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Worldwide, breast invasive ductal carcinoma (IDC) accounts for the majority of the reported cases of this
form of cancer. IDC effective management, as for any form of cancer, would greatly benefit from early
diagnosis. This, however, due to various socio-economic reasons, is very far for the reality in developing
countries like India, where cancer diagnosis is often carried out at late stages when disease management
is troublesome. With the present work, we aim to evaluate a simple analytical methodology to identify
a set of volatile organic compounds (VOCs) in urine samples, as a biosignature for IDC. Using solid-
phase microextraction followed by gas chromatography/mass spectrometry, a panel of 14 urinary VOCs
was found to discriminate IDC (n = 65) from a healthy control (HC) group (n = 70) through multivariate
statistical treatments. Furthermore, metabolic pathway analysis revealed various dysregulated pathways
involved in IDC patients hinting that their detailed investigations could lead to novel mechanistic insights
into the disease pathophysiology. In addition, we validated the expression pattern of five of these VOCs
namely 2-ethyl-1-hexanol, isolongifolenone, furan, dodecanoic acid, 2-methoxy-phenol in another
external cohort of 59 urinary samples (IDC = 32 and HC = 27) and found their expression pattern to be
consistent with the primary sample set. To our knowledge, this is the first study exploring breast IDC
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1. Introduction

The global burden of Breast Cancer (BC) related mortality
among women follows an exponential pattern.” Breast cancer
exists as a major public health problem affecting women
worldwide. In 2013, around 14.9 million BC cases and 8.2
million deaths have been reported.™ In developing countries
like India, BC mortality rates follow the global trend and late
diagnosis and advanced disease presentation are also hall-
marks for this scenario.” Being a heterogeneous disease, BC has
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volatome alterations in Indian patients.

been grouped into different types according to the histological
and molecular characteristics.>® About 60-80% of the reported
cases relate to the most prevalent type of BC otherwise known as
invasive ductal carcinoma (IDC), which is the abnormal
tumorous growth in the breast ductal epithelium which is
capable of invading the surrounding tissues, through
a phenomenon known as metastasis.”®

The key to successfully treat one of the deadliest non-
communicable diseases, cancer and in this case breast IDC,
lies in the fact that it should be diagnosed correctly and at a very
early stage during the onset of cancer. However, the current
oncological diagnostic procedures are invasive, expensive and
need expert medical staffs to evaluate the severity of the disease.
Nevertheless, the widespread usage of diagnostic techniques
such as mammography and other imaging techniques has
undoubtedly helped to reduce the women mortality related with
BC. One of the major demerits, however, is the high frequency
of false negative results incurred across different age groups
and high failure rates towards detection of tumor amongst
young women who have dense breast tissue, which decreases
mammographic sensitivity.*™*

Developing countries, like India, thrive to have a higher
frequency of IDC mortalities majorly due to lack of regular
health check-ups amongst the women, expensive diagnostic

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra02083c&domain=pdf&date_stamp=2018-07-11
http://orcid.org/0000-0003-2293-2936
http://orcid.org/0000-0001-7773-182X
http://orcid.org/0000-0003-0316-5348
http://orcid.org/0000-0003-1965-3151
http://orcid.org/0000-0003-0273-0819
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02083c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008044

Open Access Article. Published on 12 July 2018. Downloaded on 4/11/2026 9:05:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

tests and scarcity of cancer screening methods for large pop-
ulations. Thus, new operational strategies able to be easily and
massively implemented in the real clinical settings towards BC
screening are urgently needed. Many molecular entities such as
genes, proteins and metabolites have been proposed as
biomarkers for BC. However, besides their limited performance,
the identification of these biomolecules is usually carried out
from body fluids or tissues of the patients, often using invasive
and expensive procedures. Platforms based on ‘omics’ tech-
nologies have been explored extensively towards many diseases
including cancer'™” even at subtype levels.' In cancer research,
metabolomics is emerging at a rapid pace with the advance-
ment in mass spectrometry and other analytical technologies.
Metabolomics is the study of a complete set of metabolites
expressed in a living system, which are the final products of the
complete biological processes. Therefore, the identification of
alterations in metabolite levels through various metabolomics
approaches holds great potential to delineate and detect
heterogeneous varied oncological diseases at early stage.'” The
different physiological processes pertaining to tumor growth
and metastasis needs various mechanisms of tissue remodeling
favored by numerous metabolic readjustments, thereby indi-
cating a deep close-knit network between cancer and metabo-
lites.*®*** Metabolomic alterations have also been reported as an
initial cause of cancer occurrence* and various researchers
have proposed differential expression of small molecule
metabolites in a variety of cancer through metabolomics
approaches.**”

As a subset of metabolomics, many researchers have
explored the potential of volatile organic compounds (VOCs) in
a variety of biological samples related to numerous diseases.>***
It could be highly desirable to the patients and health care
systems if the samples needed for cancer screening tends to be
obtained non-invasively. Furthermore, VOCs could be a poten-
tial indicator of the disease state as they are easily available in
non-invasive samples like urine, saliva, etc. The panel of VOC
based biosignature could be effectively implemented towards
early diagnosis of IDC, which could be helpful to detect the
tumor development at the onset of cancer progression. Previous
research studies have demonstrated that tissues produced
unique VOCs and revealed that the VOC concentrations change
during pathologic states, including infection, neoplasia, or
metabolic disease.*** Currently, the biomedical researchers
are also trying to identify this kind of biomarkers in non-
invasive patient samples, which may ease the physical pain of
the patients. Many studies have used the VOC profile present in
such non-invasive body fluids for differentiating patients from
healthy controls (HC). The most suitable body fluid for analysis
of VOCs would be urine due to the fact that the compounds
from the total metabolism of the body are concentrated by the
kidney before getting excreted via urine,* thereby making urine
as arich source of metabolites. Camara and co-workers reported
BC-associated VOCs in urine and demonstrated the advantage
of non-invasive VOCs signature.*® Recently, Silva et al. explored
the VOC alterations in BC using different cell lines.** However,
there are no reports on VOC based biosignature for IDC type of
BC, which is a high prevalence subtype worldwide. In this study,
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we aim to explore and identify the urinary VOCs alterations in
IDC towards potential non-invasive biosignature, which can be
helpful to clinicians to diagnose the IDC at an early stage. To
our knowledge, this is the first report to identify urinary VOCs
associated with IDC in the Indian context.

2. Materials and methods
2.1 Subject selection, sample collection and storage

IDC samples were collected from the Malignant Disease Treat-
ment Centre (MDTC), Unit of the Military Hospital-Cardio
Thoracic Centre (MH-CTC), Armed Forces Medical College
(AFMC), Pune, India. The institutional ethics committee of
AFMC and National Centre for Cell Science (NCCS) approved
this study. All the participants in this study were informed
about the investigation and informed consent approval was
obtained from the patients prior to sample collection following
the Declaration of Helsinki guidelines (DoH, 2008). The inclu-
sion criteria for this study included the recruitment of only such
women patients who had minimum 18 years of age, were devoid
of hypertension and diabetes, were histologically confirmed for
IDC and those who did not undergo any anticancer therapeutic
interventions. The age and gender-matched healthy women
devoid of hypertension, diabetes and not on any medication
regime for the last three months were recruited as healthy
controls (HC). The controls were confirmed by physical exami-
nation at the clinic for not having any breast lumps or lesions.
Samples from healthy controls were obtained through the
health check-up camp organized by the MDTC, MH-CTC,
AFMC, Pune. Post-fasting condition first-morning urine
samples (in 50 mL sterile tubes) from 65 IDC patients (average
age 54 £ 8) and 70 HC individuals (average age 50 + 10) were
collected and utilized for this study. The clinical and demo-
graphic information of the subjects is summarized in Table S1.}
The samples were labeled, centrifuged at 5000 x g for 10 min at
4 °C, filtered through 0.45 pm syringe filters and stored at
—80 °C until further analysis within two hours of collection.

2.2 Sample preparation

Head Space Solid Phase Micro Extraction (HS-SPME) technique
was employed to extract the VOCs present in the urine samples
of the subjects as demonstrated elsewhere.***? In brief, 4 mL of
urine samples was transferred to 8 mL headspace sampling
glass vials (Thermo Fisher, USA) having a small magnetic stir-
ring bar. The urine samples were subjected to acidification by
adding 500 pL HCI (5 M) and further 0.8 g NaCl (both Merck,
Germany) was also added to the acidified urine samples to
enhance the extraction of VOCs in the headspace of vials. The
efficiency of the extraction of urinary VOMs enhances if the
metabolites are protonated, which will occur in acidic condi-
tions.*>**** The vials with processed urine were crimped using
aluminum caps having PTFE/silicone septa to make this an
isolated system. These airtight sealed vials were subjected to
incubation at 50 + 1 °C with continuously stirred at 800 rpm on
an in-house made water bath kept on a heated magnetic stirrer
(Tarsons, India). To extract the VOCs accumulated in the
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headspace region of the sample vials, carboxen/
polydimethylsiloxane (CAR/PDMS) SPME fibre, 75 pm

(Supelco, USA) was immediately exposed for 60 min. The incu-
bated SPME fibre was carefully retracted into its safety needle
and exposed back into the 250 °C heated inlet port of the GC-MS
system for 6 min for thermal desorption of the VOCs onto the
GC-MS column.

2.3 Analysis and data processing of VOCs

An Agilent 7890B gas chromatograph (Palo Alto, USA) coupled
to an Agilent 5977A quadrupole inert mass selective detector
was used to chromatographically separate, detect and identify
the urinary VOCs extracted from the IDC and healthy subjects.
The complex mixture of urinary VOCs was separated using a BP-
20 (SGE, Germany) fused silica capillary column (60 m X
0.25 mm x 0.25 pum) installed in the oven of the gas chro-
matograph (GC). The GC was operated under the following
temperature gradient, for a total GC run time of 87 min, starting
from 45 °C held for 5 min, then gradually ramped at 2 °C min~"
up to 150 °C with a 10 min hold time and then again increased
at 15 °C min~ " up to 220 °C and held for 15 min. Ultra high
purity helium gas (99.999%, Prama Instruments, India) was
employed as mobile phase/carrier gas for the GC with a flow rate
of 1 mL min~". The manual injections of the VOC enriched
SPME assembly was carried out in splitless mode with 250 °C as
the inlet port temperature. All the samples were acquired in
duplicates. 250 °C, 150 °C and 230 °C respectively were the
operating temperatures of the transfer line, quadrupole and
electron impact ionization source. The acquisition of data was
performed in full scan mode in the mass range of 30 to 300 m/z
and 70 eV was applied for the electron impact to record the
mass spectra. The Agilent ChemStation data analysis software
(Palo Alto, USA) coupled with the NIST11 mass spectral library
was employed for the identification of the metabolites. Metab-
olite identification hits from the library search were considered
as a confirmatory hit if the match score was = 80%. Further,
chromatogram integration to generate peak areas was carried
out using ChemStation data analysis software. The C8-C20 n-
alkanes series were also analysed under the same experimental
conditions to obtain the reference retention indices and
confirm the identity of the volatiles identified by comparison
with the Kovats indices available in the literature for similar
experimental conditions. The VOCs that showed missing values
>80% across all the samples were removed from further
analysis.

2.4 Statistical analysis

The statistical data analysis was performed in order to identify
the most significant and differentially regulated IDC urinary
VOCs from the pool of identified VOCs. MetaboAnalyst 3.0 **
and SIMCA 14.1 packages were used for this purpose. As the
urinary VOC data matrix was not primarily under a normal
distribution, data normalization was carried out using Metab-
oanalyst 3.0. The data was quantile normalized, cube root
transformed, and range scaled to transform it to follow
a normal Gaussian distribution. Quantile normalization
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methodology thrives to achieve the similar distribution of
metabolic feature abundances across all the sample sets.** The
data was transformed to the cube root of the data values. Range
scaling scales the data to the centered mean and then divide the
same by the range of each variable thereby, scaling the features
by the variation of biological samples.*® Range scaling facilitates
the equal consideration of all the variations among the
metabolites present in the dataset.*” Univariate and multivar-
iate statistical analyses were further performed on the normal-
ized data matrix. Statistical significance was tested using
student's ¢-test and Mann Whitney U test (both p < 0.05) in
conjunction with fold change (FC) (=1.5/=0.67) analysis and
executed on the data to build a panel of statistically significant
differentially regulated urinary VOCs between IDC patients and
HC individuals. Multivariate statistical treatments performed
by SIMCA 14.1 software, comprised unsupervised and super-
vised model building in order to segregate IDC from HC group.
The unsupervised mathematical modeling comprised of prin-
cipal component analysis (PCA) wherein, the principal compo-
nents calculated from the data matrix were used primarily to
detect intrinsic data clustering about the orthogonal principle
components as well as to get a preliminary idea of the outliers
present in the study population. Further, upon excluding the
outliers observed in the PCA, the data matrix was subjected to
different model building tests like partial least squares-
discriminant analysis (PLS-DA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA) to check for the clus-
tering pattern between IDC and HC group.*® The VIP scores
generated from the OPLS-DA model were indicative of the VOCs
that were most influential (VIP score = 1.0) in segregating IDC
from HC group. The R* and Q values from the OPLS-DA model
were employed to evaluate the quality and reliability of mathe-
matical model generated, in which the R value indicates the
goodness of fit and the Q” value represents predictability of the
model.* To visualize the clustering of the two groups under this
study, hierarchical cluster analysis (HCA) was carried out.

2.5 Metabolic pathway annotation

Pathway analysis, a module within the MetaboAnalyst 3.0
package, which is a combination of Metabolite set enrichment
analysis (MSEA) and pathway topology analysis, was undertaken
to identify the altered biochemical pathways in IDC.**** This
module performs the enrichment of the metabolite sets for
Homo sapiens based upon several libraries, which contain
approximately 6300 metabolite sets. In order to compare
various pathways, the centrality measures calculated node
importance values are normalized further by the sum of the
importance of the pathway. Hence, the measure of importance
of each metabolite node is actually the percentage with respect
to the total pathway importance, and the pathway impact is the
cumulative percentage from the matched metabolite
nodes.*»***! The list of VOCs, identified as statistically signifi-
cant and differentially regulated, was uploaded in the enrich-
ment analysis module to identify the enriched biochemical
pathways.

This journal is © The Royal Society of Chemistry 2018
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2.6 Validation of VOCs with an external cohort

The existence of some of the statistically significant and
differentially regulated VOCs which had VIP score = 1.0, were
further validated in another external cohort of samples
comprising of 32 IDC and 27 HC subjects. High purity analytical
standards (Sigma Aldrich) were purchased and were subjected
to SPME extraction under same conditions as mentioned in
Section 2.2 and further analyzed by GC-MS to determine the
retention time (RT) and fragmentation pattern. Based on these
criteria, a selected ion monitoring (SIM) method was developed
wherein; only specific ions could be monitored in the samples.
The presence of five such statistically important VOCs identified
in the discovery phase was validated in an independent cohort
of IDC urine samples through the SIM mode acquisition of the
SPME extracted samples.

3. Results

3.1 Alterations in the urinary VOCs of IDC identified by GC-
MS

The urine samples of 65 IDC patients and 70 HC individuals
were analyzed via the HS-SPME extraction coupled to GC-MS
analysis to establish their urinary VOC profiles. The identity
of the VOCs present in the urine samples was confirmed by
comparing the mass spectral matches against the NIST11 mass
spectral library. The VOCs that had a match score of >80% and
had an occurrence frequency of >80% were specifically selected
to build the data matrix for further statistical treatment.
Abiding the aforementioned criteria, 94 VOCs were qualified
from a total of 110 NIST library identified compound hits. The
identified VOCs belongs to a variety of different chemical
families, mainly benzene derivatives, alcohols, alkanes, sulphur
and nitrogen containing compounds, ketones, phenol deriva-
tives, furan derivatives, terpenes, organic acids, aldehydes. The
list of all the VOCs identified in IDC subjects and healthy
controls is enlisted in ESI Table S3.f Representative chro-
matograms showing differential regulation of some of the VOCs
are depicted in Fig. 1.

3.2 Statistical treatment of the VOCs identified in IDC and
HC group

Statistical analysis was carried out using Microsoft Excel 2016,
MetaboAnalyst 3.0 and SIMCA 14.1 software packages. The data
matrix comprised of 94 VOC features grouped across 135
samples resulting in 12 093 data points including missing
values (MV). The MV imputation feature in the MetaboAnalyst
3.0 was used to fill in the 4.7% MVs found in the data matrix.
MYV imputation of the data was carried out by Bayesian principal
component analysis (bPCA) which is one of the most suitable
strategies for metabolomics data sets.”> Post MV imputation,
the data matrix comprising 94 VOCs, was subjected to data
normalization as described in Section 2.4, the representative
figure of which is depicted in ESI Fig. S1.1 The combination of
univariate and multivariate statistical tests abiding the cut-off
value criteria (FC = 1.5/=0.67; p-value =< 0.05 and VIP score =
1.0) revealed a panel of 14 VOCs (Table 1) that were statistically
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significant, differentially regulated and could discriminate IDC
from HC group. The fold change analysis revealed 11 VOCs to be
up-regulated whereas three VOCs showed a pattern of down-
regulation. 2-Ethyl-1-hexanol and isolongifolenone showed
higher than two-fold up-regulation. Multivariate modeling
through PLS-DA and OPLS-DA model revealed a good separation
cluster between IDC and HC group (Fig. 2a and b). The
permutation test for OPLS-DA model, based on 200 random
permutations was calculated, which depicted the validity accu-
racy of the model to discriminate IDC from HC group. The
permutation plot distinctly depicts that the R* (0.802) and Q*
(0.622) values of the original OPLS-DA model are well above the
permutated models, which indicates that the model is not over-
fitted and has the higher predictive ability (Fig. 2c). The HCA
plot shows distinct clustering of malignant and healthy controls
with no overlapping among the samples in each group (Fig. 2d).

3.3 Validation of the differentially expressed VOCs in an
external cohort using GC-MS in SIM mode

The validation cohort comprised external cohort of 32 IDC and
27 HC subjects. From the panel of 14 VOCs identified in the
primary phase as statistically significant, five VOCs were vali-
dated in the external cohort of urine samples from IDC and HC
subjects. The five VOCs were chosen based on the availability of
the respective analytical standards in our laboratory. None of
the down-regulated VOC standards could be obtained
commercially and hence, the validation profiling was carried
out for the five VOCs having an up-regulation pattern. The
confirmation of the VOC panel was based on retention time and
fragmentation pattern matching in the SIM mode. All the five
VOCs showed the same pattern as observed in the primary
phase experiments when analyzed on an independent cohort of
patient samples. The expression pattern of the remaining nine
VOCs that were identified as statistically significant differen-
tially regulated in the initial cohort were found to maintain the
same pattern in the external cohort examination. This was
confirmed by the semi-quantitative chromatographic areas. The
p-value significance for majority of the VOCs in the external
cohort was found to be < 0.05 and is represented in Fig. 3 as star
marks over the bars. Unfortunately, we also found some VOCs
not following the significance criteria. The expression profile of
the five SIM mode validated VOCs is represented as a bar graph
in Fig. 3A and the semi-quantitative chromatographic area of
the nine other VOCs is depicted in Fig. 3B.

3.4 Metabolic pathway analysis of the differentially
expressed VOCs

Metabolic pathway analysis was carried out by MetPa tool of
Metaboanalyst 3.0 web application. Most significantly altered
pathways are enlisted in ESI Table S21 and showed in Fig. 4. The
pathway analysis bubble plot (Fig. 4) comprises various
matched pathways from the metabolome, which was arranged
according to the p-values generated from pathway enrichment
analysis. Similarly, the pathway impact values derived from the
pathway topology analysis was calculated. These p-values were
plotted on the Y-axis and the pathway impact values on the X-

RSC Adv., 2018, 8, 25040-25050 | 25043
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Fig. 1 The representative full scan chromatograms of IDC and HC urine samples showing differential regulation of some of the statistically

significant VOCs.

axis. The colour of the nodes corresponds to the p-values and
the node radius is established through the pathway impact
values. It is evident from the metabolic pathway analysis that all
of the dysregulated pathways are excessively active in IDC as
compared to the respective control subjects. Acetic acid
emerged as prominent metabolite influencing majority of the
dysregulated pathways. The role of acetate in malignant
diseases is well established as an alternative energy source,
epigenetic metabolite and a precursor to the fatty acid biosyn-
thesis.*® Apart from acetic acid, dodecanoic acid is also upre-
gulated in IDC subjects indicating enhanced lipid biosynthesis
which is essential for malignant cell proliferation and tumor
progression.>* Moreover, acetone, a well-known ketone body is
detected at elevated concentration in urine of the breast cancer
patients as compared to the control subjects. Ketone bodies are
high energy fuel preferred by cancer cells under the hypoxic
condition and therefore, it is not surprising to find acetone at
a higher concentration in IDC patients.*

4. Discussion

This study was conceived with a rationale of identification of
some volatile metabolites, which could be established as
a panel of biosignature of IDC. Experimentally, we undertook
a simple methodology to extract, analyze and identify volatile
organic compounds in the urine samples of patients that
showed statistically significant differential expression in IDC as
compared to HC group. We employed HS-SPME extraction fol-
lowed by GC-MS identification of urinary VOCs as a strategy to

25044 | RSC Adv., 2018, 8, 25040-25050

explore the urinary volatome and come up with statistically
significant panel of VOCs that could segregate IDC subjects
from HC. The statistical treatments applied to the urinary VOC
data matrix revealed a panel of 14 VOCs (FC = 1.5/< 0.67; p-
value = 0.05 and VIP score = 1.0) which were responsible to
discriminate IDC from HC group through the OPLS-DA model.
Some of the potential candidate VOCs were further validated
with analytical standards in a different cohort of patients
revealing their consistent expression pattern suggesting them
to be a useful panel for early diagnosis of IDC. It is necessary to
understand that since most of the VOCs are secondary metab-
olites, the biochemical roles of these are less explored in
humans. A few of the VOCs altered in IDC are interpreted for
their associated biochemical roles according to the available
literature, which are discussed henceforth.

2-Ethyl-1-hexanol is a member of the class of compounds
known as fatty alcohols which are aliphatic alcohols consisting
of a chain of at least six carbon atoms. Aldehydes or ketones are
metabolized from hydrocarbons in the body with the help of
activities of alcohol dehydrogenase (ADH) and cytochrome P450
enzymes.*® Phillips et al. related the elevation in the oxidative
stress and enhanced activity of cytochrome P450 with BC
pathology.>” The involvement of ADH, cytochrome P450 and
oxidative stress in BC (in this case IDC) supports the fact that
there is a conversion of hydrocarbons to alcohol. In this study,
we have found 2-ethyl-1-hexanol to be more than six-fold
upregulated with a VIP score of 1.2 in our analysis of urinary
IDC samples and the same expression pattern was observed in
the verification cohort. Camara et al. recently showed elevated

This journal is © The Royal Society of Chemistry 2018
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depicting a valid model; Y-axis intercepts: R? = 0.802, Q% = 0.622, (D) hierarchical clustering analysis between the IDC and healthy controls

separates the two groups.

levels of 2-ethyl-1-hexanol in breast cancer cells using the SPME
approach® thereby strengthening the relationship of this VOC
being indigenous to breast cancer. The HMDB suggests 2-ethyl-
1-hexanol to be involved in membrane integrity and stability,
energy storage, fatty acid and lipid metabolism pathways, and
cell signaling.*® 1,2,3,4,5,6-Hexahydro-1,1,5,5-tetramethyl-2s-cis-
2,4a-methanonaphthalen-7(4aH)-one, also commonly known as
isolongifolenone was found to be more than 2 folds upregulated
in IDC group with a VIP score of 1.75. Limited information is
available for this VOC in terms of its biochemical relevance in
cancer or other diseases. It has an inhibitory potential towards
tyrosinase, which is a multifunctional copper-containing
enzyme essential for melanin biosynthesis in animals and
plants.®® Muthyala et al. reported the hydrogenated form of
isolongifolenone as a critical ingredient for the preparation of
chiral ligand for estrogen receptor, which could be expedient in
prevention and treatment of breast cancer and other gyneco-
logical issues.® 2-Methoxy-phenol, otherwise commonly known
as guaiacol, is a methoxy group capped phenolic compound and
is the monomethyl ether of catechol. According to the metab-
ocard of guaiacol in the HMDB (HMDB0001398), it acts as an
inducer of cell proliferation.® It is found to be involved in the

25046 | RSC Adv., 2018, 8, 25040-25050

tyrosine metabolism and disulfiram pathway as per the
HMDB.*® Guaiacol is reported to be found in the urine of
patients with neuroblastoma and pheochromocytoma.®
Guaiacol was found to be overexpressed by 1.76 folds in IDC
with respect to HC group and had a VIP score of 1.38 in our
study. The up-regulation pattern of guaiacol in IDC is suggestive
of its potential role in cell proliferation since it is one of the
primary characteristics of the malignant cells. Further, HMDB
suggests dodecanoic acid to be involved in biochemical path-
ways like fatty acid biosynthesis and beta-oxidation of very long
chain fatty acid and also in cell signaling processes.*® Dodeca-
noic acid has been reported to be responsible for induction of
apoptosis in colon cancer cells through oxidative stress induc-
tion.*® Lappano et al. recently reported the cellular signalling
activated by dodecanoic acid in breast and endometrial cancer
cells.® Surprisingly, we found an up-regulation of 1.76 folds for
dodecanoic acid, which had a VIP score of 1.08 in our study.
Furan, a heterocyclic organic compound, is colorless, highly
flammable and volatile liquid which has boiling point near the
room temperature. It is not well studied in terms of its role in
cancer and other disease pathologies. A study on murine
models reported that higher doses of furan increase the chances

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The bar graph representing the expression profile of significantly altered VOCs as seen in the external cohort of subjects. (A) The five
verified VOCs with SIM mode GC-MS analysis and (B) the semi-quantitative chromatographic areas graph for the nine VOCs. The bars are mean
abundance values of the VOCs in samples acquired in duplicates with error bars as SEM. The star marks represents the p-value < 0.05. In panel B,
the 3rd compound from left is 2,2,7,7-tetramethyltricyclo[6.2.1.0(1,6)]lundec-4-en-3-one and the last compound is 1-4-hydroxy-3,5-di-tert-

butylpheny!l-2-methyl-3-morpholinopropan-1-one.

of development of bile duct tumors in rats while a risk incre-
ment in hepatocellular tumors was observed in rat and mice.*
Furan was also found to be an important discriminator with
a VIP score of 1.78 and was up-regulated by 1.60 folds in IDC
group. Furan is well considered as a possible carcinogen® and

Selenoamino acid metabolism

its detection in the urine samples of IDC patients strengthens
the potential role in BC.

The above-discussed five VOCs were validated in an inde-
pendent set of IDC urine samples. Apart from the referred
VOCs, 9 other statistically significant differentially regulated

Glycolysis or Gluconeogenesis | Sulfur metabolism /
Pyruvate metabolism
0 Taurine and hypotqurine metabolisth
<
—_ o
= <
f=2]
S
2 __()b T}n'ncinp metabolism
o
o
]
o~
(O < Fatty gcid biosynthesis
r

0.00 0.02

0.04

0.06 0.08 0.10

Pathway Impact

Fig. 4 Metabolic pathway analysis performed by the MetPA tool in Metaboanalyst 3.0. Pathway topology analysis depicting dysregulated

metabolic pathways in IDC patients.
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VOCs are discussed henceforth for their potential role in cancer.
3-Methyl-phenol, is a methylated phenol useful in many
chemical industrial applications. It has not been widely
explored in terms of its relation to diseases. In the only study
available, Ahmed et al. reported 3-methyl-phenol to be down-
regulated in fecal samples of active Crohn's disease analyzed
by similar SPME approach.®® Surprisingly, the data in our study
revealed significant elevation in the expression of 3-methyl-
phenol. It was found to be 1.89 times up-regulated in the
urine samples of IDC patients as compared to healthy individ-
uals. Similarly, another methyl derivative of phenol, namely 4-
methyl-phenol also known as p-cresol was also found to be at
elevated levels in the urine samples of IDC patients. It had a VIP
score of 1.02 and a fold change ratio of 1.79. Sulphation and
glucuronidation, part of conjugation process, are responsible
for p-cresol being metabolized. Whereas, the elimination of the
unconjugated p-cresol is partially through the urine. Hence,
unsurprisingly p-cresol compound, along with various other
phenols, gets retained in the kidney during kidney fail
issues.®”*® It has been reported to affect various biochemical,
biological and physiological functions such as diminishing
oxygen uptake and blocking the cells K channels.* Its excretion
in elevated levels in IDC patients as compared to healthy
controls suggests it could be potentially linked to IDC by some
mechanisms, which needs to be explored further. Acetic acid
was found to be 1.86 folds up-regulated with a VIP score of 1.30
in IDC group. It is often termed as one of the simplest carboxylic
acids known. According to the HMDB, it is reported to be
involved in different biochemical pathways like amino sugar
metabolism, aspartate metabolism, fatty acid biosynthesis,
pyruvate metabolism, ethanol degradation etc.>® Acetic acid has
been reported to be associated with phenylketonuria, an inborn
error of metabolism.* Acetic acid was reported to be found in
the urine samples of subjects in a study involving breast cancer
and healthy controls.* Filipiak et al. reported acetic acid to be
found in the lung cancer tissue but did not find it in statistically
significant levels.*® The enzyme ALDH has a function to oxidize
acetaldehyde into acetic acid and reduced aldehyde levels are
reported in few studies involving lung cancer.” The increased
level of acetic acid in our study suggests that there might be an
elevated activity of ALDH in metabolizing acetaldehyde in IDC
also. Phenol was observed as an important VOC, which was
found to be up-regulated by 1.78 folds and had a VIP score > 1. It
had a higher concentration in the urine samples of IDC patients
when compared to that of healthy controls, thereby suggesting
it might have been excreted in the urine samples of IDC upon
being metabolized in the body. There is a report suggesting
phenol to have tumor promotion properties on mouse skin.”
There is a factsheet which highlights that early life exposure to
phenol and its other derivatives may lead to breast cancer risks
in late years.”

Dimethyl trisulfide or DMTS is an organic compound and
the simplest organic trisulfide. It was found to be 1.6 folds up-
regulated in IDC group as compared to HC group with a VIP
score of 1.05. It has been reported that in advanced cancer
patients, there is a pungent sulfury malodour observed from the
fungating cancer wounds and the researchers determined

25048 | RSC Adv., 2018, 8, 25040-25050
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dimethyl trisulfide to be associated with it.”® The presence of
DMTS in the urine samples of IDC can pave a way towards its
potential possibility to be associated with IDC, which needs to
be explored further. Ylangene, a sesquiterpenoid with three
consecutive isoprene units and is classified under the lipid-like
molecule class. In our study, we found this VOC to be down-
regulated in the IDC urine samples with respect to HC urine
samples. It had a fold change of 0.60 and 1.37 as VIP score.
According to the HMDB, ylangene is involved in lipid perox-
idation, lipid metabolism pathway and fatty acid metabolism.*®
Ylangene-derived sesquiterpenoids from soft coral Lemnalia
philippinensis has shown cytotoxic effects on HepG2, MDA-
MB231 and A549 cancer cell lines.” Therefore, the down-
regulation of ylangene in IDC urine samples is quite justified
as the subjects had a well-formed tumor. A few more furan
derivatives were also found to be statistically significant differ-
entially regulated but were related to food sources and hence
have not been discussed in context to IDC. Some other VOCs
were also found, the biochemistry of which is not documented
anywhere and hence they are out of the scope of discussion. The
expression profile of the statistically significant differentially
expressed VOCs identified in the initial cohort didn't match
exactly to the mathematical values of the ones reconfirmed in
the external cohort. However, the expression pattern of the 14
VOCs in the external cohort was found to be matching with the
initial cohort. This ascertains to the fact that the volatilome is
very dynamic and is influenced by various confounders. Thus,
identification of similar expression values needs a very closely
controlled patient recruitment, which will eventually be helpful
towards the establishment of VOCs as disease biosignature with
confidence. As this study deals with VOCs, which are secondary
metabolites, it is further needed to confirm the results obtained
in this study in an even larger cohort of varied clinical samples
to strengthen the potential of the biosignature for IDC type of
breast cancer in a clinical scenario.

5. Conclusion

In summary, we undertook a simple methodology based on HS-
SPME and GC-MS analysis to explore the urinary volatomic
signature of IDC type of breast cancer. A urinary VOC signature
of 14 compounds emerged as a statistically significant differ-
entially regulated panel in IDC. The pathway analysis of this
VOC panel revealed some biochemical pathways like pyruvate
metabolism, glycolysis and gluconeogenesis, sulphur metabo-
lism, taurine and hypotaurine metabolism, fatty acid biosyn-
thesis, tyrosine metabolism, propanoate metabolism, synthesis
and degradation of ketone bodies to be altered due to the
alterations of the VOC biosignature. We further validated the
expression pattern of five of these VOCs namely 2-ethyl-1-
hexanol, isolongifolenone, furan, dodecanoic acid, 2-methoxy-
phenol in another fresh cohort of urinary samples from IDC
patients and found their expression pattern to be consistent
with the primary sample set. Although a promising approach,
this methodology needs to be explored further with a large
cohort of patients to identify a key volatomic signature associ-
ated with IDC type of breast cancer, which could be effectively

This journal is © The Royal Society of Chemistry 2018
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used in disease screening programmes in clinical setup across
developing nations. When explored even further, molecular
subtype-based disease biosignature of breast cancer could also
be identified with this approach.

Conflicts of interest

Authors declare no conflict of interest.

Acknowledgements

This research was supported by New-Indigo HCV project,
Department of Biotechnology grant no. BT/IN/NEW INDIGO/03/
RS/2013 and Inno-Indigo NCD-CAPomics project, Department
of Science & Technology grant no. DST/IMRCD/EU/Inno-Indigo/
NCDs-CAPomics/2015. The authors are grateful to all the
volunteers who participated in the study. The authors also
acknowledge FCT - Fundacdo para a Ciéncia e a Tecnologia
(projects PEst-OE/QUI/UI0674/2013, New-INDIGO/0003/2012
and INNOINDIGO/0001/2015, Portuguese Government funds
and PhD grant SFRH/BD/129630/2017, given to PP-F), Madeira
14-20 Program, project PROEQUIPRAM - Reforco do Inves-
timento em Equipamentos e Infraestruturas Cientificas na RAM
(M1420-01-0145-FEDER-000008) and ARDITI - Agéncia Regional
para o Desenvolvimento da Investigacdo Tecnologia e Inovacao
(projects M1420-01-0145-FEDER-000005 - Centro de Quimica
da Madeira - CQM+ (Madeira 14-20), and M1420 - 09-5369-FSE-
000001) for the financial support and the Post-Doctoral fellow-
ship granted to JAMP. RT acknowledges CSIR for research
associateship.

References

1 A. Jemal, F. Bray, M. M. Center, J. Ferlay, E. Ward and
D. Forman, Ca-Cancer J. Clin., 2011, 61, 69-90.

2 G. B. 0. D. C. Collaboration, JAMA Oncol., 2015, 1, 505-527.

3 J. Ferlay, 1. Soerjomataram, R. Dikshit, S. Eser, C. Mathers,
M. Rebelo, D. M. Parkin, D. Forman and F. Bray, Int. J.
Cancer, 2015, 136, E359-E386.

4 R. Dikshit, P. C. Gupta, C. Ramasundarahettige,
V. Gajalakshmi, L. Aleksandrowicz, R. Badwe, R. Kumar,
S. Roy, W. Suraweera, F. Bray, M. Mallath, P. K. Singh,
D. N. Sinha, A. S. Shet, H. Gelband and P. Jha, Lancet,
2012, 379, 1807-1816.

5 O. Yersal and S. Barutca, World J. Clin. Oncol., 2014, 5, 412-
424,

6 K. M. Cornejo, D. Kandil, A. Khan and E. F. Cosar, Arch.
Pathol. Lab. Med., 2014, 138, 44-56.

7 J. Makki, Clin. Med. Insights: Pathol., 2015, 8, 23-31.

8 G. N. Sharma, R. Dave, ]J. Sanadya, P. Sharma and
K. K. Sharma, J. Adv. Pharm. Technol. Res., 2010, 1, 109-126.

9 P. Hudler, N. Kocevar and R. Komel, Sci. World ., 2014, 2014,
260348.

10 S. A. Whelan, J. He, M. Lu, P. Souda, R. E. Saxton, K. F. Faull,
J. P. Whitelegge and H. R. Chang, J. Proteome Res., 2012, 11,
5034-5045.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

11 L. J. van 't Veer, H. Dai, M. J. van de Vijver, Y. D. He,
A. A. Hart, M. Mao, H. L. Peterse, K. van der Kooy,
M. J. Marton, A. T. Witteveen, G. ]. Schreiber,
R. M. Kerkhoven, C. Roberts, P. S. Linsley, R. Bernards and
S. H. Friend, Nature, 2002, 415, 530-536.

12 Y. Hasin, M. Seldin and A. Lusis, Genome Biol., 2017, 18, 83.

13 D.]. Y. Ng, K. K. Pasikanti and E. C. Y. Chan, Metabolomics,
2011, 7, 155-178.

14 J. L. Spratlin, N. J. Serkova and S. Gail Eckhardt, Clin. Cancer
Res., 2009, 15, 431-440.

15 C. E. Wheelock, V. M. Goss, D. Balgoma, B. Nicholas,
J. Brandsma, P. ]J. Skipp, S. Snowden, D. Burg, A. D'Amico,
I. Horvath, A. Chaiboonchoe, H. Ahmed, S. Ballereau,
C. Rossios, K. F. Chung, P. Montuschi, S. ]J. Fowler,
I. M. Adcock, A. D. Postle, S.-E. Dahlén, A. Rowe,
P. J. Sterk, C. Auffray and R. Djukanovi¢, Eur. Respir. J.,
2013, 42, 802-825.

16 R. Chen, G. 1. Mias, J. Li-Pook-Than, L. Jiang, H. Y. K. Lam,
R. Chen, E. Miriami, K. ]J. Karczewski, M. Hariharan,
F. E. Dewey, Y. Cheng, M. J. Clark, H. Im, L. Habegger,
S. Balasubramanian, M. O'Huallachain, J. T. Dudley,
S. Hillenmeyer, R. Haraksingh, D. Sharon, G. Euskirchen,
P. Lacroute, K. Bettinger, A. P. Boyle, M. Kasowski,
F. Grubert, S. Seki, M. Garcia, M. Whirl-Carrillo,
M. Gallardo, M. A. Blasco, P. L. Greenberg, P. Snyder,
T. E. Klein, R. B. Altman, A. ]J. Butte, E. A. Ashley,
M. Gerstein, K. C. Nadeau, H. Tang and M. Snyder, Cell,
2012, 148, 1293-1307.

17 J. L. Spratlin, N. J. Serkova and S. G. Eckhardt, Clin. Cancer
Res., 2009, 15, 431-440.

18 N. J. Serkova and K. Glunde, Methods Mol. Biol., 2009, 520,
273-295.

19 G. L Evan and K. H. Vousden, Nature, 2001, 411, 342-348.

20 M. D. Hirschey, R. J. DeBerardinis, A. M. E. Diehl, J. E. Drew,
C. Frezza, M. F. Green, L. W. Jones, Y. H. Ko, A. Le, M. A. Lea,
J. W. Locasale, V. D. Longo, C. A. Lyssiotis, E. McDonnell,
M. Mehrmohamadi, G. Michelotti, V. Muralidhar,
M. P. Murphy, P. L. Pedersen, B. Poore, L. Raffaghello,
J. C. Rathmell, S. Sivanand, M. G. Vander Heiden and
K. E. Wellen, Semin. Cancer Biol., 2015, 35(suppl.), S129-
S$150.

21 D. A. Maclntyre, B. Jiménez, E. ]J. Lewintre, C. R. Martin,
H. Schéafer, C. G. Ballesteros, J. R. Mayans, M. Spraul,
J. Garcia-Conde and A. Pineda-Lucena, Leukemia, 2010, 24,
788.

22 A. Zhang, H. Sun, G. Yan, P. Wang, Y. Han and X. Wang,
Cancer Lett., 2014, 345, 17-20.

23 Q. Huang, Y. Tan, P. Yin, G. Ye, P. Gao, X. Lu, H. Wang and
G. Xu, Cancer Res., 2013, 73, 4992-5002.

24 E. G. Armitage and C. Barbas, J. Pharm. Biomed. Anal., 2014,
87, 1-11.

25 J. P. Trezzi, N. Vlassis and K. Hiller, Adv. Exp. Med. Biol.,
2015, 867, 41-57.

26 J. Troisi, L. Sarno, A. Landolfi, G. Scala, P. Martinelli,
R. Venturella, A. Di Cello, F. Zullo and M. Guida, J.
Proteome Res., 2018, 17(2), 804-812.

RSC Adv., 2018, 8, 25040-25050 | 25049


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02083c

Open Access Article. Published on 12 July 2018. Downloaded on 4/11/2026 9:05:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

27 F. Farshidfar, K. A. Kopciuk, R. Hilsden, S. E. McGregor,
V. C. Mazurak, W. D. Buie, A. MacLean, H. J. Vogel and
O. F. Bathe, BMC Cancer, 2018, 18, 26.

28 G. Lubes and M. Goodarzi, J. Pharm. Biomed. Anal., 2018,
147, 313-322.

29 M. Monteiro, N. Moreira, ]J. Pinto, A. S. Pires-Luis,
R. Henrique, C. Jeronimo, M. L. Bastos, A. M. Gil,
M. Carvalho and P. Guedes de Pinho, J. Cell. Mol. Med.,
2017, 21, 2092-2105.

30 W. M. Ahmed, O. Lawal, T. M. Nijsen, R. Goodacre and
S. J. Fowler, ACS Infect. Dis., 2017, 3, 695-710.

31 B. M. Ross and R. Babgi, J. Breath Res., 2017, 11, 046001.

32 H. Tong, Y. Wang, Y. Li, S. Liu, C. Chi, D. Liu, L. Guo, E. Li
and C. Wang, Cancer Cell Int., 2017, 17, 108.

33 H. Tang, Y. Lu, L. Zhang, Z. Wu, X. Hou and H. Xia, Biosci.
Rep., 2017, 37(3), BSR20170106.

34 C. L. Silva, R. Perestrelo, P. Silva, H. Tomas and J. S. Camara,
Sci. Rep., 2017, 7, 43969.

35 R. Wawrzyniak, A. Wozniak, Y. Gebreyohannes, B. Dykcik,
P. Schoffski and M. Markuszewski, J. Breath Res., 2017, 11,
037101.

36 W. Filipiak, A. Filipiak, A. Sponring, T. Schmid, B. Zelger,
C. Ager, E. Klodzinska, H. Denz, A. Pizzini, P. Lucciarini,
H. Jamnig, ]J. Troppmair and A. Amann, J. Breath Res.,
2014, 8, 027111.

37 T. Abaffy, M. G. Moller, D. D. Riemer, C. Milikowski and
R. A. DeFazio, Metabolomics, 2013, 9, 998-1008.

38 G. Horvath, J. Chilo and T. Lindblad, Future Oncol., 2010, 6,
1043-1049.

39 J. Pawliszyn, Solid Phase Microextraction Theory and Practice,
Wiley VCH, New York, 3rd edn, 1997.

40 C. L. Silva, M. Passos and ]J. S. Camara, Talanta, 2012, 89,
360-368.

41 C. L. Silva, M. Passos and J. S. Camara, Br. J. Cancer, 2011,
105, 1894-1904.

42 R. Taware, K. Taunk, J. A. M. Pereira, R. Dhakne, N. Kannan,
D. Soneji, J. S. Camara, H. A. Nagarajaram and S. Rapole,
Metabolomics, 2017, 13, 111.

43 S. M. Rocha, M. Caldeira, J. Carrola, M. Santos, N. Cruz and
L. F. Duarte, J. Chromatogr. A, 2012, 1252, 155-163.

44 J. Xia and D. S. Wishart, Current protocols in Bioinformatics,
2016, 55, 14 10 11-14 10 91.

45 S. M. Kohl, M. S. Klein, J. Hochrein, P. J. Oefner, R. Spang
and W. Gronwald, Metabolomics, 2012, 8, 146-160.

46 C. M. Weber, M. Cauchi, M. Patel, C. Bessant, C. Turner,
L. E. Britton and C. M. Willis, Analyst, 2011, 136, 359-364.

47 A. K. Smilde, M. J. van der Werf, S. Bijlsma, B. J. van der
Werff-van der Vat and R. H. Jellema, Anal. Chem., 2005, 77,
6729-6736.

48 M. Bylesjo, D. Eriksson, A. Sjodin, S. Jansson, T. Moritz and
J. Trygg, BMC Bioinf., 2007, 8, 207.

49 M. N. Triba, L. Le Moyec, R. Amathieu, C. Goossens,
N. Bouchemal, P. Nahon, D. N. Rutledge and P. Savarin,
Mol. BioSyst., 2015, 11, 13-19.

50 J. Xia and D. S. Wishart, Nucleic Acids Res., 2010, 38, W71-
W77.

25050 | RSC Adv., 2018, 8, 25040-25050

View Article Online

Paper

51 J. Xia and D. S. Wishart, Bioinformatics, 2010, 26, 2342-2344.

52 P. Schmitt, J. Mandel and M. Guedj, Journal of Biometrics &
Biostatistics, 2015, 6, 224.

53 C. A. Lyssiotis and L. C. Cantley, Cell, 2014, 159, 1492-1494.

54 F.Rohrig and A. Schulze, Nat. Rev. Cancer, 2016, 16, 732-749.

55 U. E. Martinez-Outschoorn, Z. Lin, D. Whitaker-Menezes,
A. Howell, M. P. Lisanti and F. Sotgia, Cell Cycle, 2012, 11,
3956-3963.

56 M. Hakim, Y. Y. Broza, O. Barash, N. Peled, M. Phillips,
A. Amann and H. Haick, Chem. Rev., 2012, 112, 5949-5966.

57 M. Phillips, R. N. Cataneo, C. Saunders, P. Hope, P. Schmitt
and J. Wai, J. Breath Res., 2010, 4, 026003.

58 D. S. Wishart, T. Jewison, A. C. Guo, M. Wilson, C. Knox,
Y. Liu, Y. Djoumbou, R. Mandal, F. Aziat, E. Dong,
S. Bouatra, I. Sinelnikov, D. Arndt, J. Xia, P. Liu, F. Yallou,
T. Bjorndahl, R. Perez-Pineiro, R. Eisner, F. Allen,
V. Neveu, R. Greiner and A. Scalbert, Nucleic Acids Res.,
2013, 41, D801-D807.

59 M. 1. Choudhary, S. G. Musharraf, M. T. H. Khan,
D. Abdelrahman, M. Parvez and F. Shaheen, Helv. Chim.
Acta, 2003, 86, 3450-3460.

60 R. S. Muthyala, S. Sheng, K. E. Carlson,
B. S. Katzenellenbogen and ]. A. Katzenellenbogen, J. Med.
Chem., 2003, 46, 1589-1602.

61 T. Mimurai, K. Yazaki, K. Sawaki, T. Ozawa and
M. Kawaguchi, Biomed. Res., 2005, 26, 139-145.

62 L. E. Rogers, G. M. Lyon Jr and F. S. Porter, Am. J. Clin.
Pathol., 1972, 58, 383-387.

63 J. K. Fauser, G. M. Matthews, A. G. Cummins and
G. S. Howarth, Chemotherapy, 2013, 59, 214-224.

64 R. Lappano, A. Sebastiani, F. Cirillo, D. C. Rigiracciolo,
G. R. Galli, R. Curcio, R. Malaguarnera, A. Belfiore,
A. R. Cappello and M. Maggiolini, Cell Death Discovery,
2017, 3, 17063.

65 N. Bakhiya and K. E. Appel, Arch. Toxicol., 2010, 84, 563-578.

66 I. Ahmed, R. Greenwood, B. Costello, N. Ratcliffe and
C. S. Probert, Aliment. Pharmacol. Ther., 2016, 43, 596-611.

67 R. Vanholder, R. De Smet and G. Lesaffer, Nephrol., Dial,
Transplant., 1999, 14, 2813-2815.

68 R. L. Dills, G. M. Bellamy and D. A. Kalman, J. Chromatogr. B:
Biomed. Sci. Appl., 1997, 703, 105-113.

69 G. Vaca, A. Hernandez, B. Ibarra, A. Velazquez, N. Olivares,
J. Sanchez-Corona, C. Medina and J. M. Cantu, Arch. Invest.
Med., 1981, 12, 341-348.

70 C. Wang, R. Dong, X. Wang, A. Lian, C. Chi, C. Ke, L. Guo,
S. Liu, W. Zhao, G. Xu and E. Li, Sci. Rep., 2014, 4, 7312.

71 R. K. Boutwell and D. K. Bosch, Cancer Res., 1959, 19, 413.

72 J. Barlow, J. A. P. Johnson, S. M. Belcher, S. E. Fenton, Breast
Cancer and the Environment Research Centre Community
Outreach and Translation Cores, 2007, pp. 1-20.

73 M. Shirasu, S. Nagai, R. Hayashi, A. Ochiai and K. Touhara,
Biosci., Biotechnol., Biochem., 2009, 73, 2117-2120.

74 Y. ]. Xio, J. H. Su, B. W. Chen, Y. J. Tseng, Y. C. Wu and
J. H. Sheu, Mar. Drugs, 2013, 11, 3735-3741.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02083c

	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c

	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c

	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c
	A non-invasive approach to explore the discriminatory potential of the urinary volatilome of invasive ductal carcinoma of the breastElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02083c


