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Abstract

Intratumoral hypoxia is a poor prognostic factor associated with reduced disease-free survival in many cancer types,
including breast cancer. Hypoxia encourages tumor cell proliferation, stimulates angiogenesis and lymphangiogenesis, and
promotes epithelial-mesenchymal transition and metastasis. Tumor cells respond to a hypoxic state by stabilizing the Hif-1a
subunit of the Hypoxia-Inducible Factor (HIF) transcription factor to promote expression of various tumor- and metastasis-
promoting hypoxic response genes. The antioxidant N-acetylcysteine (NAC) was recently shown to prevent Hif-1a
stabilization under hypoxia, and has been identified as a potential alternative method to target the hypoxic response in
tumors. We utilized three orthotopic syngeneic murine models of breast cancer, the PyMT, EO771 and 4T1.2 models, to
investigate the ability of NAC to modulate the hypoxic response in vitro and in vivo. While NAC prevented Hif-1a
stabilization under hypoxia in vitro and increased levels of glutathione in the blood of mice in vivo, this did not translate to
a difference in tumor growth or the hypoxic state of the tumor compared to untreated control mice. In addition, NAC
treatment actually increased metastatic burden in an experimental metastasis model. This work raises questions regarding
the validity of NAC as an anti-tumorigenic agent in breast cancer, and highlights the need to further investigate its
properties in vivo in different cancer models.
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Introduction

Hypoxic conditions in tumors correlate with a poor prognosis,

reduced disease-free survival and overall survival in cancer

patients [1,2]. Hypoxia refers to conditions in solid tumors where

the oxygen pressure is less than 5–10 mm Hg, which initially

occurs when the vasculature of the local environment is unable to

meet the needs of rapidly proliferating tumor cells, and persists due

to aberrant tumor vasculature [2–5]. Neo-angiogenesis, as well as

enhanced proliferation, anabolic metabolism, lymphangiogenesis,

epithelial-mesenchymal transition (EMT) and suppression of

immune surveillance are consequences of tumor hypoxia [6].

Hypoxic tumors are also more resistant to chemotherapy and

radiotherapy [7,8].

The cellular response to hypoxia is largely mediated by

formation of the hypoxia-inducible factor (HIF) transcription

factor, a basic helix-loop-helix heterodimeric protein consisting of

the oxygen-dependent a and constitutively expressed b subunits

[9–14]. Binding of the HIF transcription factor to hypoxic-

response elements (HREs) promotes the expression of genes

involved in glycolysis, angiogenesis, cell survival and proliferation,

invasion and metastasis [2,15–17]. Hif-1a and Hif-2a are the

major a-subunit isoforms, with Hif-1a being the master regulator

of the transcriptional cellular response to hypoxia [2]. Increased

Hif-1a protein levels in primary tumor biopsies correlates with

poor outcome in breast, ovarian, pancreatic, bladder, colorectal

and lung cancer among others (reviewed in [18]). Under normoxic

conditions, Hif-1a is hydroxylated at conserved proline residues,

Pro402 and Pro564, by oxygen ‘sensing’ prolyl hydroxylases

(PHDs), creating a recognition signal for the von Hippel-Lindau

(pVHL) ubiquitin ligase complex. Subsequent polyubiquitination

by pVHL marks Hif-1a for degradation by the 26S proteasome

[19–25].

Numerous drugs have been used to target different aspects of

the hypoxic signaling pathway to inhibit tumor growth, angio-

genesis and metastasis in mouse models. These drugs include

anthracyclines such as doxorubicin, as well as inhibitors of histone-

deacteylases (HDACs), heat shock protein (HSP)-90, mTOR and

EGFR [26–31]. Some drugs have progressed successfully to the

clinic such as topotecan, a topoisomerase I inhibitor [32],

suggesting that targeting hypoxic signaling is a promising

approach for cancer therapy.
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Recently, the antioxidant N-acetylcysteine (NAC) was identified

as a novel inhibitor of the hypoxic response pathway [33]. NAC

has been approved by the FDA in the treatment of chronic

obstructive lung disease (COPD) and as an antidote to acetamin-

ophen (paracetamol) overdose [34,35]. It is a promiscuous

antioxidant with many different clinical applications, ranging

from the treatment of contrast-induced nephropathy to influenza

and idiopathic pulmonary fibrosis [35]. NAC is a precursor of

glutathione (GSH), the body’s major antioxidant, and supplemen-

tation with NAC increases GSH levels to support the antioxidant

and nitric oxide systems during infection, inflammation, stress and

exposure to toxins [35–37]. NAC has also been trialled as an anti-

tumorigenic agent due to its ability to remove reactive oxygen

species (ROS), which promote tumorigenesis by inducing DNA

damage and genomic instability [37,38]. Anti-tumorigenic effects

of NAC as a single agent have been demonstrated in B16-BL6

melanoma [39,40], Kaposi’s sarcoma [37] and MDA-MB-435

xenograft breast cancer models [36]. NAC has also been shown to

act synergistically with doxorubicin in melanoma to reduce tumor

growth and metastasis [39,40]. More recently, the anti-cancer

effects of NAC in P493 human B cell xenografts in SCID mice and

in a Myc-dependent transgenic model of hepatocellular carcinoma

were shown to be highly dependent on HIF-1 [33].

Cells undergoing hypoxic stress produce increased amounts of

ROS [41], which enhance tumorigenesis by contributing to Hif-1a
stabilization. ROS are capable of inactivating PHDs, in particular

PHD2, through oxidation of the ferrous ion essential for the

catalytic hydroxylation of prolines, rendering them unable to

hydroxylate Hif-1a under hypoxia [33,42]. Reducing ROS

through the administration of NAC was shown to recover

PHD2 activity and prevent Hif-1a stabilization under hypoxia

[33]. Several studies have also indirectly linked the anti-

tumorigenic activity of NAC to its modulation of the hypoxic

response. In both Kaposi’s sarcoma and xenograft breast cancer

models, NAC treatment decreased tumorigenesis by inhibiting the

angiogenic response in tumor cells [36,37], while in a B16-BL6

melanoma model, NAC selectively inhibited type-IV collagenases

including MMP2 and MMP9 [39,43], key HIF-1 target genes

involved in invasion and metastasis [1]. In addition, NAC has

been demonstrated to reduce metastasis by preventing hypoxia-

induced EMT of tumor cells in pancreatic cancer [44].

In this study, we investigated the ability of NAC to alter tumor

growth and metastasis in a HIF-dependent manner in multiple

orthotopic, syngeneic murine models of breast cancer. Using the

PyMT, EO771 and 4T1.2 breast cancer models, each with

different metastatic capacities, we showed that while NAC

prevents Hif-1a stabilization in vitro, it does not reduce primary

tumor growth and that it, in fact, increases the number of

metastatic foci in an experimental metastasis model, raising the

question of whether NAC is truly beneficial in the treatment of

breast cancer.

Materials and Methods

Ethics Statement
All animal procedures were conducted in accordance with

Australian National Health and Medical Research regulations on

the use and care of experimental animals, and approved by the

Peter MacCallum Cancer Centre Animal Experimentation Ethics

Committee (E452).

Cell Lines
The C57Bl/6 PyMT mammary tumor cell line was derived

from a primary tumor in a female C57Bl/6 MMTV-PyMT mouse

and the establishment and maintenance conditions have been

previously described [45,46]. The generation of the C57Bl/6

EO771 [47] and BALB/c 4T1.2 [48] mammary carcinoma cell

lines have been detailed and the cell lines were maintained as

previously described [46,49,50].

In vitro Hif-1a Staining
For cellular Hif-1a staining, PyMT and EO771 tumor cells

were plated on glass slides and stained with anti-Hif-1a antibody

(Novus Biologicals), co-stained with diaminobenzidine-stained

(DAB) and images taken on a BX-51 microscope (Olympus).

Western Blot
PyMT and EO771 cell lysates were separated on a 10%

acrylamide gel and protein abundance analyzed by Western

blotting as previously described [49]. EO771 tumors were weighed

and equal amounts homogenized in protein lysis buffer (2% SDS,

50 mM Tris, pH 6.85) to generate tumor protein lysates as

described previously [45]. Membranes were probed for Hif-1a
(Novus Biologicals), Hif-2a (Novus Biologicals), E-Cadherin (BD

Pharmingen), b-actin (Sigma) and a-tubulin (Sigma) and detected

using the enhanced chemiluminescence system (GE Healthcare).

ELISA
VEGF-A concentration was measured in the supernatant of

PyMT and EO771 tumor cells exposed to normoxic (20% O2) or

hypoxic (2% O2) conditions for 8 hours using the mouse VEGF

Quantikine ELISA Kit (R&D Systems) according to the manu-

facturer’s instructions.

Real Time PCR
mRNA from cells was isolated by QiaShredder (Qiagen) and

RNeasy (Qiagen) kits according to the manufacturer’s instructions.

Mouse primer sequences for VEGF are 59-CCATGCAGAT-

CATGCGGATCA-39 and 39-CCTTGGCTTGTCACATCTG-

CAA-59; LOX 59-TCTTCTGCTGCGTGACAACC-39 and 39-

GAGAAACCAGCTTGGAACCAG-59; SLUG 59-TGGTCAA-

GAAAC ATTTCAACGCC-39 and 39- GGTGAG-

GATCTCTGGTTTTGGTA; SNAIL 59- CA-

CACGCTGCCTTGTGTCT-39 and 39-

GGTCAGCAAAAGCACGGTT-59; TWIST 59- GGA-

Figure 1. In vitro characterization of NAC treatment on the hypoxic response pathway. A) Representative images of PyMT and EO771 cells
exposed to normoxic (20% O2) or hypoxic (2% O2) conditions for 2 hours and treated with 0 (control) or 25 mM NAC. Cells were fixed with 10% NBF
and stained for Hif-1a and DAB (positive cells are stained brown). Scale bars represent 100 mm. B-C) Cell lysates from PyMT and EO771 cells exposed
to normoxic and hypoxic conditions for 2 hours and treated with 0 or 25 mM NAC, and probed for Hif-1a (B), Hif-2a (C) and a–tubulin (loading
control) by Western blot. D) Secreted VEGF-A (pg/mL) was measured by ELISA in the supernatant of PyMT and EO771 cells exposed to normoxic or
hypoxic conditions for 8 hours with 0, 10 or 25 mM NAC. p value for EO771 is 0.174, n = 4. E–F) mRNA was extracted from PyMT and EO771 cells
exposed to normoxic or hypoxic conditions for 8 hours and treated with 0, 10 or 25 mM NAC. Expression of hypoxic response genes VEGF (E) and
LOX (F) was assessed using qRT-PCR and fold induction normalized to normoxic sample (broken line; n = 3 in triplicate). Mean 6 SEM; n.s. indicates
not significant; *p,0.05; ***p,0.001; Student’s t-Test.
doi:10.1371/journal.pone.0066388.g001
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Figure 2. NAC treatment does not prevent EMT under hypoxia in vitro. A) Cell lysates from PyMT cells exposed to normoxic and hypoxic
conditions for 2 hours and treated with 40 mM NAC and probed for E-cadherin and a–tubulin (loading control) by Western blot. B–D) mRNA was
extracted from PyMT and EO771 cells exposed to normoxic or hypoxic conditions for 8 hours with 0, 10 or 25 mM NAC treatment. Expression of EMT
target genes SNAIL (B), SLUG (C) and TWIST (D) was quantified using qRT-PCR and fold induction normalized to normoxic sample (broken line; n = 3
in triplicate). Mean 6 SEM; *p,0.05; Student’s t-Test.
doi:10.1371/journal.pone.0066388.g002
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CAAGCTGAGCAAGATTCA-39 and 39- CGGAGAAGGC

GTAGCTGAG-59; b2M (housekeeping control) 59-

TTCACCCCCACTGAGACTG AT-39 and 39-

GTCTTGGGCTCGGCCATA-59 (Geneworks).

Mice
C57Bl/6 mice were bred and maintained at the Peter

MacCallum Cancer Centre (Melbourne, Australia). BALB/C

mice were purchased from the Walter and Eliza Hall Institute

(Melbourne, Australia). Female mice 8–14 weeks of age were used

for all experiments and cohort sizes of five or more mice per

experimental group used as described for each experiment.

In vivo Primary Tumor Models
For primary tumor growth, mice were orthotopically injected

with 26105 EO771 and 4T1.2 or 56105 PyMT mammary tumor

cells resuspended in 20 ml PBS into the 4th left mammary fat pad

under anesthetic (5% ketamine; 1% xylazil (Ilium) solution).

Tumor growth was monitored every third day using digital

calipers and mice culled by anesthetic inhalation overdose

(isoflurane; Aerrane) when the tumor volume reached a total of

525 mm3 (calculated as p 6 length 6 width2/6), defined as

endstage for primary tumor growth experiments and survival

analysis in accordance with animal ethics.

In vivo Metastasis Models
For the PyMT and 4T1.2 primary-resection models, the

primary tumor was surgically resected from the mammary fatpad

at a tumor volume of 33.5 mm3 under anaesthetic (5% ketamine;

1% xylazil (Ilium) solution) and mice culled by anesthetic

inhalation overdose (isoflurane; Aerrane) 10 weeks post-resection

or at metastatic endstage (obvious panting, inactivity, ruffled fur,

limping or mice have lost greater than 20% of their body weight

compared to the start of the experiment). For experimental

metastasis models, 26105 EO771 tumor cells in 100 ml PBS were

intravenously injected via the tail vein and mice culled 2 weeks

post-injection.

N-acetylcysteine Treatment
In vitro, NAC was added at 10 mM, 25 mM or 40 mM to cells

under normoxic (20% O2) or hypoxic conditions (2% O2) for time

points indicated. In vivo, NAC was administered at 40 mM into the

drinking water of the mice daily as previously described [33] for

times indicated until endpoint.

Immunofluorescence
Serial sections were obtained from optimal cutting temperature

(OCT) (fresh frozen)-imbedded tumors. Sections were post-fixed

with acetone and stained with antibodies for CD31 (BD

Biosciences Pharmingen) and Hif-1a (Novus Biologicals) as

described [45,49]. Images were taken on a BX-51 microscope

(Olympus), using SpotAdvanced software. Five random fields were

imaged per section at 20x magnification, and five sections per

tumor (total 25 fields per tumor) analyzed. Thresholds for positive

CD31 or Hif-1a signals were determined by subtracting

background signals obtained from isotype controls. Using the

same threshold for each image, data was analyzed using

Metamorph software in a semi-automated manner. For detection

of hypoxic regions within primary tumors, mice with endstage

tumors were injected with 60 mg/kg pimonidazole (PIM) via the

tail vein and tumors dissected and frozen in OCT solution 3 hours

later. PIM was detected in OCT-embedded tumors using

Hypoxyprobe Green as described [51].

Immunohistochemistry
Serial sections were obtained from 10% neutral-buffered

formalin (NBF)-fixed, paraffin embedded (FFPE) tumors or lungs.

To assess whole tumor morphologies or count lung metastatic foci,

sections were stained with hemotoxylin and eosin (H&E). Tumor

sections were scanned using Aperio Imaging Software, and lung

metastatic foci counted under a dissecting microscope on whole-

lung sections. Four sections per lung were counted to obtain an

average number of metastatic foci. Proliferation in lung FFPE

sections were assessed by incubation with a Ki67 antibody (Cell

Marque) and visualization with DAB as detailed previously [45].

Sections were counterstained with hematoxylin. Ki67 staining was

analyzed using the ImmunoRatio automated image analysis

program for Ki67 immunostained tissue [52]. The program

segments DAB and hematoxylin-stained nuclei regions from the

image, calculates a labeling index of the DAB-stained nuclear area

as a percentage of total nuclear area, and generates a pseudo-

colored result image matching the area segmentation (examples in

Figure S1B).

Apoptotic cells were detected using the Apoptag Peroxidase In

Situ Apoptosis Detection Kit (Chemicon International) according

to the manufacturer’s instructions, and visualized with DAB.

Sections were then counterstained with hemotoxylin. Each

metastatic tumor from a minimum of six mice per group was

assessed independently (n = 1). Abundance of apoptotic cells

(negative, one, two or three plus) was determined in a blinded

fashion by CSFW and AM according to examples shown in

Figure.

Glutathione Measurements
Total glutathione (GSH) was measured in both blood and

tumors of control and NAC-treated mice using the Bioxytech

GSH/GSSG-412 kit (OxisResearch) according to the manufac-

turer’s instructions. For blood, 50 ml was obtained by eye bleeding

mice at different time points after NAC treatment. Tumors were

obtained at dissection and frozen at 280uC, weighed and

Figure 3. NAC increases GSH levels in blood but does not affect primary tumor growth in vivo. A) GSH (mM) was measured in 50 ml blood
taken from control mice or mice treated with 40 mM NAC in the drinking water for 48 hours (n = 4 per group), 2 weeks (n = 425 per group) or 6
weeks (n = 6 per group). Mean 6 SEM; *p,0.05; Student’s t-Test. B) Schematic of NAC treatment regimens for primary tumor growth. PyMT, EO771 or
4T1.2 breast tumor cells were orthotopically injected on day 0, and 40 mM NAC treatment administered daily from day -7 prior to tumor cell injection
(red line), on day 0 (blue line) or at day 24–30 (green line) until endstage (tumor volume 525 mm3). Control mice were injected with tumor cells but
did not receive NAC treatment. C) Kaplan-Meier survival curve for mice treated with 40 mM NAC from day -7 prior to EO771 tumor cell injection and
control mice (black line) (control n = 6; Day -7 NAC n = 5; p = 0.18). D) Tumor growth curves for each individual mouse (shown as tumor volume in
mm3) from animals in C. E) Kaplan-Meier survival curve for mice treated with 40 mM NAC from day -7 prior to PyMT tumor cell injection or day 0, and
controls (n = 6 per group; p = 0.67). F) Tumor growth curves for each individual mouse (tumor volume in mm3) from E. G) Kaplan-Meier survival curve
of mice treated with 40 mM NAC from day 30 after PyMT tumor cell injection and controls (control n = 7; Day 30 NAC n = 8; p = 0.10). H) Kaplan-Meier
survival curve of mice treated with 40 mM NAC from day 24 after 4T1.2 tumor cell injection and controls (control n = 7, Day 24 NAC n = 8; p = 0.07). p
values calculated using Log-rank (Mantel-Cox) Test. I–J) Concentration of GSH (nmol/mg) in EO771 tumors (I) from animals in C (control n = 3; NAC
n = 5), and 4T1.2 tumors (J) from animals in H (n = 6 for all groups). n.s. indicates not significant.
doi:10.1371/journal.pone.0066388.g003
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homogenized in 5% metaphosphoric acid to obtain the concen-

tration of GSH (nmol/mg).

Statistical Analysis
Results are expressed as mean 6 SEM and analyzed by

unpaired Student’s two-tailed t-Tests. Kaplan-Meier Survival

curves were analyzed using Log-rank (Mantel-Cox) Test. p values

,0.05 were considered significant (***p,0.0001, **p,0.01 and

*p,0.05).

Results

NAC Prevents Hif-1a Stabilization in vitro
To examine the effect of NAC on the hypoxic response in vitro,

PyMT and EO771 breast tumor cell lines were exposed to

normoxic (20% O2) or hypoxic (2% O2) conditions. Hif-1a was

stabilized in cells exposed to hypoxia compared to normoxia in

both cell lines as detected by cellular staining (Figure 1A) and

Western blotting (Figure 1B). Treatment with 25 mM NAC

reduced Hif-1a stabilization under hypoxic conditions in both cell

lines, and under normoxic conditions in EO771 cells, which show

a higher baseline level of Hif-1a expression (Figure 1A-B). NAC

treatment did not change the abundance of Hif-2a under hypoxia

in either cell line (Figure 1C), indicating NAC only prevents

stabilization of Hif-1a. VEGF, one of the main hypoxic response

genes and a key promoter of angiogenesis, was also reduced in the

supernatant of hypoxic EO771 and PyMT cells after NAC

treatment as detected by ELISA (Figure 1D). Interestingly,

although VEGF gene expression was increased under hypoxia in

both PyMT and EO771 cells, treatment with 10 mM and 25 mM

NAC actually increased VEGF gene expression under hypoxia

(Figure 1E). LOX, a HIF-1 target gene that promotes invasion and

metastasis, was also increased under hypoxia compared to

normoxia, but remained unchanged or slightly increased after

treatment with 10 mM and 25 mM NAC under hypoxia

(Figure 1F). NAC treatment was therefore able to prevent the

stabilization of Hif-1a and reduce VEGF secretion in response to

hypoxia in both PyMT and EO771 breast tumor cells in vitro, but

not alter the hypoxia-induced gene expression of VEGF and

LOX.

NAC does not Prevent Transcription of the EMT-target
Gene TWIST under Hypoxia

The impact of NAC on hypoxia-induced EMT was assessed by

E-cadherin protein abundance using Western blotting. No change

in E-cadherin expression was observed between NAC-treated and

control cells (Figure 2A). Of the major EMT transcription factors,

SNAIL, SLUG and TWIST, only TWIST mRNA levels were

increased under hypoxia in EO771 cells, but not PyMT cells

(Figure 2B-D). Treatment with 10 mM and 25 mM NAC failed to

reduce TWIST mRNA levels under hypoxia (Figure 2D).

Therefore, while hypoxia induces minor changes in the EMT

transcription factor TWIST, NAC treatment did not inhibit this

response in vitro.

NAC Treatment Increases GSH Levels in Circulation
Next, we sought to determine the impact of NAC in vivo. A

previous report demonstrated that drinking water supplemented

with 40 mM NAC was sufficient to impact tumor growth in a

MYC-dependent B cell lymphoma model [33]. As NAC is a

precursor of GSH, NAC supplementation should increase GSH

levels. Mice that were supplemented with 40 mM NAC in their

drinking water had significantly increased GSH levels in their

blood after 48 hours of treatment (Figure 3A). While GSH levels in

these mice remained elevated after 2 weeks and 6 weeks, these

increases were not significant (p = 0.11 and p = 0.09 respectively).

NAC Treatment does not Alter Primary Tumor Growth
in vivo

To assess the effect of NAC treatment on primary mammary

tumor growth, three orthotopic, syngeneic murine models (PyMT,

EO771 and 4T1.2) were used. PyMT cells, derived from a

spontaneous Polyoma-Middle T mammary gland tumor [45], are

slower growing and have a low metastatic capacity compared to

the highly aggressive EO771 [49] and 4T1.2 [50] cell lines. Three

NAC treatment schedules were devised as depicted in Figure 3B.

NAC (40 mM) was administered to the drinking water either 7

days prior to primary cell injection (day -7), at the time of injection

(day 0) or once the primary tumor was established (tumor volume

of 250 mm3). Pre-treatment with NAC from day -7 did not change

survival (Figure 3C; endstage tumor volume of 525 mm3) or tumor

growth rate (Figure 3D) compared to untreated control mice in the

EO771 model (control n = 6; NAC n = 5). Similarly, in the PyMT

model, pre-treatment with NAC from day -7 or day 0 did not

change survival or tumor growth rates (Figure 3E–F; n = 6 for each

group). Furthermore, NAC treatment did not change overall

survival in mice with established PyMT tumors (Figure 3G;

control n = 7; NAC n = 8) or 4T1.2 tumors (Figure 3H; control

n = 7; NAC n = 8). Therefore, regardless of the timing of

treatment, NAC provided no survival benefits and did not alter

tumor growth rates.

NAC Treatment does not Increase GSH Levels in Primary
Breast Tumors

Next we investigated if the increase in GSH levels observed in

the circulation of NAC-treated mice (Figure 3A) resulted in

increased GSH levels in tumors. The total GSH levels was

measured in EO771 tumors from mice pre-treated with NAC from

day -7 (from Figure 3C), or 4T1.2 tumors from mice with

established tumors at the time of NAC treatment (from Figure 3H),

and normalized to the weight (mg) of the tumor. The resulting

GSH concentration (nmol/mg) varied in control tumors, but

overall there was no significant difference when compared to NAC

tumors in both EO771 (Figure 3I) and 4T1.2 (Figure 3J) models

(p = 0.55 and p = 0.21 respectively).

NAC Treatment does not change the Angiogenic
Phenotype of Breast Tumors

To investigate whether NAC treatment would alter neo-

angiogenesis based on its effects on VEGF secretion (Figure 1D),

Figure 4. NAC treatment does not alter the angiogenic phenotype of primary tumors. Tumors from NAC-treated or control mice were
stained with CD31 (red) and DAPI (blue). Five sections per tumor were stained and imaged to obtain an average percentage threshold area of CD31
staining determined from 5 random images per section. A) Representative images of PyMT tumors (from Figure 3G) with CD31 staining values
calculated for individual tumors (B) and averaged (C) (n = 5 tumors for all groups). D) Representative images of EO771 tumors (from Figure 3C–D)
with CD31 staining values calculated for individual tumors (E) and averaged (F) (n = 6 tumors for all groups). Scale bars represent 100 mm. Mean 6
SEM; n.s. indicates not significant.
doi:10.1371/journal.pone.0066388.g004
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tumors from NAC-treated and control mice were stained for the

endothelial cell marker CD31. Quantification of blood vessels

showed no difference in CD31-positive vessels in PyMT tumors

from mice treated with NAC after establishment of the primary

tumor compared to controls (Figure 4A–C; control n = 7; NAC

n = 8; 5 sections stained and analyzed per tumor (n)). Furthermore,

no difference in overall necrosis was observed in whole sections of

PyMT tumors from mice treated with NAC after establishment of

the primary tumor (Figure S1A). Pre-treatment with NAC from

day -7 before EO771 tumor cell injection also had no effect on the

CD31-positive vessel abundance (Figure 4D–F; n = 6 for each

group; 5 sections stained and analyzed per tumor). Therefore,

treatment with NAC did not alter vessel density or necrosis in

primary breast tumors.

NAC Treatment does not Change the Hypoxic Phenotype
in Breast Tumors

To assess the prevalence of Hif-1a-positive cells and the overall

hypoxic state of tumors from mice treated with NAC, the hypoxia

probe pimonidazole (PIM) was injected before sacrificing the mice.

Tumors were stained and evaluated for Hif-1a and PIM. No

difference was observed in the abundance of Hif-1a positive cells

in PyMT tumors from mice treated with NAC after establishment

of the primary tumor compared to controls (Figure 5A–C, control

n = 7; NAC n = 8; 5 sections stained and analyzed per tumor).

EO771 tumors from mice pre-treated with NAC from day -7 were

also similar to controls with regard to Hif-1a-positive cells

(Figure 5D–F; control n = 6; NAC n = 5; 5 sections stained and

analyzed per tumor). Furthermore, NAC treatment did not change

the protein abundance of Hif-1a in EO771 tumor lysates

compared to controls as detected by Western blot (Figure 5G).

In both models, Hif-1a staining was still closely associated with

hypoxic (PIM-positive) regions regardless of NAC treatment,

indicating NAC treatment had no effect on the hypoxic response

in primary breast tumors in vivo.

NAC Treatment Promotes Metastatic Outgrowth in the
EO771 Experimental Metastasis Model

To determine if NAC treatment had any effect on metastasis in

our breast cancer mouse models, we used two different experi-

mental methods. In the primary-resection model, established

4T1.2 breast tumors were surgically removed at a volume of

35 mm3, and NAC treatment started 7 days post-resection. The

mice were culled when they displayed signs of metastatic disease

(detailed in Materials and Methods) (Figure 6A). No difference in

overall survival of NAC-treated compared to control mice was

observed (Figure 6B; n = 9 per group).

In the experimental metastasis model, EO771 breast tumor cells

were injected directly into the circulation of mice via the tail vein 7

days after NAC treatment was commenced. The mice were culled

14 days post-injection and metastatic foci counted in H&E sections

of whole lungs (Figure 6C). Interestingly, in the experimental

metastasis model, NAC treatment increased metastatic burden in

the lungs compared to controls (Figure 6D–E; n = 9 in each

cohort). The number as well as the size of the metastatic foci in the

lungs of NAC-treated mice was also increased compared to

controls. In the control group, 55.5% (5/9) had less than 5

metastatic foci per lung section, and 44.4% (4/9) had greater than

6 metastatic foci. In the NAC-treated group, only 11.1% (1/9) had

less than 5 metastatic foci, while 88.9% (8/9) had greater than 6

metastatic foci per section. Furthermore, almost half of the NAC-

treated mice had greater than 50 metastatic foci detected per lung

section (44.4% (4/9); Figure 6F; n = 9 in each group; 4 sections

scored per lung).

Next, we assessed the proliferation and apoptosis in these

EO771 metastatic lesions. Each metastatic tumor was analyzed

separately as an independent sample, due to the limited number of

metastatic tumors per lung in the control group. Metastatic tumors

from NAC-treated mice had an increased percentage of Ki67

positive tumor cells compared to controls, though this was not

significant (Figure 7A–B; p = 0.058; control n = 15 and NAC

n = 21 tumors analyzed). Apoptosis in metastatic tumors was

characterized by abundance and intensity of staining in a blinded

manner into categories of 0 (no apoptosis), 1+ (little apoptosis), 2+
(some apoptosis) or 3+ (extensive apoptosis) (examples in

Figure 7C). In metastatic tumors from NAC-treated mice,

67.9% were categorized as 1+, 21.4% as 2+ and 10.7% as 3+
tumors (Figure 7D). In comparison, 57.7% control tumors were

categorized as 1+, 38.5% as 2+ and 3.8% as 3+ tumors. Overall,

the data indicate a slight trend towards increased proliferation in

tumors from NAC-treated mice.

Discussion

Is NAC a Potent Anti-cancer Agent in Cell and Animal
Models?

NAC has long been considered a promising anti-tumorigenic

agent. Only recently it has been proposed that NAC exerts its anti-

tumorigenic effects through modulation of the hypoxic response

signaling pathway in tumor cells. Our in vitro data is in accordance

with a recent study demonstrating that treatment of human P493

B cells and PC3 prostate carcinoma cells with 10 mM NAC

prevents Hif-1a stabilization and reduces VEGF secretion under

hypoxic conditions (1% O2) [33]. By removing ROS, NAC

treatment prevented inactivation of PHD2 under hypoxic

conditions, resulting in Hif-1a degradation [33].

GSH plays a central role in the antioxidant defense against

ROS, but synthesis of GSH can be limited by the availability of

cysteine [41]. NAC is a precursor of GSH, and supplementation

with NAC increases the levels of GSH in the body [35]. We found

that GSH levels in the blood were significantly increased within 48

hours of adding NAC to the drinking water of mice. After 2 and 6

weeks of treatment, GSH levels were still increased, but this

increase was no longer significant compared to controls. Yet the

increased GSH levels in the blood of NAC-treated mice did not

translate into significant differences in GSH levels in the tumors

themselves, which could explain why we did not observe any

significant anti-cancer effects on primary tumor growth.

Overall survival and primary tumor growth rates did not change

after NAC treatment in multiple orthotopic, syngeneic murine

models of breast cancer, regardless of the timing of NAC

Figure 5. NAC treatment does not alter the hypoxic phenotype of primary tumors. Tumors from NAC-treated or control mice were stained
with Hif-1a (red), PIM (green) and DAPI (blue). Five sections per tumor were stained and imaged to obtain an average percentage threshold area of
Hif-1a staining determined from 5 random images per section. A) Representative images of PyMT endstage tumors (from Figure 3G) with Hif-1a
staining values calculated for individual tumors (B) and averaged (C) (control n = 5 tumors; NAC n = 7 tumors). D) Representative images of EO771
endstage tumors (from Figure 3C–D) with Hif-1a staining values calculated for individual tumors (E) and averaged (F) (n = 6 tumors for all groups).
Mean 6 SEM; n.s. indicates not significant. G) EO771 tumor lysates (from Figure 3C–D) were probed for Hif-1a and b-actin (loading control) by
Western blot (control n = 3 tumors; NAC n = 4 tumors).
doi:10.1371/journal.pone.0066388.g005
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administration during tumorigenesis. These results are in contrast

to previous data, where 40 mM NAC treatment in the drinking

water inhibited primary tumor growth in both a MYC-dependent

human B cell lymphoma model (P493) and TRE-LAP MYC

transgenic mice overexpressing MYC in liver cells [33]. In prostate

cancer on the other hand, treatment with NAC was reported to

decrease ROS levels in Nkx3.1 mutant mouse prostates, but

actually increase epithelial cell proliferation and expression of a

pro-proliferative gene signature [53]. Treatment with NAC also

reportedly hinders the effects of certain chemotherapeutic drugs,

such as paclitaxel, by decreasing ROS levels to the extent that

apoptosis of tumor cells is prevented [8], and alters the response of

the redox-sensitive NF-kB signal transduction pathway in tumor

cells targeted by doxorubicin-induced ROS [54].

These different outcomes may be explained by the various

tumor models used. In our model, the ability of NAC to penetrate

solid breast tumors in sufficient levels might be hindered by the

poor tumor vasculature, which is not an obstacle in blood cancers

such as lymphomas [4]. In Kaposi’s sarcoma, a highly vascularized

human tumor, NAC treatment proved effective at inhibiting

tumor growth even after the tumor mass was detectable and

established [37]. NAC is also resorbed rapidly after oral

administration, but due to extensive first-pass metabolism its

plasma concentration and tissue availability may be reduced [41],

suggesting that these NAC doses may be insufficient in poorly

vascularized tumors.

Reports regarding the outcome of NAC treatment in breast

cancer are limited, making interpretation of its effects in this

cancer type difficult. In a xenograft MBA-MB-435 model of breast

cancer, subcutaneous injections of NAC at 10 mg/kg body weight

daily decreased tumor growth by promoting the production of

anti-angiogenic factors such as angiostatin, resulting in vascular

collapse and extensive necrosis within the tumor [36]. Oral

administration of 40 mM NAC in the drinking water, calculated

to equal 1 g/kg daily [33], failed to alter CD31-positive blood

vessel density or necrosis in our syngeneic breast cancer models.

The different route of administration of NAC in our study may be

another explanation for the differences in outcome.

In the aforementioned studies, NAC has also shown effective-

ness as an anti-metastatic agent, but many of these observations

occur as a consequence of decreased primary tumor growth.

Smaller or slower growing primary tumors are less likely to

metastasize to the same extent as larger or faster growing tumors,

and NAC may also inhibit metastatic tumor growth in the same

manner as the primary tumor. We found that NAC treatment had

no influence in the primary tumor resection model, which closely

recapitulates treatment in breast cancer patients. In contrast,

administration of NAC prior to intravenous tumor cell injection in

an experimental metastasis model actually increased metastatic

tumor burden. NAC treatment in experimental metastasis models

has previously only been studied in the B16-F10 melanoma model

[43]. When pre-treated with NAC and resuspended in medium

supplemented with NAC, intravenous injection of B16-F10 cells

into nude mice resulted in an overall decrease in lung metastases

[43]. However this work did not investigate metastasis formation

without NAC pre-treatment. In another report, treatment with

NAC and doxorubicin acted synergistically to reduce metastastatic

growth more than either drug alone [39]. Intriguingly and similar

to our data, the control group treated with NAC alone (1 mg/kg

intraperitoneal injections daily) had an increased number of

metastases, although this was not significant [39]. The underlying

mechanism of enhanced tumor growth may, in part, be explained

by the subtle changes we observed in proliferation and apoptosis in

metastatic tumors from control and NAC-treated mice. NAC may

protect metastasized tumor cells from apoptosis by removing

DNA-damaging ROS, allowing continuous proliferation upon

their arrival in secondary organs and creating favourable growth

conditions to increase the efficiency of the normally inefficient

metastatic cascade.

Other reported effects of NAC may also contribute to the

increase in metastatic burden, such as its ability to act as a

vasodilator [41,55] and to decrease neutrophil activation

[41,56,57]. Vessel dilation may allow more tumor cells from the

primary site to enter circulation, and increase the numbers of

circulating tumor cells to improve the chance of metastatic

colonization and outgrowth. Phagocytes including neutrophils and

immunologically activated-macrophages, produce reactive oxygen

intermediates to damage foreign cells [58]. NAC has been utilised

to combat the neutrophil-mediated oxidant damage associated

with acute lung injury [59], indicating that NAC is capable of

attenuating the oxidative burst function of neutrophils. It is

possible therefore that, in a cancer context, NAC diminishes the

ability of phagocytes including neutrophils and macrophages to kill

tumor cells.

Is NAC a Useful Therapeutic against Cancer in Patients?
In comparison to the mixed results reported in animal studies,

there is very little evidence supporting the use of NAC as a direct

anti-cancer agent in the clinic. NAC has been used in cancer

therapy to alleviate chemotherapy-induced toxicity evidenced in a

number of studies [39,43,53,60,61], but has had limited success

alone or in combination with chemotherapeutic drugs [7,41]. In a

large randomized trial (EUROSCAN) designed to investigate the

effects of NAC and Vitamin A in the prevention of tumor

recurrence and metastatic relapse in patients with lung or head

and neck cancer, daily administration of either antioxidant for 2

years yielded no benefits within the first 2-year follow-up period

[62]. Three studies conducted between 1980 and 1990, which

focused on tumor-related endpoints in lung cancer patients, also

showed no apparent benefit after NAC treatment [53,63,64]. This

is true for other antioxidants as well, raising the question of the

usefulness of antioxidants in general in the treatment of cancer.

The SELECT trial, initiated in 2001 to test the efficacy of the

antioxidants selenium and Vitamin E in the prevention of prostate

cancer [65], showed that Vitamin E actually increased the risk of

prostate cancer development over the time span of 10 years [66].

Figure 6. NAC treatment increases metastatic burden in an EO771 experimental metastasis model. A) Schematic of NAC treatment
regimen for 4T1.2 primary-resection model. BALB/C mice were orthotopically injected with 4T1.2 breast tumor cells on day 0, and the primary tumor
surgically resected at a volume of 35 mm3 (,day 10). NAC was administered at 40 mM in the drinking water 7 days post-resection (green line) until
metastatic endstage. B) Kaplan-Meier survival curve of mice treated as in A (n = 6 all groups; p = 0.57). p values calculated using Log-rank (Mantel-Cox)
Test. C) Schematic of NAC treatment regimen for experimental metastasis model. NAC (40 mM) was administered in the drinking water from day -7
(red line) prior to EO771 tumor cell injection. Mice were intravenously injected with EO771 tumor cells through the tail vein on day 0, and lungs
analyzed for metastatic burden at day 14. D) Representative histology images (H&E stained) of lungs from C, with metastatic foci indicated by black
arrows. Scale bar represents 100 mm. E) Average number of metastatic foci per lung (average determined from 4 whole lung sections per mouse)
from D (n = 9 per group). Mean 6 SEM; *p,0.05; Student’s t-Test. F) Absolute frequency and percentage of mice with an average of between 0–5, 6–
14, 15–50 and .50 metastatic foci per lung section from E.
doi:10.1371/journal.pone.0066388.g006
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Antioxidants, like many other chemotherapeutic agents, may be

useful in certain cancer types and patient cohorts, but not as a

general treatment. The response of the tumor to hypoxia, ROS

production, pro-angiogenic and pro-metastatic cues may deter-

mine the susceptibility of tumors to NAC intervention, and this

needs to be investigated in different cancer models in order

understand the potential applications of NAC in cancer therapy.

Supporting Information

Figure S1 A) Tumor sections were H&E stained and whole

sections scanned to assess overall tumor necrosis (tumors described

in Figure 3G). B) Representative images of the data output from

the ImmunoRatio program (described in Materials and Methods)

for Ki67 stained lung sections (from Figure 7A-B) of control and

NAC metastatic tumors. The region of interest tool was used to

define the metastatic tumor area and avoid the inclusion of normal

lung tissue, giving a percentage of DAB (Ki67) positive cells in

each tumor.

(TIF)
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