel A), MDA-MB-231 (panel B), YS1.2 (panel C), and MCF10A

(panel D) cells after culture for 4 days in + glucose medium (open bars) or–glucose medium supplemented with various concentrations of glucose as indicated

(solid bars), was determined using the MTT assay. Histobars represent means ± SEM of at least 3 independent determinations. � denotes significant difference

from cells cultured in—glucose medium, with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g002
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Fig 3. Effect of glucose concentration on breast cancer cell motility. Cells were cultured to confluency in + glucose medium. The

medium was then changed to–glucose medium + glucose additions as indicated. A scratch was made through the cell monolayer and the

width measured immediately and after further 24h incubation. Panels A-B for MDA-MB-231 cells, panels C-D for pII cells, and panels

E-F for YS1.2 cells. Histobars represent means ± SEM for each condition. � denotes significant difference from cells cultured in—glucose

medium, with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g003
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Effect of 2-deoxy glucose on cell proliferation and cell motility

2-DG is a D-glucose analogue which inhibits glycolysis through formation and intracellular

accumulation of 2-deoxy-D-glucose-6-phosphate, a competitive inhibitor of hexokinase and

glucose-6-phosphate isomerase [31]. The breast cancer cell lines were plated in culture

medium with glucose and then after 24h exposed to increasing concentrations of 2-DG for 4

days. MTT assay performed on the cells showed that 2-DG dose-dependently inhibited cell

proliferation in all cell lines, with significant decrease starting at concentrations from 0.5–1

mM and reaching substantial inhibition by 10 mM, the highest concentration tested (Fig 6).

2-DG also dose-dependently inhibited both ER +ve and ER–ve breast cancer cell motility (per-

formed using scratch assay, Fig 7).

Glucose depletion significantly enhanced the anti-proliferative effects of

paclitaxel and doxorubicin in breast cancer cell lines

We wanted to determine if glucose depletion enhances the sensitivity of paclitaxel or doxoru-

bicin in inhibiting cell proliferation. Paclitaxel (Fig 8) and doxorubicin (Fig 9) treatment sig-

nificantly reduced cell proliferation in a concentration dependent manner. There was a

significant inhibition in pII cell proliferation at 1 μM paclitaxel, which was further increased to

90% with 10–100 μM (Fig 8A). For MDA-MB-231 cells, paclitaxel inhibited cell proliferation

(by 50%) with 0.1 μM, which reached 98–99% inhibition with 1–100 μM (Fig 8B). For YS 1.2

cells, paclitaxel (0.1–100 μM) inhibited cell proliferation by 80% (Fig 8C). For MCF10A, 20–

25% inhibition was seen with paclitaxel at concentrations of 0.1–1 μM and reached 50% inhibi-

tion at concentrations of 10–100 μM (Fig 8D). Of note, breast cancer cells were more sensitive

to paclitaxel treatment when compared to the normal epithelial cell line MCF10A. Doxorubi-

cin significantly inhibited pII cell proliferation (by 30%) at a concentration of 100 μM (Fig

Fig 4. Effect of glucose starvation on lactate levels. Extracellular lactate level in pII cells upon culture in + glucose

medium (open bar), or—glucose medium (solid bar) for 1 day was determined as described in Methods. Histobars

represent means ± SEM of at least 3 independent determinations. � denotes significant difference from cells cultured in

+ glucose medium, with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g004
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9A). For MDA-MB-231 cells, doxorubicin significantly inhibited cell proliferation (by 80–

99%) at all the concentrations used (Fig 9B). These data suggest that de novo resistant breast

Fig 5. Effect of glucose starvation on pII cell motility. The degree of pII cell motility upon culture in + glucose medium (panel A),—glucose medium

(panel B), -glucose medium for 24 h followed by culture in +glucose medium for another 24 h, or -glucose medium in the presence of 20 mM L-lactate was

determined (panels B-C) as described in Methods. Histobars represent means ± SEM of at least 3 independent determinations. � denotes significant

difference with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g005

PLOS ONE Effect of glucose on breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0272449 August 2, 2022 10 / 22

https://doi.org/10.1371/journal.pone.0272449.g005
https://doi.org/10.1371/journal.pone.0272449


cancer cells are more sensitive to the anti-proliferative effect of doxorubicin when compared

to the acquired endocrine resistant cells. For YS 1.2, there was a significant inhibition in cell

proliferation (by 50%) at 1 μM, which further increased to 70–80% with 10–100 μM (Fig 9C).

For MCF10A, there was a significant inhibition of cell proliferation (by 40–50%) at the con-

centrations used (Fig 9D).

To determine whether a synergistic/additive effect could be obtained in low glucose

medium, we added these drugs to cells cultured in either medium with/without glucose [vehi-

cle treated cells cultured in glucose containing medium (25mM) was taken as 100%] or supple-

mented with low (1.7 or 5 mM) glucose. When the tested cell lines were cultured in medium

without glucose (for 4 days), there was no evidence of cell proliferation; adding either pacli-

taxel or doxorubicin was of no benefit (data not shown). Therefore, we next determined the

effect of these two agents in a medium supplemented with low glucose.

For pII cells, glucose reduction significantly enhanced the anti-proliferative effects of both

paclitaxel and doxorubicin when compared to treatment in the presence of glucose. The addi-

tion of 1.7 mM glucose had a greater enhancement effect than the higher amount. In the

reduced glucose medium, treatment with 0.1 μM paclitaxel induced a broadly comparable

degree of inhibition to that achieved with 100 μM in the presence of glucose in the culture

medium (Fig 8A). Also, in reduced glucose medium, treatment with 0.1 μM of doxorubicin

Fig 6. Effect of 2-deoxy glucose on cell proliferation. Proliferation of the cell lines indicated was measured after 4 days of exposure to either vehicle or various

concentrations of 2-DG, using the MTT assay. Histobars represent means ± SEM of at least 3 independent experiments. � denotes significant difference from

vehicle-treated cells, with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g006
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Fig 7. Effect of 2-deoxy glucose on cell motility. Motility of the YS1.2 (A), pII (B), and MDA-MB-231 (C) cells in response to treatment

with various concentrations of 2-DG or vehicle, was measured using the wound healing assay. Histobars represent means ± SEM of at

least 3 independent experiments. � denotes significant difference from vehicle treated cells, with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g007
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Fig 8. Effect of glucose depletion on the anti-proliferative effects of paclitaxel in breast cancer cell lines. The effect

of paclitaxel on cell proliferation upon culture in +glucose medium (black line, taken as 100%) or -glucose medium

plus 5 mM (red line), or 1.7 mM glucose (blue line) was determined at day 4 using the MTT assay. Histobars represent

means ± SEM of at least 3 independent determinations. � denotes significant difference from cells treated with vehicle

(normal saline), with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g008
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induced a greater degree of inhibition than 100 μM concentration in the presence of glucose in

the culture medium (Fig 9A).

Fig 9. Effect of glucose depletion on the anti-proliferative effects of doxorubicin in breast cancer cell lines. The

effect of doxorubicin on cell proliferation upon culture in +glucose medium (black line, taken as 100%) or—glucose

medium plus 5 mM (red line), or 1.7 mM glucose (blue line) was determined at day 4 using the MTT assay. Histobars

represent means ± SEM of at least 3 independent determinations. � denotes significant difference from cells treated

with vehicle (normal saline), with p<0.05.

https://doi.org/10.1371/journal.pone.0272449.g009
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For MDA-MB-231 cells, glucose reduction enhanced the anti-proliferative effect of pacli-

taxel (but not doxorubicin) at 0.1 μM (Figs 8B and 9B) and higher concentrations of both

agents abolished cell proliferation in all of the tested conditions. For YS1.2, higher degree of

inhibition at all paclitaxel concentrations was achieved in cells cultured in glucose reduced

medium (Fig 8C), and a similar degree of inhibition with doxorubicin was achieved with

0.1 μM in glucose reduced medium compared with 100 μM in glucose containing medium

(Fig 9C). Similar effects were also seen with MCF10A cells (Figs 8D and 9D).

Discussion

In the current report, we present experimental evidence for involvement of glucose in cell pro-

liferation and motility in several breast cell lines. The effect of glucose deprivation on cell pro-

liferation was more profound in ER–ve when compared to ER +ve breast cancer cells. This

might be explained by their higher proliferative rate which required higher glucose concentra-

tions (Figs 1 and 6). Both of these processes were significantly enhanced by glucose in a con-

centration dependent manner in both cancer and normal cells. Conversely, they were

inhibited by glucose starvation or competing out the glucose in culture medium by addition of

the non-metabolizable analogue 2-DG. Furthermore, we observed a synergistic inhibitory

effect on proliferation by combining glucose deprivation (even if applied periodically) with

addition of two commonly used agents for breast cancer chemotherapy, paclitaxel and doxoru-

bicin. In low glucose conditions, the concentration of both of these drugs could be reduced

several-fold to achieve the same degree of inhibition seen in the high glucose medium. If this

can be reproduced in vivo, it would greatly facilitate the utilization of these highly toxic agents

by allowing much lower doses to be applied to achieve the same therapeutic effect. This would

mean significant reduction in side effects and greater tolerance. Preliminary experiments to

explore the mechanism whereby glucose stimulates growth and motility suggest that it may, at

least in part, be mediated through lactate secreted into the extracellular environment.

Hyperglycemia has been shown to contribute to enhanced breast cancer cell proliferation,

metastasis and chemotherapy resistance [8, 32–34]. Furthermore, glucose and other factors

involved in glucose metabolism such as insulin and insulin like growth factors enhance breast

cancer cell proliferation and contribute to breast cancer development [35–38]. High glucose

concentration (25–50 mM) significantly enhanced MCF-7 and T47D cell proliferation and

decreased cell apoptosis and necrosis, while low glucose concentration (2.5 mM) induced cell

apoptosis and necrosis [37]. In addition, high glucose concentration (25 mM) in the culture

medium of MCF-7 and T47D enhanced IGF-1 induced cell growth; this was not observed

when cells were cultured in low glucose containing medium (5 mM) [39]. These data are in

agreement with our own observations, where the addition of increasing concentration of glu-

cose to the culture medium significantly enhanced breast cancer cell proliferation (Fig 2) and

motility (Fig 3). Adding 2-DG was effective in blocking both proliferation and motility. Several

previous reports have demonstrated similar effects of 2-DG on breast cancer cells, with reduc-

tion in their migration [40] and proliferation [41–45]. In another recent report, enhanced glu-

cose uptake was correlated with enhanced invasiveness of several breast cancer cell lines,

whereas low doses of 2-DG (1 mM) significantly reduced their invasive capacity [46]. Our data

is consistent with these reports, in the same concentration range (0.5–1 mM). Chen et al [47]

reported that short term glucose deprivation (24 h) in various breast cancer cell lines induced

cell death, which was higher in MDA-MB-231 than MCF-7 cells, in part through enhanced

AMPK phosphorylation. This was also observed in another report using MCF-7 and T47D

cells [48]. We did not see much difference in cell proliferation at 24 h; it was evident at day 4 of

glucose starvation in both the cancer lines as well as the normal cells. Periodic re-supply of
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glucose (every 72 h; Fig 1E and 1F) maintained the cells at the seeding number for MCF10A

and facilitated partial growth for pII cells.

The unresolved issue of why cancer cells prefer anaerobic metabolism (and hence the high

glucose requirement) has given rise to speculation that this might somehow confer advantages

in growth through increased production of precursors of nucleic acid biosynthesis through the

pentose phosphate shunt and faster (if less efficient) production of ATP [49]. The accumula-

tion of lactate as the end product of glucose catabolism could also be an important factor but

has so far not received quite as much attention. To prevent cellular acidosis, excessive lactate is

thought to be secreted into the extracellular environment from where it has been proposed

that it may be taken up and used as a metabolic substrate by other aerobically active cells by re-

conversion to pyruvate [50]. The concurrent acidification of the extracellular space by co-

transport of H+ with the lactate extrusion is where other researchers have focused, leading to

suggestions that these acidic conditions promote migration/metastasis [51, 52]. An alternative

possibility is that the increased aggressiveness is actually not due to the lowered pH but instead

to the elevated extracellular lactate that is formed as a result of excessive glycolytic activity.

Thus, the effect of glucose in promoting cancer cell proliferation/motility, which we and many

others have observed, could be mediated by lactate. Providing lactate to pII cells deprived of

glucose (without any change in pH) had the same effect as giving back glucose. It is uncertain

how exactly extracellular lactate exerts its effect although we do have some preliminary data

suggesting modulation in the activity of signaling pathways; however, we do not think there is

any direct connection between this and the action of Dox/Paclitaxel. It is simply that lactate

inhibition allows use of much lower concentrations of CTX drugs (to ‘finish off’ the cancer

cells), and that this could be simply achieved by a glucose restrictive diet. We are currently

studying this phenomenon further. Somewhat surprisingly, there was no clear difference in

dependence on glucose between the cancer cell lines and the normal MCF10A; we had

expected the latter to have been less reliant on glucose and possibly have been able to utilise

other substrates, principally the glutamine presents in the culture medium, for energy genera-

tion through oxidative phosphorylation. Perhaps this highlights a disadvantage of in vitro
models. In vivo, normal cells are known to revert to utilisation of fatty acids under glucose lim-

iting conditions [53].

As already discussed, cancer cells mainly utilize aerobic glycolysis as the main route of glu-

cose metabolism after glucose entry into cells through glucose transporters. This results in the

generation of various glucose metabolites which may enter other metabolic pathways such as

the serine/glycine and pentose phosphate metabolic pathways (termed non-glycolysis meta-

bolic pathways). All the products generated through these various pathways play an important

role in cancer metabolism, progression, and metastasis [54, 55]. The pentose shunt provides

precursors for nucleic acid biosynthesis that is important for cancer cells to proliferate. It was

demonstrated that the expression profile of serine/glycine metabolic pathway is unique to the

molecular subtype of breast cancer, with high activity in HER-2 [56] and triple negative types

[57], which is correlated with poor clinical prognosis [58]. In addition, enhanced expression

profile of the pentose phosphate pathway-related enzymes such is 6PGDH and TKT is also evi-

dent in breast cancer [59, 60], especially in HER-2 and triple negative types [61], which is

again associated with poor clinical prognosis [62–64].

The other major aspect of this study was to determine whether glucose deprivation could

be used to enhance the effectiveness of chemotherapy. Both paclitaxel and doxorubicin are

commonly used to kill cancer cells but their wider toxicity at the necessary therapeutically high

concentration also affects some normal tissues such as immune, gut and hair cells. Our data

shows that if they are added to glucose starved cells, their effective concentration can be very

significantly lowered, giving obvious advantages. As a therapeutic approach, depriving the
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body completely of glucose would of course have serious physiological consequences but low-

ering it temporarily only whilst chemotherapy was being administered might be tolerated.

One way to achieve this situation is through the use of ketogenic diet (KD) for a short period

of time. The effect of KD on metabolic parameters is variable depending on the composition

of protein, fat, and carbohydrates as well as on the duration of its use. Some reports suggested

that KD was shown to reduce fasting blood glucose and HbA1c levels in patients with diabetes

[65–68], in normal subjects [69] and in rodents [70]. Interestingly, KD was also shown to

reduce glucose metabolism in rodents and humans [71–73]. There is extensive clinical evi-

dence indicating that KD is well tolerated in patients with various forms of cancer, resulting in

improvement in quality of life with no serious adverse events or toxicity reported [74–87]. KD

was shown to enhance the anti-tumor effects of various agents as well as when combined with

radiotherapy. Combination of KD with bevacizumab in an orthotopic U87MG glioblastoma

model in nude mice increased survival rate when compared with bevacizumab monotherapy

[19]. Two reports suggested that KD significantly enhanced the anti-tumor and anti-angio-

genic effects of metronomic cyclophosphamide in neuroblastoma xenografts in a CD1-nu

mouse model [88, 89]. Furthermore, another report demonstrated that KD combination with

radiation or carboplatin led to slower tumor growth in mice bearing NCI-H292 and A549

lung cancer xenografts; in part through increased oxidative damage mediated by lipid peroxi-

dation [90]. KD was also shown to improve responses to several PI3K inhibitors in tumors

with a wide range of genetic aberrations such as in patient-derived xenograft models of

advanced endometrial adenocarcinoma (harboring a PTEN deletion and PIK3CA mutation),

bladder cancer (FGFR-amplified), in syngeneic allograft models of PIK3CA mutant breast can-

cer and in a MLL-AF9 driven acute myeloid leukemia. Combination of KD improved the effi-

cacy of several agents which target the PI3K pathway through inhibition of insulin feedback

(which limits the efficacy of these agents) in part through decreased cell proliferation and

increased apoptosis [17].

Supporting information

S1 Fig. Effect of glucose starvation on cell apoptosis. pII (solid bars) and YS1.2 (open bars)

were cultured for 1 and 4 days in medium containing glucose (+ glucose) or without glucose (-

glucose). Cell apoptosis was determined by flow cytometry using Annexin-V/7AAD staining

as described in the methods. Histobars represent means ± SEM of at least 3 independent deter-

minations.
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60. Benito A, Polat IH, Noé V, Ciudad CJ, Marin S, Cascante M. Glucose-6-phosphate dehydrogenase and

transketolase modulate breast cancer cell metabolic reprogramming and correlate with poor patient

PLOS ONE Effect of glucose on breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0272449 August 2, 2022 20 / 22

https://doi.org/10.1038/s41598-019-39789-9
http://www.ncbi.nlm.nih.gov/pubmed/30846710
https://doi.org/10.3390/ijms21010234
https://doi.org/10.3390/ijms21010234
http://www.ncbi.nlm.nih.gov/pubmed/31905745
https://doi.org/10.4103/0973-1482.55140
http://www.ncbi.nlm.nih.gov/pubmed/20009293
https://doi.org/10.1016/j.canlet.2014.09.003
https://doi.org/10.1016/j.canlet.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25218591
https://doi.org/10.3892/or.2017.5491
https://doi.org/10.3892/or.2017.5491
http://www.ncbi.nlm.nih.gov/pubmed/28350075
https://doi.org/10.1158/0008-5472.CAN-12-2072
https://doi.org/10.1158/0008-5472.CAN-12-2072
http://www.ncbi.nlm.nih.gov/pubmed/23396585
https://doi.org/10.1186/s12885-020-07414-y
https://doi.org/10.1186/s12885-020-07414-y
http://www.ncbi.nlm.nih.gov/pubmed/32993545
https://doi.org/10.3390/cells9071598
https://doi.org/10.3390/cells9071598
http://www.ncbi.nlm.nih.gov/pubmed/32630312
https://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
https://doi.org/10.1586/14737140.2013.843455
http://www.ncbi.nlm.nih.gov/pubmed/24099530
https://doi.org/10.1146/annurev-physiol-021119-034627
http://www.ncbi.nlm.nih.gov/pubmed/31730395
https://doi.org/10.1002/jcp.24221
https://doi.org/10.1002/jcp.24221
http://www.ncbi.nlm.nih.gov/pubmed/22949268
https://doi.org/10.1007/978-3-319-77736-8_1
https://doi.org/10.1007/978-3-319-77736-8_1
http://www.ncbi.nlm.nih.gov/pubmed/29946772
https://doi.org/10.1111/1759-7714.12148
http://www.ncbi.nlm.nih.gov/pubmed/26273330
https://doi.org/10.3389/fcell.2021.728759
http://www.ncbi.nlm.nih.gov/pubmed/34552932
https://doi.org/10.1371/journal.pone.0101004
https://doi.org/10.1371/journal.pone.0101004
http://www.ncbi.nlm.nih.gov/pubmed/24979213
https://doi.org/10.1016/j.celrep.2014.04.045
http://www.ncbi.nlm.nih.gov/pubmed/24813884
https://doi.org/10.1186/s13046-017-0648-4
http://www.ncbi.nlm.nih.gov/pubmed/29216929
https://doi.org/10.1007/s12094-018-1833-4
https://doi.org/10.1007/s12094-018-1833-4
http://www.ncbi.nlm.nih.gov/pubmed/29340974
https://doi.org/10.1371/journal.pone.0272449


outcome. Oncotarget. 2017; 8(63):106693–706. Epub 20171007. https://doi.org/10.18632/oncotarget.

21601 PMID: 29290982; PubMed Central PMCID: PMC5739767.

61. Choi J, Kim ES, Koo JS. Expression of Pentose Phosphate Pathway-Related Proteins in Breast Can-

cer. Dis Markers. 2018; 2018:9369358. Epub 20180225. https://doi.org/10.1155/2018/9369358 PMID:

29682102; PubMed Central PMCID: PMC5845514.

62. Pu H, Zhang Q, Zhao C, Shi L, Wang Y, Wang J, et al. Overexpression of G6PD is associated with high

risks of recurrent metastasis and poor progression-free survival in primary breast carcinoma. World J

Surg Oncol. 2015; 13:323. Epub 20151125. https://doi.org/10.1186/s12957-015-0733-0 PMID:

26607846; PubMed Central PMCID: PMC4660828.

63. Dong T, Kang X, Liu Z, Zhao S, Ma W, Xuan Q, et al. Altered glycometabolism affects both clinical features

and prognosis of triple-negative and neoadjuvant chemotherapy-treated breast cancer. Tumour Biol.

2016; 37(6):8159–68. Epub 20151229. https://doi.org/10.1007/s13277-015-4729-8 PMID: 26715276.

64. Tseng CW, Kuo WH, Chan SH, Chan HL, Chang KJ, Wang LH. Transketolase Regulates the Metabolic

Switch to Control Breast Cancer Cell Metastasis via the α-Ketoglutarate Signaling Pathway. Cancer

Res. 2018; 78(11):2799–812. Epub 20180329. https://doi.org/10.1158/0008-5472.CAN-17-2906 PMID:

29599405.

65. Goday A, Bellido D, Sajoux I, Crujeiras AB, Burguera B, Garcı́a-Luna PP, et al. Short-term safety, toler-

ability and efficacy of a very low-calorie-ketogenic diet interventional weight loss program versus hypo-

caloric diet in patients with type 2 diabetes mellitus. Nutr Diabetes. 2016; 6(9):36. https://doi.org/10.

1038/nutd.2016.36 PMID: 27643725

66. Gumbiner B, Wendel JA, McDermott MP. Effects of diet composition and ketosis on glycemia during

very-low-energy-diet therapy in obese patients with non-insulin-dependent diabetes mellitus. Am J Clin

Nutr. 1996; 63(1):110–5. https://doi.org/10.1093/ajcn/63.1.110 PMID: 8604657

67. Samaha FF, Iqbal N, Seshadri P, Chicano KL, Daily DA, McGrory J, et al. A low-carbohydrate as com-

pared with a low-fat diet in severe obesity. N Engl J Med. 2003; 348(21):2074–81. https://doi.org/10.

1056/NEJMoa022637 PMID: 12761364

68. Yancy WS Jr., Foy M, Chalecki AM, Vernon MC, Westman EC. A low-carbohydrate, ketogenic diet to

treat type 2 diabetes. Nutr Metab. 2005; 2(34):1743–7075. https://doi.org/10.1186/1743-7075-2-34

PMID: 16318637

69. Phinney SD, Bistrian BR, Wolfe RR, Blackburn GL. The human metabolic response to chronic ketosis

without caloric restriction: physical and biochemical adaptation. Metabolism. 1983; 32(8):757–68.

https://doi.org/10.1016/0026-0495(83)90105-1 PMID: 6865775

70. Garriga-Canut M, Schoenike B, Qazi R, Bergendahl K, Daley TJ, Pfender RM, et al. 2-Deoxy-D-glucose

reduces epilepsy progression by NRSF-CtBP-dependent metabolic regulation of chromatin structure.

Nat Neurosci. 2006; 9(11):1382–7. https://doi.org/10.1038/nn1791 PMID: 17041593

71. Pop-Busui R, Herman WH, Feldman EL, Low PA, Martin CL, Cleary PA, et al. DCCT and EDIC studies

in type 1 diabetes: lessons for diabetic neuropathy regarding metabolic memory and natural history.

Curr Diab Rep. 2010; 10(4):276–82. https://doi.org/10.1007/s11892-010-0120-8 PMID: 20464532

72. Kowluru RA, Abbas SN, Odenbach S. Reversal of hyperglycemia and diabetic nephropathy: effect of

reinstitution of good metabolic control on oxidative stress in the kidney of diabetic rats. J Diabetes Com-

plications. 2004; 18(5):282–8. https://doi.org/10.1016/j.jdiacomp.2004.03.002 PMID: 15337502

73. Tonna S, El-Osta A, Cooper ME, Tikellis C. Metabolic memory and diabetic nephropathy: potential role

for epigenetic mechanisms. Nat Rev Nephrol. 2010; 6(6):332–41. https://doi.org/10.1038/nrneph.2010.

55 PMID: 20421885

74. Klement RJ, Sweeney RA. Impact of a ketogenic diet intervention during radiotherapy on body composi-

tion: I. Initial clinical experience with six prospectively studied patients. BMC Res Notes. 2016; 9

(143):016–1959. https://doi.org/10.1186/s13104-016-1959-9 PMID: 26946138

75. İyikesici MS, Slocum AK, Slocum A, Berkarda FB, Kalamian M, Seyfried TN. Efficacy of Metabolically

Supported Chemotherapy Combined with Ketogenic Diet, Hyperthermia, and Hyperbaric Oxygen Ther-

apy for Stage IV Triple-Negative Breast Cancer: Cureus. 2017 Jul 7; 9(7):e1445. https://doi.org/10.

7759/cureus.1445 PMID: 28924531

76. Fearon KC, Borland W, Preston T, Tisdale MJ, Shenkin A, Calman KC. Cancer cachexia: influence of

systemic ketosis on substrate levels and nitrogen metabolism. Am J Clin Nutr. 1988; 47(1):42–8.

https://doi.org/10.1093/ajcn/47.1.42 PMID: 3122552

77. Bozzetti F, Cozzaglio L, Gavazzi C, Brandi S, Bonfanti G, Lattarulo M, et al. Total nutritional manipula-

tion in humans: report of a cancer patient. Clin Nutr. 1996; 15(4):207–9. https://doi.org/10.1016/s0261-

5614(96)80243-3 PMID: 16844036

78. Branca JJ, Pacini S, Ruggiero M. Effects of Pre-surgical Vitamin D Supplementation and Ketogenic

Diet in a Patient with Recurrent Breast Cancer. Anticancer Res. 2015; 35(10):5525–32. PMID:

26408720

PLOS ONE Effect of glucose on breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0272449 August 2, 2022 21 / 22

https://doi.org/10.18632/oncotarget.21601
https://doi.org/10.18632/oncotarget.21601
http://www.ncbi.nlm.nih.gov/pubmed/29290982
https://doi.org/10.1155/2018/9369358
http://www.ncbi.nlm.nih.gov/pubmed/29682102
https://doi.org/10.1186/s12957-015-0733-0
http://www.ncbi.nlm.nih.gov/pubmed/26607846
https://doi.org/10.1007/s13277-015-4729-8
http://www.ncbi.nlm.nih.gov/pubmed/26715276
https://doi.org/10.1158/0008-5472.CAN-17-2906
http://www.ncbi.nlm.nih.gov/pubmed/29599405
https://doi.org/10.1038/nutd.2016.36
https://doi.org/10.1038/nutd.2016.36
http://www.ncbi.nlm.nih.gov/pubmed/27643725
https://doi.org/10.1093/ajcn/63.1.110
http://www.ncbi.nlm.nih.gov/pubmed/8604657
https://doi.org/10.1056/NEJMoa022637
https://doi.org/10.1056/NEJMoa022637
http://www.ncbi.nlm.nih.gov/pubmed/12761364
https://doi.org/10.1186/1743-7075-2-34
http://www.ncbi.nlm.nih.gov/pubmed/16318637
https://doi.org/10.1016/0026-0495(83)90105-1
http://www.ncbi.nlm.nih.gov/pubmed/6865775
https://doi.org/10.1038/nn1791
http://www.ncbi.nlm.nih.gov/pubmed/17041593
https://doi.org/10.1007/s11892-010-0120-8
http://www.ncbi.nlm.nih.gov/pubmed/20464532
https://doi.org/10.1016/j.jdiacomp.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15337502
https://doi.org/10.1038/nrneph.2010.55
https://doi.org/10.1038/nrneph.2010.55
http://www.ncbi.nlm.nih.gov/pubmed/20421885
https://doi.org/10.1186/s13104-016-1959-9
http://www.ncbi.nlm.nih.gov/pubmed/26946138
https://doi.org/10.7759/cureus.1445
https://doi.org/10.7759/cureus.1445
http://www.ncbi.nlm.nih.gov/pubmed/28924531
https://doi.org/10.1093/ajcn/47.1.42
http://www.ncbi.nlm.nih.gov/pubmed/3122552
https://doi.org/10.1016/s0261-5614(96)80243-3
https://doi.org/10.1016/s0261-5614(96)80243-3
http://www.ncbi.nlm.nih.gov/pubmed/16844036
http://www.ncbi.nlm.nih.gov/pubmed/26408720
https://doi.org/10.1371/journal.pone.0272449


79. Strowd RE, Cervenka MC, Henry BJ, Kossoff EH, Hartman AL, Blakeley JO. Glycemic modulation in

neuro-oncology: experience and future directions using a modified Atkins diet for high-grade brain

tumors. Neurooncol Pract. 2015; 2(3):127–36. https://doi.org/10.1093/nop/npv010 PMID: 26649186

80. Nebeling LC, Miraldi F, Shurin SB, Lerner E. Effects of a ketogenic diet on tumor metabolism and nutri-

tional status in pediatric oncology patients: two case reports. J Am Coll Nutr. 1995; 14(2):202–8. https://

doi.org/10.1080/07315724.1995.10718495 PMID: 7790697

81. Elsakka AMA, Bary MA, Abdelzaher E, Elnaggar M, Kalamian M, Mukherjee P, et al. Management of

Glioblastoma Multiforme in a Patient Treated With Ketogenic Metabolic Therapy and Modified Standard

of Care: A 24-Month Follow-Up: Front Nutr. 2018 Mar 29; 5:20. https://doi.org/10.3389/fnut.2018.00020

eCollection 2018. PMID: 29651419

82. Schwartz K, Chang HT, Nikolai M, Pernicone J, Rhee S, Olson K, et al. Treatment of glioma patients

with ketogenic diets: report of two cases treated with an IRB-approved energy-restricted ketogenic diet

protocol and review of the literature: Cancer Metab. 2015 Mar 25; 3:3. https://doi.org/10.1186/s40170-

015-0129-1 eCollection 2015. PMID: 25806103

83. Zuccoli G, Marcello N, Pisanello A, Servadei F, Vaccaro S, Mukherjee P, et al. Metabolic management

of glioblastoma multiforme using standard therapy together with a restricted ketogenic diet: Case

Report. Nutr Metab. 2010; 7(33):1743–7075. https://doi.org/10.1186/1743-7075-7-33 PMID: 20412570

84. Zahra A, Fath MA, Opat E, Mapuskar KA, Bhatia SK, Ma DC, et al. Consuming a Ketogenic Diet while

Receiving Radiation and Chemotherapy for Locally Advanced Lung Cancer and Pancreatic Cancer:

The University of Iowa Experience of Two Phase 1 Clinical Trials. Radiat Res. 2017; 187(6):743–54.

https://doi.org/10.1667/RR14668.1 PMID: 28437190

85. Cohen CW, Fontaine KR, Arend RC, Soleymani T, Gower BA. Favorable Effects of a Ketogenic Diet on

Physical Function, Perceived Energy, and Food Cravings in Women with Ovarian or Endometrial Can-

cer: A Randomized, Controlled Trial. Nutrients. 2018; 10(9). https://doi.org/10.3390/nu10091187 PMID:

30200193

86. Cohen CW, Fontaine KR, Arend RC, Alvarez RD, Leath CA III, Huh WK, et al. A Ketogenic Diet

Reduces Central Obesity and Serum Insulin in Women with Ovarian or Endometrial Cancer. J Nutr.

2018; 148(8):1253–60. https://doi.org/10.1093/jn/nxy119 PMID: 30137481

87. Schmidt M, Pfetzer N, Schwab M, Strauss I, Kämmerer U. Effects of a ketogenic diet on the quality of

life in 16 patients with advanced cancer: A pilot trial. Nutr Metab. 2011; 8(1):1743–7075. https://doi.org/

10.1186/1743-7075-8-54 PMID: 21794124

88. Morscher RJ, Aminzadeh-Gohari S, Hauser-Kronberger C, Feichtinger RG, Sperl W, Kofler B. Combi-

nation of metronomic cyclophosphamide and dietary intervention inhibits neuroblastoma growth in a

CD1-nu mouse model. Oncotarget. 2016; 7(13):17060–73. https://doi.org/10.18632/oncotarget.7929

PMID: 26959744

89. Aminzadeh-Gohari S, Feichtinger RG, Vidali S, Locker F, Rutherford T, O’Donnel M, et al. A ketogenic

diet supplemented with medium-chain triglycerides enhances the anti-tumor and anti-angiogenic effi-

cacy of chemotherapy on neuroblastoma xenografts in a CD1-nu mouse model. Oncotarget. 2017; 8

(39):64728–44. https://doi.org/10.18632/oncotarget.20041 PMID: 29029389

90. Allen BG, Bhatia SK, Buatti JM, Brandt KE, Lindholm KE, Button AM, et al. Ketogenic diets enhance oxi-

dative stress and radio-chemo-therapy responses in lung cancer xenografts. Clin Cancer Res. 2013; 19

(14):3905–13. https://doi.org/10.1158/1078-0432.CCR-12-0287 PMID: 23743570

PLOS ONE Effect of glucose on breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0272449 August 2, 2022 22 / 22

https://doi.org/10.1093/nop/npv010
http://www.ncbi.nlm.nih.gov/pubmed/26649186
https://doi.org/10.1080/07315724.1995.10718495
https://doi.org/10.1080/07315724.1995.10718495
http://www.ncbi.nlm.nih.gov/pubmed/7790697
https://doi.org/10.3389/fnut.2018.00020
http://www.ncbi.nlm.nih.gov/pubmed/29651419
https://doi.org/10.1186/s40170-015-0129-1
https://doi.org/10.1186/s40170-015-0129-1
http://www.ncbi.nlm.nih.gov/pubmed/25806103
https://doi.org/10.1186/1743-7075-7-33
http://www.ncbi.nlm.nih.gov/pubmed/20412570
https://doi.org/10.1667/RR14668.1
http://www.ncbi.nlm.nih.gov/pubmed/28437190
https://doi.org/10.3390/nu10091187
http://www.ncbi.nlm.nih.gov/pubmed/30200193
https://doi.org/10.1093/jn/nxy119
http://www.ncbi.nlm.nih.gov/pubmed/30137481
https://doi.org/10.1186/1743-7075-8-54
https://doi.org/10.1186/1743-7075-8-54
http://www.ncbi.nlm.nih.gov/pubmed/21794124
https://doi.org/10.18632/oncotarget.7929
http://www.ncbi.nlm.nih.gov/pubmed/26959744
https://doi.org/10.18632/oncotarget.20041
http://www.ncbi.nlm.nih.gov/pubmed/29029389
https://doi.org/10.1158/1078-0432.CCR-12-0287
http://www.ncbi.nlm.nih.gov/pubmed/23743570
https://doi.org/10.1371/journal.pone.0272449

