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3-MST 3-mercaptopyruvate sulfur transferase
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ROS Reactive Oxygen Species

VOC Volatile organic compound

VSC Volatile sulfur compound
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ADH Alcohol dehydrogenase

PPAR-a Proliferator-activated receptor alpha
FFA Free fatty acid

NMR Nuclear magnetic resonance spectroscopy
GBH Gamma-Butyric acid
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ABSTRACT

Background: Volatile organic compound (VOC) emissions in exhaled air is an evolving field
of research with regards to cancer diagnostics. VOCs are compounds that have a high vapor
pressure under room-temperature conditions, leading to them evaporating into its gaseous
form, which can be detected in all body tissues and liquids. The most research on the topic of
VOCs in relation to cancer has been done on lung cancer. However, more studies are being
done in determining the potential of VOCs in gastric cancer screening. Due to the complexity
of VOC interactions with other metabolites from cells, the environment, microbes, etc.,
ascertaining their exact origin can be difficult. This study will try to investigate the potential

origins of the compounds found in our specimens.

There are some different opinions on the importance of determining the VOC origins as long
as they have a potential use in being able to differentiate a healthy versus an unhealthy state.
Once you accumulate enough studies on VOCs related to a certain disease, the potential for
detecting similarities in those studies are high. This can lead to the detection of biomarkers, or
“fingerprints” for that disease. To understand why some VOCs are significantly increased in
the cancerous tissue compared to the healthy tissue, the metabolic pathways of cancer cells

become an important factor.

Objectives: VOC detection in the exhaled air has a potential for gastric cancer screening.
Questions regarding the VOC origin and their biological relevance still require to be
answered. This study aimed to identify substances being expressed in different concentrations
between gastric cancer and non-cancerous tissue using GC-MS headspace analysis, as well as

investigating potential source of origin of the VOCs released.

Methods: This study used tissue samples of 43 patients that were gathered during surgery.
Two samples were obtained from each patient, one cancerous and one healthy. The size of the
samples was on average 100mg (80-120mg). They were then stored in dry ice and analyzed
with headspace needle trap extraction gas chromatography mass spectrometry (HS-NTD-GC-
MS). The storage containers were sealed glass vials and the VOCs emitted into the headspace
gas were transferred using a constant flow of ultra-pure air into the needle trap devices for

extraction. The extracted analytes were then desorbed into the GS-MS system.

Statistical analysis: Wilcoxon signed-rank test was used with a confidence interval of 95% (p-

value 5%).




Results: After excluding hospital environment related contaminants, a total of 32 VOCs were
found to be produced by either type of samples. Emission of four of them (CS>, pyridine, 3-
methyl-2-butanone and 2-pentanone) was found to be significantly higher from cancer tissue
when compared to the non-cancerous tissue, while another four (dimethyl sulfide, isoprene,

butyrolactone and benzene) was decreased.

This study also investigated the significant volatiles to try and determine the origin and
biochemical mechanisms involved in their production. CS;, pyridine, 3-methyl-2-butanone
and 2-pentanone can all be emitted from microbes. CS; can also be absorbed in trace amounts
from environmental pollution. However, due to the significant differences in emission masses
from these VOCs released between the two tissue samples, it is highly indicative that these
VOCs are of cellular origin. CS could be linked to cystine and cysteine metabolism and
oxidative species interaction with cellular protein complexes, while both ketones seem to
come from B-oxidation of fatty acids. This study was unable to link a cellular metabolic
pathway or origin to pyridine, though it has been associated with periodontal disease and lung
cancer. Isoprene has been found to be decreased in both lung and gastric cancer. Its origin
seems to stem from the mevalonate pathway, which (aside from cholesterol synthesis) is
involved in several regulatory functions on oncogenes in the Ras family. Benzene has been
linked to environmental pollution and smoking, and is a known carcinogen. Gamma-
butyrolactone was not found in previous cancer studies, but it could be related to
fluoropyridine chemotherapy use. Dimethyl sulfide has been associated with lung and
hepatocellular carcinoma and could also originate sulfur containing amino acids. Why it was

decreased in the cancerous tissue, however, is still not clear.

Conclusion: The presence of certain VOCs may allow differentiation between cancer tissue
and non-cancer tissue. The obtained data provide additional promising knowledge on the
potential of VOC detection in gastric cancer diagnostics. The origin of the VOCs could be
related either to the metabolism in cancer cells, oxidative stress, microbiome that also could

be linked to the cancerous process and/or exogenous pollutants.

Key words: Gastric cancer, volatile organic compounds, head space analysis, tissue, GC-MS



KOPSAVILKUMS

Gaisto$a organiska savienojuma (VOC) emisija, ko var novérot izelpa, ir strauji augosa
diagnostikas metode audzg&ju izmeklesana. VOC ir savienojums, kam istabas temperattira ir
augsts tvaika spiediens, kas veicina ta iztvaiko$anu gazes forma. So gazi var noteikt cilvéka
audos un skidrumos.( Haick et al 2014) Galvenokart ir pétita VOC saistiba ar plausu vézi.
Tacu aizvien vairak tiek veikti pétijumi, lai noteiktu, kadas ir iesp&jas VOC pielietot arT kunga
audzgja gadijuma. Ta ka VOC molekula spgj mijiedarboties ar Siinu metabolitiem, apkart&jo
vido, mikrobiem u.c., ir griiti saprast ta rasanas vietu. Saja pétijuma tiks izmeklétas

potencialas savienojuma vietas, no kuram tas célies.

Ir dazadi viedokli par to, vai ir nepiecieSams atrast VOC izcelsmes vietu, kaméer tie spgj
atSkirt veselu no nevesela stavokla. Ja tiktu apkopoti pietickami daudz p&tijumi par VOC
saistibu ar konkrétu slimibu, tad bitu liela iesp&jamiba atrast sakaribas $ajos petijumos. Tas
var veicinat biomarkieru atraSanu, kadai konkrétai slimibai. Lai saprastu, kapeéc dazi VOC ir
stipri vairak audzg&ja audos neka veselos audos, ir jasaprot, ka audzgju Stinu metaboliskas

patnibas ir nozimigs faktors.

Objektivi: Vai VOC noteiksana izelpa ir potenciala metode kunga audzgja skrininga. Vel
joprojam nav skaidribas par VOC izcelsmi un to biologisko biitiskumi. Tika meéginats
identificét substances koncentracijas atskiribu starp kunga audz&ju un veselajiem kunga

audiem, izmantojot GC-MS headspace analizi.

Metode: Pétijuma tika izmantoti 43 pacienta audi, kas tika savakti operacijas laika. No katra
pacienta tika panemti divi audu veidi — audzgja audi un veselie audi. Vidgji paraugs bija
100mg (80-120mg) smags. Tie tika uzglabati sausa ledi un analiz&ti ar headspace adatas
ekstrakcijas gazes hromatografijas masas spektrometru (HS-NTD-GC-MS). Ka uzglabasanas
konteinerus izmantoja aizzimogotus stikla flakonus, i1zdalita VOC gaze tika savakta caur
adatu, izmantojot loti tira gaisa nepartrauktu plismu, kur ta nokluva ierice, kas lava to

ekstrahet. Savaktais ekstrakts tika novadits uz GS-MS sistému.

Statistika analize. Wilcoxon tests tika izmantots ar 95% ticamibas intervalu ( p- vértiba 5%).

Rezultati: Péc tam, kad tika izslégtas ar slimnicas vidi saistitas izmainas, kopa tika atlasiti 32
VOC paraugi, kas tika producéti no viena vai otra parauga. Tika konstatéts, ka cetriem no

paraugiem CS2, piridins, 3-metil-2-butanons un 2-pentanons bija stipri liclaka koncentracija



audzgju Siinas, salidzinot ar veseliem audiem, kamér citos ¢etros paraugos bija samazinata

dimetilsulfida, izopréna, butirolaktona un benzola koncentracija.

Saja petijuma tika pétitas galvenas gaisto§as vielas, lai parbauditu un noteiktu to izcelsmi un
to razoSana iesaistitos biokimiskos mehanismus. CS», piridinu, 3-metil-2-butanonu un 2-
pentanonu var iegiit no mikrobiem. CS; var ar1 absorbéties vides piesarnojuma
mikroelementos. Tomér, ta ka So atbrivoto GOS (gaistosi organiski savienojumi) emisiju
masas ieverojami atskiras Sajos divos audu paraugos, tas skaidri norada, ka Siem GOS ir §tinu
izcelsme. CS; var sasaistit ar metionina, cistina un cisteina vielmainu, un oksidativas sugas
mijiedarbojas ar §tinu olbaltumvielu kompleksiem, bet Skiet, ka abi ketoni rodas taukskabju
beta-oksidacijas procesa. Pétijuma neizdevas sasaistit Stinu vielmainas celu vai izcelsmi ar
piridinu, kaut ar7 to asoci€ ar periodontalam slimibam un plausu vézi. Ir konstatéts, ka
izopréna limenis ir pazeminats gan plausu, gan kunga véza gadijuma. Skiet, ka ta izcelsme
rodas no mevalonata cela, kas (papildus holesterina sintézei) ir iesaistits vairakas Ras gimenes
onkogénu regulgjosajas funkcijas. Benzols ir sasaistits ar vides piesarnojumu un sméke&sanu
un ir vispargji zinams kancerogéns. Gamma-butirolaktons netika konstatéts iepriek$&jos véza
pétijumos, tomer to ir iesp&jams saistit ar fluorpiridina izmantoSanu kimijterapija. Dimetil
sulfidu asocig ar plausu un hepatocelularo karcinomu un to var radit ar1 s€ru saturosas

aminoskabes. Tomer joprojam nav zinams, kade] ta [imenis véza audos bija pazeminats.

Secinajumi: VOC var diferencét audzgja audus no veselajiem audiem. Savaktie dati sniedz
papildus zinasanas par VOC potencialu kunga audzgja diagnostika. VOC izcelsme var bt
saistita ar audz€ja Stinas vielmainu, ar oksidativo stresu, vai ar mikrobiomu, kas art varétu bt

saistits ar audzgja procesu un/vai eksogéniem piesarnotajiem.



1. INTRODUCTION

Per the WHO, gastric cancer is currently the third most common cause of cancer-related death
in both sexes worldwide (WORLD HEALTH ORGANIZATION FACT SHEET (2017). Gastric
cancer is usually asymptomatic in early stages of disease, and is therefore diagnosed in
advanced stages were the prognosis is poor. (Krilaviciute et al. 2015) With population based
screening, one can improve the prognosis and reduce mortality, but there are currently no
such effective population based screening methods available. The best available method to
date, is pepsinogen detection through serum analysis. This method still lacks the required
sensitivity to be applicable as a screening test, and thus cannot be recommended by itself for

population based screening (Leja et al. 2017).

Currently the gold standard for diagnosis and screening of gastric cancer is endoscopy
followed by a biopsy and histopathological evaluation. However, endoscopy is not considered
a suitable method for population-based screening due to its invasiveness, high cost, and the
need for experienced personnel to perform an endoscopic procedure. The use of endoscopy as
a screening method is still controversial even in areas of high incidence of gastric cancer
(such as in Eastern Asia). (Chan 2017) Other available tools include barium swallow and
detection of micro-MRNAS in the serum or gastric aspirate. Barium swallow has been shown
to be inferior to endoscopy in both sensitivity and specificity, and the latter method still
require further research to support its use. Additionally, the ability to perform a biopsy during
an endoscopic procedure adds much more value to its clinical utility when compared to the
other approaches (Mansfeld 2017 and Chan 2017). Due to the cumbersome nature of
endoscopy and its inconvenience to the patient, a highly accurate, non-invasive screening
method for gastric cancer and related precancerous lesions is still needed.

A rapidly developing field of research is to use breath analysis to try and detect various types
of cancer. Several studies have found a correlation between the detection of certain volatile
organic compounds (VOCs) in exhaled breath, or from tissue analysis, and cancer.

1.1 Volatile organic compounds

VOCs are organic compounds that have a high vapor pressure under ordinary room

temperatures. This pressure is due to their low boiling point, which cause large numbers of
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molecules to evaporate from the liquid or solid form. VOCs are emitted constantly from every
cell in the human body. Most scents and odors are due to VOCs. Different cell lines seem to
produce some differences in VOCs. This could be due to the differences in function, and thus,
cellular metabolism in the different cell lines. VOCs emission in cells is thought to be a
byproduct of cellular metabolism. The question is, can these emissions be used in the

diagnosis of gastric cancer?

1.2 Hypothesis
The following hypothesis were set:

e VOC profiles can differentiate between cancerous tissue and healthy tissue by

measuring VOC emission from tissue in headspace analysis.

1.3 Objectives
The aim of this work was to:

e To evaluate the VOC profile emitted in the headspace of cancerous tissue versus

healthy tissue.

e To try and determine the possible origin of the VOCs found.

1.4 Tasks
The following tasks were set:

e To obtain cancerous and healthy tissue specimens from 43 subjects during surgical

procedure

e To measure the VOC profile emitted from the tissue samples using gas
chromatography-mass spectrometry on the VOCs emitted in the headspace of those
tissues.

e To compare the findings with other studies done on VOCs and cancer

11



e To try to determine the origin of the VOCs emitted

e Totry to assess the uses and practicality of VOC emission in cancer diagnostics

12



2. LITTERATURE REVIEW

2.1 GASTRIC CANCER

Gastric cancer is still one of the leading causes of cancer related death worldwide, regardless
of decreasing incidence levels due to improved diet, improved food preparation and the
discovery of H. pylori. Its prognosis is still poor, with overall survival rates ranging from 5-
15% in the USA and other Western countries. Japan has one of the highest incidences of
gastric cancer in the world, and in the 1970s they implemented a screening program which
dramatically improved the 5-year survival rate. This is not routine in most other countries and
so gastric cancer is usually diagnosed at advanced stages of disease. Also, endoscopic
screening comes at a cost and with non-negligible morbidity potential. Gastric cancer is
diagnosed more frequently in men with around 2:1 incidence ratio, and has a peak incidence
around 60-70 years of age in men, and a slight later peak incidence in women (Karpeth et al.
2001, Chu et al. 2015).

Gastric malignancies consist of different histological subtypes including, adenocarcinoma,
carcinoid tumors, lymphomas, gastrointestinal stromal tumors and leiomyosarcomas. Around
95% of all malignant gastric cancers are adenocarcinomas. Staging, location and histological
subtype is the major factors determining treatment approach in gastric cancer. (Chu et al.
2015)

2.1.1 Current approaches used in diagnosing gastric cancer

Cancer diagnosis involves the confirmation of disease and disease staging. To achieve this a
biopsy is always required. Esophagogastroduodenoscopy has a diagnostic accuracy of around
95%. This procedure is also the main method used to obtain a tissue diagnosis of suspected
lesions. In any lesion, a biopsy should include six specimens taken from around the lesion due
to variable malignant transformation. Therefore, endoscopy is still the gold standard for
gastric cancer diagnosis, followed by histopathological evaluation. Other diagnostic tools
available are CT- scans, blood tests, MRI, barium swallows, measuring serum pepsinogen
and/or serum trefoil factor-3 and the detection of micro-MRNAs in the serum or gastric
aspirate. Barium swallow has been shown to be inferior to endoscopy in both sensitivity and,

and the latter three still require more research to support their use. (Chan 2017)
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2.2.2 Volatile organic compound emission for cancer diagnosis

In 2011 Sonoda et al. (2011) did a study where they trained a Labrador retriever to be able to
detect colorectal cancer using scent. After training the dog for 4 years using a reward based
approach, the Labrador was tested to see if he could identify those with colorectal cancer from
breath and stool samples. The experiment was performed in such a way that a cancer sample
was placed in a room with 4 control samples. The detection of colorectal cancer in exhaled
breath using this method had a sensitivity of 91% and a specificity of 99%. In the stool
sample, the sensitivity was 97% and specificity 99%. This study indicated that the trained
Labrador could somehow discriminate patients with colorectal cancers using scent with a very

high diagnostic accuracy.

Another study related to canine olfaction and cancer was done by Ehmann et al. in 2012.
They used four dogs, two German shepherds, one Labrador and an Australian shepherd of
both sexes, two males and two females, for scent detection of lung cancer. They collected
breath samples from 220 subjects and the dogs could identify lung cancer with a sensitivity of
71% and specificity of 93%. The detection of lung cancer in these participants was
independent of Chronic Obstructive Pulmonary Disease (COPD), smoking and food odors. It
is, however, not very practical to use canines for diagnostic purposes in day to day hospitals
and clinics as the facilities are not necessarily appropriate. Nevertheless, the importance of
those studies does support the theory that specific VOC profiles for cancer seem to exist, and

could potentially be identified with newer modern techniques.

VOC:s released from cancer cells originate from the cells or the disease location. They are
believed to be produced due to the alterations of specific biochemical pathways in the body,
most which are linked with oxidative stress, cytochrome p450, liver enzymes, carbohydrate
metabolism and lipid metabolism. (Broza et al 2014) They then enter the surrounding
environment. This creates one potential difficulty in using VOCs for diagnosis as the number
of VOCs found using GC-MS from a tissue sample can be very large. When you consider the
VVOCs produced by cellular metabolism, the VOCs found in atmospheric air, the VOCs
produced by the billions of microbes in your gut flora as well as each separate VOCs potential

ability to react with one another, it can become very complex.
VOC:s released from cancer cells can be identified from:

1. The headspace of cancer cell lines
2. Exhaled breath

14



Urine

Skin

3
4. Plasma
5
6. Faeces

(Broza et al. 2014, Haick et al. 2014)

Current data seems to point to different cells and tissues having a specific volatile profile
depending on the tissue or organ, and that it is highly unlikely that a single VOC biomarker
would be able to differentiate cancers subjects from the control groups. (Kumar et al 2014)
The origin of these volatiles is still relatively unclear even though several theories have been
raised. Two exceptions are isoprene and acetone, where the biochemical pathways can be
given. Therefore, the exploration of several VOC profiles and patterns in VOC emission is

more likely going to lead to a potential “fingerprint” for that disease.

This study was performed by taking tissue samples from the gastric mucosa and measuring

the VOCs from the headspace of that tissue sample.

2.2 IMPORTANT FACTORS TO CONSIDER IN RELATION TO VOCS AND
CANCER

VOC emission is multifactorial. In Ahn et al.” (2016) study they showed that radiation of
methionine alone produced 12 different VOCs. This is because the VOC produced depends
largely on where the chemical bonds are broken in the methionine molecule, as well as which
other VOC:s are present in the immediate environment leading to secondary reactions. To
understand the relationship between cancer and VOC emission it is important to look at
cancer cell metabolism, as well as the role of oxidative stress, exogenous pollutants and the

gut microbiome.
2.2.1 Metabolism in cancer cells.

One very famous study on cancer metabolism was done by Otto Warburg in the 1920s.
Glycolysis is a physiological response to hypoxia in normal tissues, but Otto Warburg
observed that tumor cells take up glucose and produce lactate regardless of oxygen
availability. This has been seen in many types of cancer cells and has been validated using

fluorodeoxyglucose positron emission tomography. Fluorodeoxyglucose uses a radioactive
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glucose molecule to provide an image of glucose uptake in tumors and tissue. (Koppenol et al.
2011) Warburg’s hypothesis did, however, also lead to a widely-held misconception that
cancer cells rely on glycolysis as their major source of ATP. It is now clear that cancer cells
can use aerobic glycolysis due to activation of oncogenes, loss of tumor suppressor genes and
up regulation of the phosphatidylinositol-3-kinase (PI3K) pathways. Several studies have now
demonstrated that most cancer cells can produce energy through glucose oxidation (the
process were glucose-derived carbons are oxidized to CO2 to produce ATP from oxidative
phosphorylation), fatty acid oxidation and amino acid metabolism. (Deberardins et al. 2016)
This is also supported by other studies were inhibition of enzymes in the glycolysis pathway

failed to inhibit tumor growth. (Israelsen et al. 2013)

Mitochondrial metabolism is needed for cancer cells to proliferate. So, despite of their high
glycolytic rate, the majority of cancer cells generate most of their ATP from the mitochondria.
In addition to pyruvate derived from glycolysis, amino acids and fatty acids can supply
substrates into the citric acid cycle to maintain ATP synthesis in cancers cells. B-oxidation of
fatty acids in the mitochondria produces acetyl-CoA and the reducing equivalents NADH and
FADH, which can be used by the electron transport chain to produce ATP. (Deberadins et al.
2016) Per Abassi et al’s. 2013 review on metabolomic profiling of gastric cancer they state
that fatty acid B-oxidation has been confirmed as a dominant pathway for energy generation in
numerous malignancies including prostate and pancreatic cancer. Ketones and aldehydes,
which are metabolic products of B-oxidation, are shown to be increased in biological samples

of patients with oeasophago-gastric (OG) cancers.

Abassi et al. (2013) also state that local inflammation and oxidative stress associated with
cancer influences the synthesis of eicosanoids from the plasma membrane and FFAs. This

oxidative stress also induces lipid peroxidation, which leads to the production of aldehydes.

Amino acids are another source of fuel that tumor cells use. Glutamine can be converted to
glutamate and then subsequently to a-ketoglutarate. a-ketoglutarate can be used to fuel the
citric acid cycle via glutaminolysis. Isoleucine, valine and leucine can also be converted into
acetyl-CoA and other organic molecules to enter the citric acid cycle (Mayers et al. 2014 and
Hensley et al. 2013). Deberadins et al. 2016 suggests that a combination of the local tumor
environment and oncogenic lesions is likely to dictate the fuel used by mitochondria to
maintain cancer growth. The accessibility to nutrients for tumor cells depends largely on their

proximity to the vasculature. The cells that are closest to the vasculature can use nutrients and
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oxygen to fuel growth, while the cells distant from the vasculature have less access to
nutrients and oxygens and thus may use other forms of metabolism such as fatty acid

oxidation and amino acids metabolism

2.2.3 Oxidative stress

One very important factor in the development of cancer is associated to increased oxidative
stress and the induction of the oxidase enzymes of the cytochrome p-450 complex (CYP450).
The oxidative stress occurring in the organism is due to the balance between the formation
and deactivation of reactive oxygen species (ROS) and free radicals. During the various
oxidative processes (oxidative phosphorylation, B-oxidation etc.) occurring in the
mitochondria, cells produce ROS all the time. Some ROS include superoxide radical,
hydrogen peroxide, hydroxyl anion, peroxinitrite, etc. ROS have an unpaired electron in the
outer shell and is thus highly reactive. Other sources of ROS could also be from exogenous

origins such as cigarette smoke, pollution, drugs and radiation. (Haick et al. 2014)

Once ROS become accumulated and there is a disequilibrium between a cells antioxidizing
capability and the generation of ROS, these highly reactive molecules can react with several
structures in their environment such as lipids and proteins. It is believed that these “attacks”
induced by free radicals could be part of the process in VOC formation as will be explained

further later.

2.3 THE ROLE OF MICROBIOME

The gastrointestinal tract is composed of 100 times as many genes as the entire human
genome. It is believed to contain between 500 to 1000 species and contains 10 times more
cells than the entire human body. (Sagar et al. 2015, Quigley 2013) The gut microbiome is
also now known to have a great impact on overall homeostasis of the body, and it is seeming
to have a significant role in several immunologic interactions. Some important functions of

the gut microbiome include:

e Metabolic role in producing short-chain fatty acids, vitamin K and folic acid synthesis,
production of arginine and glutamine and salvaging calories.
e Deconjugates bile acids

e Protective role in preventing pathogens from colonizing
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e Immunologic effects by stimulating Immunoglobulin A (IgA) production, promoting
up-regulation of anti-inflammatory cytokines while down regulating pro-inflammatory
cytokines.

e Promotes regulatory T-cells

(Quigley (2013)

There has been a lot of interest regarding microbes in relations to VOCs, and their influence
on the results found in several cancer studies. Which VOCs are produced by which microbes?
What kind of interactions occur between the volatiles produced by the human organism and

the microbes?

It is already known that bacteria can produce a wide range of VOCs. As mentioned earlier,
many VOCs are believed to come as a result of cellular metabolic processes, or as by-
products of metabolic processes. Several studies have been done with regards to identification
of VOCs produced by microbes, as well as studies that try to determine metabolic pathways
used by the microbe that lead to the VOC emission. (Tait et al. 2014) One study has also tried
to use VOC profiles in determining the health of the gut flora. (Sagar et al. 2015)

Due to the vast number of microbes found in the intestinal flora it is important to consider
their potential role in the VOC profiles found. Our samples were taken from the stomach were
the main inhabitants are Staphylococcus, streptococcus, peptostreptococcus, lactobacillus and
some yeast types (Sherwood et al. 2013). Helicobacter pylori (H. Pylori) is also present in

around 50% of the population. (Amieva et al. 2016)

2.4 ASSESSING THE ORIGIN OF VOLATILE ORGANIC COMPOUNDS IN
CANCER

Metabolic changes occur all the time, both in the normal physiological state and during
abnormal metabolic processes that can occur due to disease. It is believed that during diseased
states, these abnormal processes can change the body’s chemistry and that it can alter the
VOC concentration emitted from that tissue (or cell), or produce new VOCs altogether.

Other factors one will have to consider is the VOCs that are already present in atmospheric
air, VOCs originating from exogenous sources (such as drugs, tobacco smoke, alcohol etc.)
and VOCs that are emitted from the microorganism present in our organism. Different VOCs

can also react with other VOCs in the environment to from even newer compounds. Another
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factor that one should consider is the normal metabolism of each individual. For example, it
could be possible that one person suffering from diabetes and gastric cancer could have a
different concentration of certain VOCs when compared to a person only suffering with

gastric cancer.

Origins that would need to be taken into consideration when trying to determine VOC origins

of gastric cancer include:

Metabolic processes

Release from storage sites in the body

Oxidative stress

Microbiome

VOC:s released from equipment used in the measurement
Interactions that occur between VOCs

Comorbidities in the patient

VOCs present in atmospheric air

© oo N o g B~ w DN PE

VOCs present in the normal gastro intestinal tract
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3. METHODS AND MATERIALS

3.1 Study design

This study was an experimental study performed in Riga East University Hospital, Latvian
Oncology Centre, Institute of Clinical Medicine University of Latvia. The GC-MS analysis
was performed in the Breath Research Institute, University of Innsbruck. All specimens were

obtained at various intervals in 2016-2017.

3.2 Patients

A total sample of 43 patients diagnosed with various clinical stages of gastric cancer was
used. The patient group consisted of 25 males and 18 females. 19 were confirmed smokers (or

had been smoking prior to diagnosis) while 24 had never smoked.

3.3 Methods

All tissue samples were taken during surgery. One sample of cancerous tissue and healthy
tissue were collected in parallel from each patient. The tissue samples were then frozen down
to -86 °C.

During the analysis, around 100 mg (+/- 10%) of frozen tissue was placed in a headspace vial
(2 mL, Gerstel, Germany), that was then purified using purified air and closed with a silica
septum. The sample was then defrosted at 37 °C for 30 minutes. During this phase, the
evaporation of VOCs into the vial headspace is also stimulated. Two-bed 23-gauge stainless
steel needle trap devices (NTD) (2 cm of Carbopack X and 1cm of Carboxen 1000, both
60/80 mesh, PAS technology, Germany) were used to extract the the VOCs released by the
tissue samples. Before they were used all NTDs were pre-conditioned at 290°C by flushing
them with a high-purity nitrogen flow (6.0 — 99.9999%) for 10-15min. The NTDs was
inserted into the vial via a rubber septum, drawing 100 mL of the headspace gas at a steady
flow rate of 2mL/min at 25 °C. In order to keep a constant pressure, high purity air was
introduced into the vials at a flow equal to sampling flow. After the extraction, the NTD was

placed in to the GC were the compounds were desorbed at 290 °C.
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Fig. 1 Sequence of methodological process.

Chromatographic analyses were done by using an Agilent 780A/5975C GC-MS system. The
VOCs were separated using an Rt-Q-BOND column (30mx0.25 m, film thickness 8 um,
100% divinylbenzene phase, Restek, USA) working in a constant flow of helium at 1
mLxmin. The start temperature was 40 °C for one minute, and then increased by 5 °C every
mint until it reached a constant temperature of 210 °C. After 4 minutes, this was then again

increased by 3 °C min to 260 °C. A constant temperature of 260 °C was kept for 14 minutes.

The mass spectrometer was working in a combined SCAN/SIM mode. The SCAN, was set
with an associated range from m/z 20 to m/z 200, and used for the untargeted analysis and
identifying compounds emitted by the tissue samples as well as for the quantification of
species that were more abundant. The peak integration was based on extracted ion
chromatograms. The substance specific m/z ratios selected for this purpose allowed in
numerous cases for a proper separation of compounds from their neighboring peaks, even
when the latter were overlapping in the total ion count chromatogram. The applied SCAN
quantifier ions are presented in Table 1. Selected less abundant species were quantified using

SIM (selective ion monitoring mode), with the corresponding m/z ratios and dwell times
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being presented in Table 1. The quadrupole, ion source, and transfer line temperatures were
kept at 150°C, 230°C, and 280°C, respectively.

The VOC identification process was performed in two steps:

Firstly, the peak spectrum was compared against the NIST mass spectral library. Secondly the
NIST identification was confirmed by comparing the respective retention times with the
retention times obtained based on standard mixtures prepared from pure compounds. The
VOC emission was quantified using calibration mixtures prepared from pure liquid or gaseous

liquid whenever possible.

3.4 Statistical analysis

Wilcoxon signed-rank test was used to compare the two samples. A p-value of < 0.05 was put

as significance value.

3.5 Ethical consideration

The study was approved by the Riga Eastern University Hospital, Medical and Biomedical
appointed ethical committee, Latvia. All patients agreed that we were allowed to take the
specimens during the surgical procedure. The patient data was coded so that no personal
information was exposed. There was no extra risk brought on to the patient outside the normal
risk of any surgical procedure. The specimens were exclusively used to measure their volatile
profile using GC-MS.
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4. RESULTS

4.1 Method validation

The calculated validation parameters are presented in Table 1. LOD is the lowest analyte
concentration needed in order to determine that the VOC was present. The LOD values ranged
from 0.01 to 1.23 pmol. The limit of quantification (LOQ) was defined as 3xLOD. Relative
standard deviations (RSDs) were calculated on the basis of consecutive analyses of five tissue
samples obtained from the same patient. The calculated RSDs varied from 6-30% and were
deemed as acceptable for the goals of the study. It should be stressed that this parameter is
affected by a small size of the samples available for the extraction and sample shape differences.
The system response was found to be linear within the investigated concentration ranges (see
Table 1), with coefficients of variation ranging from 0.913 to 0.999.

4.2 Emission of VOCs from gastric tissues

An Exemplary chromatogram from cancer and normal tissues HS-NTE-GCMS analysis is
presented in Fig. 2. A total number of 45 compounds was found in the head-space of tissue
samples. Excluding hospital environment related species and their metabolites (e.g. methanol,
ethanol, 2-propanol, sevoflurane, hexafluoroisopropanol) and compounds with incidence below
20% 32 volatiles were detected in the head-space of both cancer and normal tissues. Their
associated detection and quantification incidences as well as the observed emissions during
experiments (in pmols) are given in Table 2. The predominant chemical classes were
hydrocarbons and heterocyclics with six and five species, respectively. Apart from these, there
were four ketones, three volatile sulphur compounds (VSCs), three nitriles, three amides, three
aromatics, three aldehydes, one ester and one terpene. Eleven compounds (acetaldehyde,
methanethiol, acetone, CS», isoprene, 2-butanone, 2-pentanone, pyrrole, pyridine, furfural, n-
octane) were found in all samples. Emission of 22 species (69%) was quantified using the
aforementioned procedures. The remaining compounds could not be quantified properly, either
due to the unavailability of pure substances, or due to problems related to the preparation of
reliable standard mixtures. Although detected in the head space of all tissue samples acetone
was not quantified as its signal exceeded the dynamic range of the MS detector. The observed
emission ranged from 0.17 pmol for 2-propenenitrile to 38 pmol for 2-butanone considering
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medians. However, half of all quantified species exhibited emissions below 1 pmol. The highest
median levels were noted for 2-butanone (38 pmol and 34 pmol for cancer and normal tissues
respectively) and CS> (19.9 pmol for cancer tissue). A Wilcoxon signed rank test was used to
compare the emissions of VOCs from cancer and non-cancerous tissues, and a p value of <.05
was considered as significant. Emission of four species (CS., pyridine, 3-methyl-2-butanone,
2-pentanone) was found to be significantly higher from cancer tissue, and further four (isoprene,
butyrolactone, dimethyl sulphide, and benzene) were decreased in the cancerous tissue

compared to the non-cancerous.
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Fig 2. Shows a fragment of an example chromatogram from HS-NTE-GCMS analysis of

cancer and normal tissues
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Acetaldehyde
Methanethiol
1-Propene, 2-methyl-
Acetonitrile
n-Propanal
Carbon disulfide
Dimethyl sulfide
2-Propenenitrile
Isoprene
n-Pentane
2-Butanone
Ethyl Acetate
n-Hexane
Benzene
2-Butanone, 3-methyl-
2-Pentanone
Pyrrole
Acetamide
Pyridine
Pyrrole, 1-methyl-
n-Heptane
Acetamide, N,N-
dimethyl-
Toluene
Furfural
Pyridine, 3-methyl-
Butyrolactone
n-Octane
p-Xylene
Benzonitrile
D-Limonene

Benzamide

75-07-0
74-93-1
115-11-7
75-05-8
123-38-6
75-15-0
75-18-3
107-13-1
78-79-5
109-66-0
78-93-3
141-78-6
110-54-3
71-43-2
563-80-4
107-87-9
109-97-7
60-35-5
110-86-1
96-54-8
142-82-5
127-19-5

108-88-3
98-01-1
108-99-6
96-48-0
111-65-9
106-42-3
100-47-0
5989-27-
5
55-21-0

11.52
12.64
14.94
16.83
18.95
19.65
19.89
20.21
2211
22.48
25.48
26.35
28.30
28.40
29.69
30.68
30.78
31.11
31.30
31.36
33.23
33.70

33.93
34.68
37.17
37.29
38.27
39.58
44.38
50.82

65.56

44
47
41

41 (80)
58
76

62 (40)

53 (80)

67 (80)

72 (40)

72 (80)

43 (80)

43 (80)
78

43 (80)

43 (80)
67
59
79
81

71 (80)
43

91
96 (80)
93
42
43 (80)
91
103
93

121

1.23
0.04
0.06
0.01
0.04
0.02
0.3
0.35
0.08
0.05
0.06
0.05
0.06

0.12
0.06
0.12

0.17
0.17

0.05
0.1

0.27

0.29

20
25

15
16
18
13
20
14
10

20
12
10
17

20
30
16
20
13
20

20
12
20
27
12
14
15
18

30

0.913
0.998
0.999
0.994
0.989
0.989
0.990
0.970
0.955
0.986
0.974
0.996
0.981

0.982
0.971
0.975

0.993
0.971

0.986
0.991
0.986
0.993

3.7-46
0.1-15
0.2-38
0.03-8.5
0.11-10
0.06-10
0.9-23
1-100
0.23-40
0.15-20
0.19-9
0.15-10.5
0.19-35

0.35-150
0.18-8.6
0.36-12.6

0.5-11
0.5-10

0.15-20
0.3-11
0.8-20

0.9-5

Table 1: Retention times Rt [min], quantifier ions, SIM dwell times [us ], LODs [pmol], RSDs

(%), coefficients of variation (R?) and linear ranges [pmol] of compounds under study.

Compounds in italics were not quantified for reasons mentioned in the text. Compounds are

ordered with respect to increasing retention time.
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Acetaldehyde 43(43)  515-4200 (1130) 43(43)  360-12500 n.s.
Methanethiol 43(43) 4-470 (34) 43(43) 6.6(-1285(())0()32) n.s.
1-Propene, 2-methyl- 43(43) 10-2060 (27)  42(42)  11-3250 (31) n.s.
Acetonitrile 31(31) 3.7-110(7.2)  42(35)  3.7-78.7(6.8) n.s.
n-Propanal 42(42) 0.8-16.6(2.2)  41(41) 0.9-8.3(2.6) n.s.
Acetone 43(43) - 43(43) - -
Carbon disulfide 43(43) 0.7-260(19.9)  43(43) 0.5-21(1.4) 8.2x10%
Dimethyl sulfide 40(40) 0.05-8.0(0.66) 41(41)  0.2-8.1(0.88) 0.029
2-Propenenitrile 43(20) 0.11-1.8(0.3)  41(18) 0.11-1.5(0.17) n.s.
Isoprene 43(43) 0.22-15.7(1.3) 43(43) 0.64-15.7(2.1) 1.8x1073
n-Pentane 42(38) 1.0-57(2.5) 42(35)  0.9-10.6(2.3) n.s.
2-Butanone 43(43) 5.5-246(38) 43(43) 6.9-152(34) n.s.
Ethyl Acetate 42(42)  0.3-135(1.66) 42(39)  0.4-167(2.3) n.s.
n-Hexane 31(23)  0.16-34.5(0.67) 33(31) 0.16-4.4(0.46) n.s.
Benzene 43(36) 0.21-2.1(0.43)  38(38) 0.22-2.0(0.55) 0.046
2-Butanone, 3-methyl- 43(42) 0.15-5.5(0.63) 42(39) 0.15-2.64(0.54) 6.9x10%
2-Pentanone 43(43) 0.4-63.5(1.7)  43(43) 0.51-21(1.4) 3.0x10°®
Pyrrole 43(43) 10.6-243(27)  43(43)  10.3-229(24) n.s.
Acetamide 36(36) 17-1740(66)  33(33)  20.5-696(66) n.s.
Pyridine 43(43) 0.62-685(7.7)  43(43)  0.58-135(3.0) 1.6x10™
Pyrrole, 1-methyl- 12(9) 0.74-5.0(1.5) 12(4) 0.62-1.6(1.3) n.s.
n-Heptane 24(9) 0.4-22(0.66)  28(11) 0.48-2.7(0.74) n.s.
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Acetamide, N,N-
dimethyl-

Toluene
Furfural
Pyridine, 3-methyl-
Butyrolactone
n-Octane
p-Xylene
Benzonitrile
DL-Limonene

Benzamide

34(34)
14(8)
43(43)
30(30)
42(42)
43(39)
33(27)
40(40)
35(12)

29(29)

10-463(33)

0.55-0.8(0.59)

0.33-5.4(0.72)

5.7-224(21)
7.3-256(40)

0.14-78(0.65)

0.33-0.78(0.44)

0.97-7.7(2.1)

0.95-1.12(1.0)

8.6-956(42)

38(38)
15(8)
43(43)
26(26)
43(43)
43(35)
30(26)
41(41)
32(7)

29(29)

5.5-171(31)
0.56-4.6(0.69)
0.28-3.43(0.81)

3.5-263(16)
9.7-277(48.5)
0.16-10.3(0.93)
0.32-1.49(0.47)
0.71-10.1(1.84)
0.88-1.21(1.15)

4.9-364(39)

n.s.
n.s.
n.s.
n.s.
3.6x10°
n.s.
n.s.
n.s.
n.s.

n.s.

Table 2: Detection (ng) and quantification (nq) incidences of the compounds under study, their

emission ranges [pmol] and the outcome of a Wilcoxon signed rank test. (n.s. — not significant)

For uncalibrated species (in italics) ranges and medians of peak areas are provided.

The GS-MS analysis was performed at the University of Innsbruck. The personal contribution

of the author was to analyze all the significant VOCs by interpreting the results and determine

potential sources of origin as well as potential metabolic and biochemical pathways.
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Carbon disulfide (CS2)

2-Pentanone

3-Methyl-2-Butanone

Pyridine

8.2x10*

3.0x10°

6.9x10*

1.6x10™

Isoprene

Gamma-Butyrolactone

Benzene

Dimethyl Sulfide

1.8x10°

3.6x1073

0.046

0.029

Table 3: Outlining of VOCs found to be statistically significant in cancerous tissue samples

when compared to the non-cancerous samples.
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5. DISCUSSION

5.1 Carbon disulfide (CS2), Methanethiol (Mercaptomethane) and
Dimethyl sulfide.

Fig. 5 Shows structural formula of CS; (left), Methanethiol (Mercaptomethane) (middle) and
Dimethyl sulfide (right).

5.1.1 ROS and amino acid metabolism in relation to volatile sulfuric compound

emission.

Mutations of genetic material because of oxidative damage is one of the first events involved
in aging as well as the development of cancer. Calenic et al. (2015) suggest in their review
about the interplay between oxidative stress and VOC production that different ROS may
have different “affinities” for their target substrates. The oxidation of proteins has been
studied by using different models involving proteins, peptides or amino acids which are
exposed to ROS, such as superoxide and hydroxyl radicals formed after ionizing radiation.
Calenic et al. (2015) state that ROS-mediated protein oxidation has a higher affinity for
methionine and cysteine in an amino acid chain compared to other amino acids in the chain.
Cysteine and methionine are sulfur containing amino acids that when broken down can give
rise to a host of other VOCs. These new compounds can then initiate secondary reactions with

each other to create newer compounds.

Glucose metabolism is accelerated in cancer cells, and there is an accumulation of glucose

and methionine in cancerous cells, which can non-enzymatically react and form carcinogenic
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substances. Yamagushi et al. (2012) writes that there has long been speculation regarding

whether these reactions can produce sulfur-containing compounds in tumor tissue.

5.1.2 Hydrogen sulfide synthesis and its relation to CS2 and methanethiol production

Hydrogen sulfide (H2S) stimulates vaso-relaxation, angiogenesis, and cellular bioenergetics
according to Szabo et al. (2013). They state that H2S can be synthesized endogenously from
L-cysteine by cystathionine- B-synthase (CBS) and cystathionine-y-lyase (CSE), and by the
combined action of cysteine aminotransferase and 3-mercaptopyruvate sulfurtransferase (3-
MST).) Transsulfuration, catalyzed by CBS, converts homocysteine to cystathionine, which

cystathione gamma lyase converts to cysteine.

Szabo et al.’s study (2013) was done on the relationship between colon cancer and hydrogen
sulfide. They found that the expression of CBS is significantly upregulated in human colonic
adenocarcinomas. Also, they found that if you suppress the expression of CBS and CSE in
colon cancer (cell line HCT116) by altering the genes coding for those enzymes with
lentiviral vectors or by directly suppressing them with the CBS inhibitor amino-oxyacetic acid
they observed both reductions in tumor cell proliferation and HzS production. Szabo et al
(2013) concluded that there could be a possible link between H2S and colon cancer
proliferation.

H2S has also been shown to be produced by anaerobic bacteria in the colon (Suarez et al 1997
and Picton et al 2007). Ramasamy et al. (2006) also reported that increased levels of H2S in
the human colon may be a contributory factor in the development of colorectal cancer, while
Yamagishi et al (2012) found increased H>S in colon cancer and postulates that the increased
concentrations of H2S in cancer patients may be due to the production by cancer cells, or may
be due to alterations in gut microbiota in response to cancer. Kumar et al (2014) found that
H2S is increased in gastric cancerous tissue. The Hz2S seemed to be correlated with increasing

pH in the stomach of the cancer patients as compared to the non-cancerous patients.

Whether from endogenous origin or from microbial origin, Hz2S could have an important

factor to play in the chemical interplay leading to CS2 formation as will be explained further.
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5.1.3 Volatile production from cysteine

Ahn et al (2016) shows in his study on radiation physics and chemistry that if you have
increased concentrations of H»S, it can react with CO> to produce carbonyl sulfide (COS) and
water (H20). COS can then further react with H>S to produce carbon disulfide (CS2) and H20
giving a potential origin for the increased CS; found in the cancerous tissue found in our

study.
H2S + CO; > COS + H,O  (Reaction 1)

COS + H2S > CS2 + H:O  (Reaction 2)

Ahn et al (2016) also found increases in the following VOCs in their study:

Amino acud Volatibes 0 kGy 5 kay SEM
-=Total ion counts x 100 -

Cysteine Mercaptomet hane (i 4684* 651
Carban disulfide (i d 17841 108
Dimethyl disulfide " 3555* 656

Cystine Acetaldehyde " 62647 T2
2-propanone o 4728 284
Carbon disulbde 102" 472° 43
F-methyl pentane To6 #a" 125
Hexane 15484* 4087 4795
Methyl cyclopentane (7 L 21o* g7

Methionine Mercaptomethane " 98 1335
2-Propenal o 3757 Bt
2-Propanone o 655 I8
Dimethyl sulfide (i d 120056 290
Hexane Trab Ry 39
Butanal o 164 13
[methylthio)-ethane " 15107 b7
Thiophene " I E
3-{methylthio)-1-propene (i 23 B
Dimethyl disulfide 1t 208770 950
Methyl ethyl disulfide (i g 417 22

A Means with no common superscript differ significantly (P < 0.05), n=4.
Table 3 Shows production of volatile compounds from sulfur-containing amino acid

monomers solution by irradiation. Taken from Ahn et al. (2016) Radiation Physics and

Chemistry 119 page. 82
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In their study, CS> was found to be increased after radiation of both cysteine and cystine. Two
other disulfides; dimethyl disulfide and methyl ethyl disulfide were produced. The production

of these substances is assumed to be due to:

1. Direct cleavage of the individual bonds in the amino acid chain
2. Secondary reactions from the byproduct of the cleaved amino acid with surrounding

environment.

C|00'
HsN—C —H
a = . ~
CH, — HS-CHB_. S=C=S; -SH; (JHA-'S-S-CH3
Sll"l b mercaptomethane  carbon disulfide dimethyl disulfide
Cysteine

Fig. 6 Shows potential origins for methanethiol (mercaptomethane), carbon disulfide and
dimethyl disulfide, depending on where you break the amino acid bond. Taken from Ahn et al.

(2016) Radiation Physics and Chemistry page. 82.

By directly cleaving cysteine by irradiation, you can get methanethiol (mercaptomethane (HS-
CH3)) by cleaving it at point (a). It is stated that dimethyl disulfide can then be produced by

adding two methanethiol molecules together.
HS-CH3 + HS-CH3 & CH3-S-S-CH3 + 2H™ (Reaction 3)

If you cleave cysteine at point (b.) you will get SH™ which can react with another H* to get

H2S. H2S can then result in increased CSz production as shown by reaction 1.

Shu et al. (1985) studied the thermal degradation of cysteine in water at pH 5.5 and pH 2.3,
respectively, and reported that sulfur compounds were generated more readily at lower pH
values as compared to higher pH values. The tissue samples in this study were all taken from

the gastric mucosa.
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5.1.4 Volatile production from methionine

In Ahn et al.’s (2016) study irradiation of methionine produced several other VOCs, including
methanethiol (CHs-SH), 2-Propenal (C2H:CHO), 2-Propanone (CHzCH.CO), dimethyl
disulfide (CH3-S-S-CHz), butanal (CH3CH2CH2CHO), methylthio-ethane (CH3CH>SCHj3),
thiopene (C4H4S), 3-methylthio-1-propene and methyl ethyl disulfide (CH3CH2-S-S-CH>),
most of which were sulfur containing compounds. The amount of sulfur containing VOCs

generated from methionine were more than 15-fold compared to that of cysteine.

coo"
+
H3H—( —H

;

&

mcrcaptomcthanc (CH.-SH), dimethyl sulfide (CH,-S-CH,), dimethyl sulfide

b H, 5 (CH,-S-8-CH), (methylthio)-ethane (CH,CH,SCH,), thiophene,

|
5 ¢ 3-(methylthio)-1-propene, methyl ethyl disulfide (CH,CH -S-S-CH,), 2-propenal,

44—l
CH;

Methionine

Fig. 7 Shows the potential origin of various VOCs (including methanethiol
(mercaptomethane) and dimethyl sulfide) from irradiation of methionine. Taken from Ahn et

al. (2016) Radiation Physics and Chemistry page. 83.

If you cleave methionine at point (c) or both (b) and (d) it will generate CH.-S, which can
then react with a H* ion to form methanethiol. Dimethyl sulfide (CHs-S-CHy) is produced if
you directly cleave methionine at point (b). Dimethyl disulfide can be produced by adding
two methanethiol molecules together (reaction 3). Methylthio-ethane (CH3-CH,-S-CHj) is
produced from the direct cleavage at point (a). The remaining compounds (thiophene, 3-
(methylthio)-1-propene and methyl ethyl disulfide) was thought to be formed through multi-
step interactions of irradiation products after the primary irradiation products were formed.

These compounds were found in far less quantity than the other sulfur compounds.

Ahn et al.’s (2016) study shows that methionine, cysteine and cystine can be a source of
carbon disulfide, dimethyl sulfide and methanethiol, as well as several other organosulfides.
Other studies related to VOC’s and cancer have found different variations of organosulfuric

compounds increased from cancerous tissue (Mochalski et al 2013, Rudnicka et al 2014). Ahn
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et al. (2016) shows that these variations can come from the same source by cross-reacting
with each other, or by reacting with other compounds in their environment. This can be one
explanation to why several studies on VOCs often find increases in different variations of
VOCs, even when studying the same cell line or tissue. However, for this mechanism to be
applicable in the context of gastric cancer one must assume that there are some alterations in
the metabolic pathways of these amino acids in the cancer cells, or that the amino acid bonds
can be cleaved by (for example) high levels of free radicals found in cancerous cells. Calenic
et al. (2015) stated that methionine and cysteine had the highest affinity for ROS damage

compared to the other amino acids.

5.1.5 Dimethyl sulfide and methanethiol production from methionine catabolism

Two main routes for methionine catabolism include the transmethylation and transsulfuration
pathways. However, methionine is also shunted down the transamination pathway. This
pathway involves an initial conversion of methionine to a-keto-Y-methylthiobuturate
(KMTB). KMTB is then oxidatively carboxylated to 3-methylthiopropionate (MTP). This
reaction is catalyzed by the 2-oxo acid dehydrogenase complex. From this point MTP can be
metabolized further into the gaseous methanethiol. Methanethiol can then be broken down
into simpler molecules such as H2S, dimethyl sulphide and formic acid, with the end products

being carbon dioxide and sulfur dioxide. (Tavares et al 2016)

5.1.6 Release of methanethiol, dimethyl sulfide and CSz from microbes.

Filpak et al (2012) found that sulfur containing volatiles were also abundantly released from
Streptococcus pneumonia (S. Pneumonia) and Hemophilus influenza (H. Influenza).
Methanethiol, dimethylsulfide, dimethyldisulfide, dimethyltrisulfide and CS2 were the ones
found to be significantly elevated. Volatile sulfur compounds (VSCs) were released
abundantly by both species, comprising methanethiol, dimethylsulfide, dimethyldisulfide,
dimethyltrisulfide and CS,. S. pneumoniae also released one unique VSC 3-
(methylthio)propanal, while H. influenzae released three specific VSCs, namely ethyl methyl
sulfide, S-methyl thioacetate and 3-(ethylthio)propanal. Methanethiol and dimethylsulfide has
also been found to be released from Pseudomonas aeruginosa and Staphylococcus aureus

according to Filipak et al. (2012
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5.1.7 VOC production from septa used for GC-MS analysis

Ulanovska et al. (2012) found increased CS2 production in some septa used by the GC-MS
analysis. The increases were found in brands consisting of butyl + polytetrafluoroethylene and

one brand consisting of butyl + rubber.

5.2 2-Pentanone and 2-Butanone, 3-methyl-

O

/\H“\ O
HsC CH
3 3 HSCW)J\CH;:,

CHs
CHs

Fig. 8 Shows the structural formula of 2-pentanone (left) and 2-Butanone, 3-methyl (right)

2-Pentanone and 3-methyl-2-butanoone are both ketones. They are isomers, meaning they
have the same chemical formula C5H100, but different structural arrangements. Evidence
seems to suggest that ketones could be formed through fatty acid oxidation, oxidation of
secondary alcohols or oxidative stress reactions of lipid structures within the cell. Several
studies, especially with regards to lung cancer, have found increased 2-butanone and 3-
hydroxy-2-butanone. However, no studies were found relating 3-methyl-2-butanone to cancer.
2-Pentanone, 2-butanone and 3-methyl-2-butanone have all been found to be emitted from P.
aeruginosa, which is one of the bacteria species that can inhabit the harsh stomach

environment (Shestivska et al. (2012).

37



5.2.1 Formation of ketones through lipid metabolism

Ketones can be produced from various chemical processes. Several ketones have been found
in several cancer studies in relation to VOCs. Among them acetone and B-hydroxybutyrate
have been described as potential biomarkers of oesophago-gastric cancer. f-Hydroxybutyrate
has been shown to be up-regulated in the serum of patients with gastric cancer using GC-MS
and in the serum of patients with oesophageal cancer using nuclear magnetic resonance
spectroscopy (NMR). (Abassi-Ghadi et al. 2013)

Lipid metabolism is believed to be the main mechanisms for endogenous ketone production.
One well known example is the conversion of acetyl CoA derived from fatty acid oxidation
into ketone bodies by the liver (and kidneys to a lesser extent). Ketone bodies are an

important secondary source of energy to the peripheral tissues because:

1) they are soluble in aqueous solution and do not need to be incorporated into lipoproteins or

transported by albumin to get to the target cells.

2) they are produced in the liver during periods when the amount of acetyl CoA present

exceeds the oxidative capacity of the liver, and

3) they are used by extrahepatic tissues, such as the skeletal and cardiac muscle, renal cortex
and brain. Ketones thus spare the body of glucose, which is important during prolonged

periods of fasting

In the peripheral tissues, they can be reconverted to acetyl CoA, which can be oxidized by the
TCA cycle (Harvey et al. 2011 p. 195-196)

Fasting has been shown to increase the concentrations of 2-pentanone along with acetone and
2-butanone. (Velde et al. 2007). The exact origin and mechanism of 2-pentanone remains
unclear, but it is assumed to arise through B-oxidation. (Walker et al. 2014) In a study done on
seven fasting monks, the acetone concentrations after fasting (4.1 ppmv (mol/mol)) were even
very close to the range of diabetic breath (1.7-3.7 ppmv). (Statheropoulos et al 2006) While
fasting, the liver is flooded with fatty acids released from fat tissue. The elevated hepatic
acetyl CoA, which is primarily made by fatty acid degradation, inhibits pyruvate
dehydrogenase and activates pyruvate carboxylase. Pyruvate is carboxylated by pyruvate
carboxylase to form oxaloacetate (OAA). The OAA produced is used by the liver for
gluconeogenesis instead of the TCA cycle, while acetyl-CoA is used for ketone body
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synthesis. This channels acetyl CoA away from gluconeogenesis and into ketogenesis.
(Harvey et al. 2011 p.195)

Walker et al (2014) also state in their study on 2-pentanone production from hexanoic acid by
penicillin roqueforti, that from the current evidence, methyl-ketones seem to be formed by
cycles of incomplete B-oxidation of fatty acids.

“It is proposed that B-oxidation proceeds normally to the formation of medium-chain 3-
oxoacyl-CoA intermediates but is then halted at the medium-chain acyl-CoA thiolase
reaction. Thioesterase(s) release Coenzyme A (CoASH) from the accumulating intermediates
and the 3-oxoacids are decarboxylated to methylketones. CoOASH might then be recycled to
initiate oxidation of more fatty acids, but their metabolism would again be held up at the
thiolase bottleneck”. (Walker et al 2014 p.2)

This is also supported by Lewis et al (1970), Kinsella et al (1976), Baltazar et al (1999) and
Fadda et al (2002)
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Walker et al. (2014) came up with a hypothesis that 2-pentanone could be formed from

hexanoic acid via the following mechanism:

CH,;-CH,~-CH,~-CH,-CH,-COOH

Fatty acyl-CoA synthetase

h

CH;-CH,-CH,-CH,-CH,-COSCoA

Fatty acyl-CoA oxidase

N

CH; —CHZ—CHZ—C£I=CH-COSCOA

HOH | Enoyl-CoA hydratase
CH;-CH,-CH, —(;ICIOH—CHZ -COSCoA
L-Hydroxyacyl-CoA dehydrogenase
CH;-CH,-CH, —éE)—CHz ~COSCOA -=== === X --> thiolase
Thioesterase

N

CH;-CH,-CH,-CO-CH,-COOH
Decarboxylase
CH;-CH, —CHZ—(E’O—CH3 2-Pentanone

Reductase

v

CH;-CH,-CH,-CHOH-CH;  2-Pentanol

Fig. 9 Shows proposed mechanism how 2-Pentanone could be formed from hexanoic acid.
Taken from Walker et al 2014 p.2.
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Walker et al (2014) confirmed their hypothesis by deuterating the C2 and C3 carbons of
hexanoic acid. They provided the following mechanism:

CHD;-CD,-CD,-CD,-CD,-COSCoA
Fatty acyl-CoA oxidase 0,

CD;-CD,-CD,-CD=CD-COSCoA + DDO,

N

—
2DDO,  catalase DOD + DOD + O,

CD;-CD,-CD, -CD=CD-COSCoA

DOD

W

CD;-CD,-CD,-CDOD-CDD-COSCoA

~

CD;3-CD,-CD,-CO-CDD-COSCoA

v

CD;3-CD,-CD,-CO-CDD-COOH

v

CD;-CD,-CD,-CO-CDDH

Fig. 10 Shows the proposed pathway for producing 2-pentanone from deuterated hexanoic
acid. The “D” indicates the deuterated carbons. Taken from Walker et al. 2014 p.9.

Walker et al. (2014) also proposes that it is quite likely that the same mechanism is one that
could be used by humans. The reasoning behind this is that:

1. Excretion of 2-pentanone is increased in fasting ketosis when large amounts of fatty acids

released from adipose tissue are delivered to the liver.

41



2. Fatty acid oxidation is known to be increased by fasting.

3. The adaptive response to increased [-oxidation is mediated by the transcription factor
peroxisome proliferator-activated receptor alpha (PPAR-a), which is induced by
glucocorticoids and activated by fatty acids and fatty acyl-CoAs.

4. The activation of PPAR-a increases the expression of all the enzymes of the
mitochondrial and peroxisomal B-oxidation pathways. (Walker et al 2014)

5. 2-pentanone is decreased rapidly in response to glucose administration (Walker et al

2008)

They argue that 2-pentanone could be derived from either peroxisomal or mitochondrial [3-
oxidation. In favor of peroxisomes are firstly that peroxisomal [3-oxidation does not proceed
to completion, but stops after oxidation of C6 fatty acids leading to increased six-carbon
derivatives such as hexanoic acid. Also, fasting ketosis is often accompanied by excretion of
medium-chain dicarboxylic acids from fatty acid catabolism, which are only produced by [3-

oxidation from peroxisomes. (Walker et al. 2014)

Against peroxisomal [3-oxidation is that 2-pentanone production requires oxidation of
hexanoyl-CoA, which is right at the low-end of specificity for of the mammalian straight-
chain peroxisomal acyl-CoA oxidase (ACOX1). In addition, peroxisomal -oxidation does not

have a significant role in energy production (Walker et al. 2014).

The idea that ketones are produced from the oxidation of fatty acids seem to be supported by
many studies. In a recent review by Lubes et al (2017), they found that acetone, 2-butanone
and 2-pentanone seems to be the ones found most frequently in association with cancer. In
Hanai et al’s (2012) study, they measured VOC production in both the headspace of cultured
cells of the A549 cell line (adenocarcinoma), as well as in the urine of mice with lung
adenocarcinoma. They found significant increases in several ketones including 2-pentanone,

2-butanone and acetophenone.

5.2.2 Formation from secondary alcohols

From a chemical perspective, we know that ketones can be formed from oxidation of
secondary alcohols. Primary alcohols are oxidized into aldehydes. In human’s alcohols are

mainly oxidized by the enzyme alcohol dehydrogenase (ADH) and possibly by the CYP-450
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system. ADH is found in several tissues, but in largest quantities in the liver and stomach

lining.
H )
- ks Oxidation I
—LC—0—H ——3» ==
i -
aleohol carbonyl group

Fig. 11 Oxidation of secondary alcohols produces ketones.

The exact metabolic source of secondary alcohols in humans is still not clear. However,
Mochalski et al. (2015) state that there is already evidence for the conversion of secondary
alcohols into ketones by ADH. Although ADH has a higher affinity for primary alcohols, they
also oxidize secondary alcohols. This is also supported by a study done by Plapp et al (2015)
on ADH in rats. They found that ADH in rats metabolized both primary and secondary

alcohols by oxidizing them into ketones.

Several studies done concerning liver cancer and other liver diseases with relation to VOCs
have found increases in various ketones. (Van den Velde et al. (2008), Fernandez del Rio et
al. (2015), Mochalski et al. (2015)) In Van den Velde et al’s (2008) study done on patients
with liver cirrhosis they found significant increases in acetone, 2-pentanone and 2-butanone.
Dimethyl sulfide was also found which is thought to be an important metabolite for the odor
in fetor hepaticus. The increased concentration of ketones in the case of cirrhosis was believed
to be due to hepatic insulin resistance due to liver steatosis and end stage liver failure. Insulin
resistance leads to increased triglycerides and free fatty acids. The fats are believed to be

oxidized into ketones via the lipolysis pathways.

Another study done on rats found that if they inhibited the CYP2E1 enzyme of the
cytochrome P450 enzymes in the liver, there was significant increases in the same
compounds. (Mathews et al 1997) It has also been observed that the levels of CYP enzymes
are decreased in patients with liver cirrhosis supporting this finding. (Fernandez del Rio et al
(2015)
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5.2.3 Presence in healthy subjects with halitosis

2-Penanone was also increased in Velde et al’s study (2006) on healthy subjects with

halitosis.

5.2.4 Formation from microbes

A study done on trying to differentiate various lactobacilli from each other by differences in
volatiles, found that several strains of lactobacilli all produced various ketones, which allowed
them to be differentiated from another. 2-butanone, 2-pentanone, 2-heptanone and 3-methyl-
1-butanol were the ones that was significantly increased. In their study, they used GC-MS and
PCR to discriminate between species of Lactobacillus casei, Lactobacillus paracasei and
Lactococcus lactis. The proposed mechanism for the ketone production was through -

oxidation of fatty acids. (Gallegos et al 2017)

Filipak et al’s study (2012’9 on VOC release from S. Pneumonia and H. influenza found that
both bacteria emitted 2-pentanone, but at trace levels. They measured around 0,4 p.p.b for

both species.

Tait et al. (2014) found increased 2-pentanone and 2-butanone released from E. coli, while
Shestivska et al. (2012) found increased emissions of 2-pentanone, 2-butanone and 3-methyl-

2-butanone.
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5.3 Pyridine

Fig. 12 Shows structural formula of pyridine.

The mechanism between pyridine emission and cancer is still unclear. It is, however,

considered a VOC marker for tobacco exposure. (Kapishon et al 2013)

Pyridine has been considered a potential diagnostic compound for use in diagnosing etiology
or pathogenesis of periodontal disease. In a study done by Kostelc et al (1981) they found
increased pyrimidine and methylpyridines in the saliva of patients suffering from periodontitis
by using GC-MS. More interestingly, these compounds were virtually absent when comparing
them to the healthy control group. This lead to the conclusion that these compounds could be

related to the disease process.

Emission of pyridine has been found in lung cancer (Filipak et al. 2014), but no studies were
found linking it to gastric cancer. Any cellular metabolic pathway that leads to pyridine

emission is still unclear.

5.4 Isoprene

H3C CH
C—C
7\
H,C H

Fig. 13 Shows structural formula of isoprene.
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Isoprene can be formed endogenously, and is connected to the mevalonate pathway (MVP).

The endogenous production rate of isoprene has been calculated to around 0.15 %;lper hr.

Concetrations in the blood range between 15 to 70 nmol/L. Isoprene is also found in human
breath at a concentration range of 10-30 nmol/L. (IARC 1994) The endogenous synthesis via
the MVP is further supported by the observation that there is a decrease in isoprene and sterol
production after the administration of statins. Statins are a group of lipid-lowering drugs that
block HMG-CoA-reductase, one of the first enzymes involved in the MVP. The decreased
isoprene could be measured in both the breath and plasma of the patients. Additionally, a high
cholesterol diet reduces the isoprene levels in exhaled breath. A high cholesterol diet inhibits
HMG-CoA via a negative feedback mechanism (Stone et al. 1993, Quinsley et al. 1971). The
breath and plasma levels of isoprene is thus highly correlated with cholesterol levels and the
MVP.

5.4.1 The mevalonate pathway.

The mevalonate pathway is an essential pathway used by both eukaryotes and prokaryotes. It
is most commonly known for its use in cholesterol synthesis, however, it is now known to
have a much broader scope of functions as will be discussed shortly. The MVP is now known
to be involved in several cells signaling pathways and thus plays an important role in cell
proliferation and growth. Several cancer studies are now considering the MVP and its role in
tumorigenesis and potential therapeutic options in cancer. (Likus et al. (2016), Yeganeh et al.
(2014), Karlic et al. (2015))

The first step in the mevalonic pathway is the formation of 3-isopentenyl pyrophosphate (IPP)
from acetyl-CoA. This is a multi-step process. IPP is in essence an isoprene molecule +

pyrophosphate.
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The MVP starts with the formation of 2-Hydroxy-3-methylglutaryl COA (HMG-CoA) by
adding acetyl-CoA and acetoacetyl CoA. In the mitochondria HMG-CoA is converted into

acetyl CoA and acetoacetate, while in the cytosol it is converted to Mevalonate via the
reaction:

HMG-CoA + 2NADPH + 2H+ - Mevalonate + 2NADP* + CoA
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Fig. 14 Shows the different conversions of HMG-CoA in cytosol an mitochondria. Taken from
Berg et al. 2012. Biochemistry 7"" ed. Page 796.

Mevalonate is then converted to IPP via three consecutive reactions, all of which use one

molecule of ATP, followed by a decarboxylation in the last step.
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Fig 15 Shows 3 step process from mevalonate to IPP. Taken from Berg et al. 2012.

Biochemistry 7" ed. Page 796.

IPP can then be isomerized in to Dimethylallyl pyrophosphate (DMAPP)

EH] CHS

H zc)\/\nmjpn,! ; HsC )x“/\ﬂpnjpoj-*

Isopentenyl pyrophosphate Dimethylallyl pyrophosphate

Fig. 16 Shows the isomerization of IPP to DMAPP. Figure taken from Berg et al. (2012).
Biochemistry 7" ed. Page 79

IPP and DMAPP can then condense with each other, creating a 10-chain carbon molecule
called geranyl pyrophosphate (GPP). This can then react with another IPP forming a 15-
carbon chain called farnesyl pyrophosphate (FPP). Two FPP molecules can then condense to
for a 30-chain carbon, squalene. The formation of squalene is the pathway used to for
cholesterol and all steroid molecules. (Berg et al. 2012) In mammals, the synthesis of GPP
and FPP is catalyzed by GPP synthase and FPP synthase, respectively (Coppens 2013).
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Fig. 17 Shows the condensation of IPP and DMAPP into GPP, which is further condensed to
FPP and squalene. Taken from Berg at al. 2012. Biochemistry 7" ed. Page 797

5.4.2 The MVP and cancer research

The MVP is now known to have several more functions than just cholesterol synthesis. It is
involved in the production of several bioactive intermediaries and end-products. After the
formation of FPP the MVP can diverge into numerous other pathways including cholesterol
biosynthesis, ubigionone formation, formation of Heme A prosthetic group, dolichols and

isoprenoids (Moutinho et al. 2017). Figure 17 shows a schematic diagram of sterol and non-
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sterol pathways that can follow the MVP. Isoprenoids are used for prenylation. The main
isoprenoids are FPP and geranylgeranyl pyrophosphate (GGPP), which is formed by adding
another IPP to FPP and regulated by GGPP synthase. Prenylation is the process of bridging a
cytosolic protein molecule to a lipid membrane. These proteins are known to include several
members of the Ras family, which is made up of various small GTP-binding proteins. Ras
proteins are involved in extremely complex cell signal transduction pathways; thus, they are
implicated in the regulation of cell growth, differentiation and survival. (Likus et al. (2016)
Two examples of such proteins include Rho, which is a protein involved in the termination of
transcription, and Rab which are GTPases involved in membrane trafficking such as vesicle
formation, membrane fusion and vesicle movement along the cytoskeleton. Eukaryotic cells
have three different enzymes regulating prenylation; farnesyl transferase (FTase) and
geraylgeranyl transferase | and 1l (GGTase I/11) (Mauer-Stroh and Eisenhaber (2005)) It is
through prenylation of proteins that the MV/P is believed to have the potential to impact cell
function to a very large extent. Dolichols are long chain organic carbon compounds that are
made of a varied number of isoprene units that terminate in an a-saturated isoprenoid group,
containing an alcohol functional group. Dolichols play a large role in N-glycosylation (the

anchoring of carbohydrate molecules to lipid membranes).
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Fig. 18 Schematic showing possible outcomes through the MVP. Taken from Moutinho et al.

(2017), The mevalonate pathway in neurons, It’s not just about cholesterol. Page 2.

Mutilations in the Ras oncogenes is one of the most common oncogene found to be mutated
in human cancer and are found in 20-25% of all human tumors (Downward (2003)). The Ras
oncogene mutations are usually point mutations on one of the three genes (most commonly
KRAS), that renders the GTP switch in the Ras protein non-functional. This then results in a
continuously activated protein. Disruption of prenylation will result in Ras proteins being
contained in the cytosol and inactive as they are not anchored to any lipid membrane (Jackson
et al. (1990).

Several studies have shown that cells that are cholesterol depleted fail to enter the S-phase,
and are thus halted in either the G1 or G2 phases (Keyomarsi et al. 1991, Singh et al (2013),
Fernandez et al. (2004)). HMG-CoA reductase (HMGR) is the rate limiting enzyme in the
MVP, and it is therefore the most regulated enzyme. It is regulated by direct inhibition,
regulation of enzyme production via transcription, translation, phosphorylation and

degradation, thus adjusting the activity in response to a range of stimuli. (Burg and
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Espenshade (2011)). The use of HMGR reductase inhibitors for inhibition of tumor growth

seems to be somewhat controversial still (Lubik et al. 2016).

In this study isoprene levels were decreased in the cancerous tissue, which could be suggest
that the MVP is not used in extent that it is in the healthy tissue. This also correlates with the

reduced ability for cell regulation that is provided through the MVP.
5.4.3 Isoprene and VOC research

The origin of endogenous isoprene seems to be established, however, the mechanism of which
VOC concentrations of isoprene is different in cancer patients compared to healthy controls is
still somewhat unclear. It seems to be considered one of the most important biomarkers used

in diagnosing lung cancer (Sakamura et al. 2017).

Bajtarevic et al. (2009) found concentrations of isoprene, acetone and methanol of exhaled
breath to be slightly lower (p < 0,01 for isoprene and acetone while p < 0.011 for methanol) in
lung cancer patients when compared to healthy volunteers. Rudnicka et al. (2011) also
compared the breath of 23 patients (17 males and 6 females) to 30 healthy volunteers. They
found significantly increased levels of propan, CS,, 2-propenal, ethyl benzene and isopropyl
alcohol in the cancer subjects. The levels of isoprene, methanol and acetone was decreased

when compared to the healthy group.

Sakamura et al. (2017) did a study where they analyzed exhaled breath in lung cancer patients
and healthy subjects using GS-MS, and did a statistical analysis to see if they could diagnose
lung cancer based on the combination of multiple lung cancer related VOCs. They managed
to reduce the number of VOCs (63) down to five, namely isoprene, acetonitrile, CHN,
methanol and 1-propanol, and use those to diagnose lung cancer with an 89% sensitivity.
They stated that the most important markers for lung cancer diagnosis seems to be isoprene

and acetonitrile.

Poli et al. (2005) did a study measured the breath concentrations of VOCs in exhaled air in
lung cancer patients before, a month and three years after surgery. 12 VOCs were found to be
elevated in the cancer group before surgery when compared to the healthy group. Those were
2-methylpentane, pentane, ethylbenzene, xylenes, trimethylbenzene, toulene, benzene,
decane, octane and pentamethylhepta. The levels of isoprene were not statistically elevated in
the cancer group. Interestingly, on the three years follow up study they found decreased levels

of isoprene, benzene, pentane, toluene and ethyl benzene in their subjects (Poli et al. 2008)
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Xu et al. (2013) found elevated levels of isoprene, 2-propenitrile, furfural, 2-butoxy-ethanol

and 6-methyl-5-hepten-2-one in patients with gastric cancer and/or peptic ulcer disease.

5.5 Benzene

Fig. 19 Shows structural formula of Benzene.

Benzene is a well-known carcinogen and strongly linked to bone marrow failure. Large
quantities of epidemiological data link benzene to diseases like aplastic anemia, acute and
chronic leukemia, myelodysplastic syndrome as well as cardiovascular disease. (Kasper et al.
(2012), Bard et al. (2014)

Benzene can be measured in urine, blood and breath of humans; however, benzene is also
metabolized in the human body so these measurements have their limitations (Agency for
Toxic Substances and Disease Registry. (2007). In humans, benzene is enzymatically
converted to various oxidation products such as phenol, cathechol, hydroguinone, muconic
acid, phenylmercpturic acid and 1,2,4-trihydroxybenzene. This is mainly believed to be done
in the liver by CYP-p450 enzymes, quinine oxoreductase, glutathione and myeloperoxidase
(MPO). Benzene is then broken down into several byproducts including polyphenols. In the
bone marrow MPO convert these polyphenols to benzoquinones. It is these metabolites that
induce the gene toxicity associated with cancer, and does so by several mechanisms including
increasing oxidative stress, disruption of microtubules, alteration in DNA methylation and
inhibition of topoisomerase Il (Snyder and Hedli (1996), Smith (2010).

Aromatic compounds such as benzene, styrene, toluene, etc. are believed to come from

exogenous sources such as pollution and cigarette smoke. Hakim et al. (2012) found increased
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concentrations of benzene, toluene and 2,5-dimethyl furan in the breath of smokers versus
non-smokers. Ulanowska et al. (2011) also found increased benzene, acetonitrile and furan

derivatives in smokers.

Navaneethan et al. (2014) analyzed headspaces from bile samples, including from patients
with pancreatic cancer and patient’s benign biliary conditions. The concentrations of 6
compounds including benzene were increased in patients with pancreatic cancer compared
with controls. Mochalski et al. (2014) analyzed VOCs in the blood and breath of chronic
kidney disease patients. Excluding contaminants, six compounds (benzene amongst them)
changed their blood and breath levels during the hemodialysis treatment. Benzene was also
increased in Poli et al’s (2005 and 2008). studies on lung cancer patients before and after

resection. Benzene was found to be increased before resection and decreased 3 years after.

Zhu et al. (2010) reported emission of benzene from H.pylori. Why benzene was decreased in

the cancerous tissue compared to the non-cancerous tissue is still unclear.
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5.6 Gamma-Butyrolactone (GBL)

Fig. 20 Shows structural formula of gamma-butyrolactone.

5.6.1 Endogenous formation

GBL can be formed endogenously, and in combination with 1,4-butanediol they can form
gamma-hydroxybutyrate (GHB). This is a rapid reaction catalyzed by lactonases (Kapoor et
al. (2013). GHB is the precursor to the neurotransmitter gamma-aminobutyrate (GABA),
which is a nervous system depressant and one of the main inhibitory neurotransmitters used
by the central nervous system (CNS). GBL has been detected in blood and feces, as well as

from adipose tissue and neurons (The Human Metabolome Database (HMDB)).
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Fig. 21 Shows the formation of GBL and 1,4-butanediol into GHB, which can then be further

converted to succinic semialdehyde and GABA. (Figure taken from Kapoor et al. GHB acid: a

rage or reprieve (2013) page 3.)

GABA can also be metabolized to succinic semialdehyde which can either undergo conversion

back to GHB via succinic aldehyde reductase, or go through the TCA-cycle to produce energy
(Kapoor et al. 2013). GLB is believed to be formed endogenously from GABA, (The Human

Metabolome Database (HMBD)) and reversing the above mechanism could be one potential

source of its endogenous production. However, no studies showing a link between VOC

emission and cancer was found. Rudnicka et al. (2011) detected levels of butyrolactones in their

cancer subjects, but it was deemed non-significant.

GBL was found to be increased using GC-MS in cells infected with herpes simplex virus type

1. (Rochford et al. (2016)
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5.6.2 Exogenous formation

Both GHB and GBL are active metabolites from the anti-cancer drug group fluoropyrimidines
(UFT). (Nagai et al. 2008 and Emi et al. 2007) The drugs include Fluorouracil (5-FU),

Tegafur, Doxifluridine, Carmofur and Capecitabine.

Nagai et al. (2008) measured the serum GBL before and after UFT therapy in 22 cancer
patients as well as 5 healthy volunteers. They found that the GBL levels after the UFT
administration was significantly increased with a p value of <0.0001). They also concluded
that GBL inhibits vascular endothelial growth factor (VEGF), thus inhibiting angiogenesis.
This is believed to be one of the mechanisms in which UFTs inhibit tumor growth.
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6. CONCLUSION

The results found in this study shows that the analysis of VOCs is a promising field of
research into its potential in gastric cancer diagnosis. This study has identified increased
emission levels of CS?, 2-pentanone, 3-methyl-2-butanone and pyridine and decreased
emission of isoprene, gamma-butyrolactone, benzene and dimethyl sulfide in gastric cancer
tissue. The ketones, sulfuric compounds and isoprene have been found in several previous
cancer studies, and hopefully this will add to the further understanding and potential
discovery VOC biomarkers for gastric cancer. Currently VOC analysis for biomarkers in
cancer screening is still in the early pre-clinical phase, and need more work before it can be

used in practice.

One of the main goals of using VOCs in cancer detection is to develop a relatively easy and
non-invasive method for screening. This could have a significant clinical impact as the
majority of gastric cancer is diagnosed in the later stages of disease. The potential benefits of

such a screening device could include:

e Earlier detection of gastric cancer, which is directly correlated to improved prognosis.
e Reduce costs of therapy in cancer patients

e Increase diagnostic rate of gastric cancer via population based screening

Screening could be done via several methods including exhaled breath, blood and urine
analysis. The findings found in this study seems to indicate that gastric cancer cells have
altered metabolic processes which can lead to differences in VOC formation when compared
to normal cells. The exact origin of these VOCs is very complex, but due to the large
differences in CSy, 2-pentanone, 3-methyl-2-butanone and pyridine seems to indicate that they
could be emitted from the cell. If the origin was microbial, from exogenous pollutants or

environmental, you would expect more similarities in the profiles found.

If we consider CS; the differences in emission mass from cancerous to non-cancerous was so
large that it cannot be denied that some process is altered in the cancerous cells. The median
mass for non-cancerous tissue was 1.4 pmol, while for the cancerous tissue 19.9 pmol, which
is around 14 times greater mass emitted from the cancerous tissue. The highest upper range of
non-cancerous was 21 pmol compared to 260 pmol for cancerous. By using CSzas an
example it is very evident that something is very different in the diseased tissue. VOC profiles

do not have to be diagnostic of disease to be useful. One suggestion that could be interesting
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for future studies on VOC:s is to do large group studies on healthy individuals to try and
determine a “range of normal”, similar to what we currently have for blood analysis.
Screening VOCs using a simple non-invasive method, such as a breath test, could then give an
indicator of abnormal VOC profiles, which could warrant further investigation. At the
moment VOC analysis is still relatively cumbersome and time consuming and not necessarily
ready for routine clinical practice. Newer and easier VOC analysis equipment is needed in
order for day to day screening in clinics and hospital. However, by researching the potential

that VOCs have in disease will likely lead to its development.
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Appendix

Table 4 Shows list of emitted compounds, their potential origin and relation to VOCs found in

literature. The compounds in blue were found significantly different in this study.
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