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ABSTRACT 

Oesophago-gastric cancer is a significant health problem in the United Kingdom. Only 37.6% of 

patients can be treated with curative intent at the time of diagnosis. The development of non-invasive 

biomarkers aims to identify patients at early stages of the condition prior to disease spread. Phenol 

has been proposed as a potential marker of oesophago-gastric cancer in exhaled breath and urine. 

The nature of origin of this compound is unknown. The aim of this research was to investigate the link 

between aromatic amino acid metabolism and phenol production in oesophago-gastric cancer; the 

long term aim being to validate the use of phenol as a non-invasive marker of this disease.  

Dried blood spot samples were analysed using nano-electrospray ionisation mass spectrometry to 

identify intermediary metabolites of aromatic amino acid metabolism. Homogentisate was identified at 

reduced concentrations in oesophago-gastric cancer patients. These results led to a targeted 

investigation of enzymes regulating this pathway using quantitative PCR and immunohistochemistry. 

Homogentisate 1,2 dioxygenase was found to be downregulated in oesophageal cancer tissues. 

To investigate phenol production gastric content samples were analysed using gas-chromatography 

mass spectrometry. Phenol was consistently identified within gastric content samples, and addition of 

isotope labelled tyrosine indicated that phenol was produced from this aromatic amino acid in gastric 

juice. Bacterial sequencing identified the presence of phenol producing bacteria within the stomach. 

Phenol concentrations were significantly increased in the plasma of these patients, providing a 

transport mechanism for phenol produced in the tumour environment to be excreted by the lungs or 

kidneys. Urinary analysis also revealed increased concentrations of phenol relative to controls. 

This work has indicated that the gastric microbiome may be responsible for conversion of tyrosine to 

phenol in oesophago-gastric cancer. The underlying mechanism responsible for aromatic amino acid 

dysfunction has also been identified. 

By demonstrating the biological mechanism responsible for phenol production this project has 

validated the use of this compound as a non-invasive marker of this disease in exhaled breath or 

urine. These findings will help to introduce the clinical use of phenol as a non-invasive marker for 

oesophago-gastric cancer risk stratification, thereby increasing the proportion of patients diagnosed at 

early stages of disease and improving overall survival. 
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1.1 Oesophago-Gastric Cancer 

 

Cancer is a leading cause of death worldwide with an estimated 14.1 million new cancer cases and 

8.2 million cancer deaths worldwide in 20121. Cancer of the gullet (oesophagus) and stomach 

(together termed oesophago-gastric cancer) represent a significant health issue worldwide with 

400,200 deaths related to oesophageal cancer in 2012, and 723,100 attributed to gastric cancer1. 

 

The highest rates of oesophageal cancer are found in Eastern Asia as well as Eastern and Southern 

Africa. This disease is around 3 to 4 times more common in men than women1. Oesophageal cancer 

is divided into two major histological subtypes. Squamous cell carcinoma is more common within 

Central and South-East Asia whereas oesophageal adenocarcinoma is much more prevalent in 

Western Countries. In 2012 there were 398,000 cases of squamous cell carcinoma worldwide and 

52,000 cases of oesophageal adenocarcinoma2. Oesophageal adenocarcinoma is a particular issue 

in the United Kingdom, which has the highest incidence of oesophageal adenocarcinoma worldwide 

(affecting 5,800 patients per year)1–3. The incidence of oesophageal adenocarcinoma in the United 

Kingdom is 7.2 per 100,000 men and 2.7 per 100,000 women. This compares to an overall global 

incidence of 0.7 per 100,000 (1.1 per 100,000 in men and 0.3 per 100,000 in women)2.  

 

Oesophageal adenocarcinoma typically develops in the lower third of the oesophagus and can 

originate from an area of Barrett’s mucosa (defined as intestinal metaplasia within the distal 

oesophagus). Step-wise progression from metaplastic change leads to dysplasia, and finally invasive 

cancer. Although Barrett’s oesophagus is a major risk factor for oesophageal adenocarcinoma the 

annual risk of progression to invasive cancer is only 0.12%4. Despite Barrett’s oesophagus being a 

potential risk factor around 95% of patients receiving a diagnosis of oesophageal cancer are not 

previously known to suffer with Barrett’s oesophagus5–7. This indicates that current endoscopic 

screening programmes of known Barrett’s oesophagus patients are not effective for preventing 

oesophageal adenocarcinoma development in the general population. One major risk factor for 

development of both Barrett’s oesophagus and oesophageal adenocarcinoma is gastro-oesophageal 

reflux disease8,9. Chronic reflux produces chronic inflammation within the oesophagus causing 

oxidative stress, leading to DNA damage and increased mutation rates, subsequently being 
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responsible for tumour formation10. The increasing incidence of oesophageal adenocarcinoma in the 

United Kingdom is believed to be in part related to increasing rates of obesity which is strongly related 

to risk of oesophageal adenocarcinoma, Barrett’s oesophagus, and gastro-oesophageal reflux 

disease11–13. 

 

The Incidence of stomach cancer is generally highest in eastern Asia (particularly Korea, Mongolia, 

Japan and China), Central and Eastern Europe, and South America, whilst being lowest in Northern 

America and most parts of Africa1. Large differences in the incidence of gastric cancer exist 

geographically with an incidence of up to 26.9 per 100 000 among males in Asia, compared to 3.4 per 

100 000 among females of North America14. Chronic infection with Helicobacter Pylori is the strongest 

risk factor for stomach cancer with 89% of non-cardia gastric cancer cases attributed to infection with 

this bacteria15.  

 

Oesophageal and gastric cancer have overall five-year survival rates of only 15% and 19% 

respectively in the United Kingdom3. This compares unfavourably with 5-year survival for other 

malignant diseases including breast cancer (87%), bowel cancer (59%), bladder cancer (54%) and 

ovarian cancer (46%)16. At the time of clinical presentation the majority of oesophago-gastric cancer 

cases have advanced disease and only 37.6% can be treated with curative intent3. Late diagnosis is 

in part due to the non-specific symptoms associated with oesophageal and gastric cancer. Patients 

with oesophageal cancer attend their primary care physician on average 22 days after first noticing 

symptoms compared to 2-3 days for bladder and renal cancer and 7 days for brain or breast cancer17. 

In addition to poor patient awareness of alert symptoms18, the diagnosis of oesophageal cancer can 

be challenging in primary care with around 25% of oesophageal cancer patients visiting their primary 

care physician three or more times prior to referral for further investigation19. There is also known to 

be a paucity of symptoms in early stages of the gastric cancer20. Despite these factors current 

national guidelines from the National Institute for Health and Care Excellence focus upon the 

presence of alarm symptoms such as dysphagia, unintentional weight loss, persistent vomiting, iron 

deficiency anaemia or an epigastric mass. The guidance also states that endoscopic investigation is 

not necessary in patients less than 55 years old in the absence of alarm symptoms21. Evidence has 
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suggested this leads to a longer referral time for patients under the age of 55 with oesophago-gastric 

cancer22. 

 

At present there are no national screening programmes for oesophageal cancer largely because the 

incidence is relatively low, the gold-standard diagnostic test (endoscopy) is expensive, and due to the 

invasive nature of this test it is associated with significant potential risks to patients. In the Japanese 

population the national screening programme for gastric cancer helps facilitates early detection of 

disease and contributes towards better oncological outcomes23. It has been suggested there is a need 

in Western Countries to screen patients with symptomatic reflux, but it is not currently feasible to use 

endoscopy-based screening with the available health care resources24. There is a clear need to better 

delineate those patients suffering with non-specific upper gastrointestinal symptoms (such as reflux or 

dyspepsia) that are at sufficiently high-risk to justify endoscopic investigation. Use of non-invasive 

biomarkers may allow for risk-stratification of symptomatic patients to streamline access to endoscopy 

services for those at greatest risk. 

 

Analysis of volatile organic compounds within exhaled breath or urine of oesophago-gastric cancer 

patients has been proposed as one potential method of risk stratification prior to endoscopy25–27.  
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1.2  Volatile Organic Compounds 

 

The utilisation of breath analysis as a medical test has long been established, with Hippocrates 

describing fetor oris and fetor hepaticus in his treatise on breath aroma and disease28 In 1971 Linus 

Pauling used gas-liquid partition chromatography to establish that exhaled breath was a complex 

mixture of over 250 volatile organic compounds (VOC’s) whilst there were also 280 VOC’s within the 

headspace of urine samples29. Since this time VOCs have been of great interest to researchers as a 

potential method to identify human disease states. Particular focus has been upon identifying a link 

between specific VOCs and cancer. Previous studies have shown links between the levels of VOCs 

and lung30–32, bladder33, breast34 and oesophago-gastric cancer26,35,36. 

 

1.3 Phenol Production 

 

Phenol can be produced from five main precursors including tyrosine, 4-hydroxybenzoate, 

phenylboronic acid, salicylic acid and benzene37,38. Production of phenol from tyrosine is of particular 

interest in oesophago-gastric cancer as tyrosine concentrations have previously been shown to be 

elevated within the gastric juice of gastric cancer patients39,40. Tyrosine is converted to phenol via the 

action of the bacterial enzyme tyrosine phenol-lyase. This reaction was first discovered in bacterial 

cultures by Kakihara & Ichihara41. The role of gut bacteria in phenol production has long been 

established42.  

 

Cresols (methylphenols) are also a product of bacterial fermentation of tyrosine42. Cresols have three 

different isomeric forms depending upon the position of the methyl-group. These are o-cresol (2-

methylphenol), m-cresol (3-methylphenol), and p-cresol (4-methylphenol). 
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1.5 Inborn Errors of Aromatic Amino Acid Metabolism 

 

Analytical techniques for quantification of aromatic amino acids have previously been developed for 

the purposes of newborn screening for inborn errors of aromatic amino acid metabolism. These 

conditions are caused by deficiency of specific enzymes which regulate aromatic amino acid 

breakdown. Inborn errors of aromatic amino acid metabolism are discussed in this section due to the 

relevance of these changes in enzyme activity to the pathway under investigation in this thesis. 

 

1.5.1 Phenylketonuria 

Phenylketonuria is an autosomal recessive condition caused by mutations in the phenylalanine 

hydroxylase gene leading to deficiency of this enzyme47. Incidence varies widely around the world 

and it affects around one case per 10,000 births in Caucasians, with the highest incidence being in 

Northern Europe48. Diagnosis is usually made through new-born screening programmes and clinical 

features result from accumulation of excess phenylalanine which may cause severe intellectual 

disability if left untreated. Other clinical features include autistic behaviours, motor deficits, 

eczematous rash and seizures47. There is no cure for phenylketonuria and treatment focusses upon 

dietary restriction of phenylalanine to the minimum required for normal growth47. 

 

1.5.2 Tyrosinaemia 

 

Tyrosinaemia is divided into three separate types49: 

• Tyrosinaemia Type 1: Caused by deficiency of fumarylacetoacetate hydrolase. 

• Tyrosinaemia Type 2: Due to deficiency of tyrosine aminotransferase. 

• Tyrosinaemia Type 3: Extremely rare disorder of absence of 4-hydroxyphenylpyruvate 

dioxygenase. 

 

Tyrosinaemia Type 1 

  

Tyrosinaemia type 1 is the most severe form of tyrosinaemia and has a prevalence of around 1 in 

100,000 births. It is caused by deficiency of fumarylacetoacetate hydrolase49. Biochemical findings 
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typically include increased concentrations of succinylacetone, tyrosine, methionine and phenylalanine 

in blood, as well as increased urinary excretion of toxic metabolites such as succinylacetone and 

delta-aminolevulinic acid50,51. Left untreated patients develop liver failure and renal tubular 

involvement. Treatment involves the use of nitisinone (2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-

cyclohexanedione (NTBC)) which acts as an inhibitor of 4-hydroxyphenylpyruvate dioxygenase52. This 

prevents the accumulation of succinylacetone but can lead to increased plasma tyrosine 

concentration53 which can be managed with dietary restriction of tyrosine and phenylalanine. 

 

Tyrosinaemia Type 2 

Tyrosinaemia Type 2 is an autosomal recessive disorder which causes a deficiency of tyrosine 

aminotransferase. It is generally a less severe condition than tyrosinaemia type 1 and clinical 

manifestations include skin lesions with hyperkeratotic plaques upon the feet and palms of hands and 

eye symptoms with photophobia and scleral inflammation49. Treatment with low protein diet is usually 

successful at resolving both eye and skin symptoms. 

 

Tyrosinaemia Type 3 

Tyrosinaemia type 3 is an extremely rare condition caused by deficiency of 4-hydroxyphenylpyruvate 

dioxygenase. The clinical symptoms include severe learning difficulties and neurological symptoms54. 

 

1.5.3 Alkaptonuria 

 

Alkaptonuria is a rare autosomal recessive disorder which was first described by Garrod in 190255. 

This disorder is caused by a deficiency of the enzyme homogentisate 1,2 dioxygenase within the 

liver56, and leads to excretion of large quantities of homogentisate within the urine57. The incidence of 

alkaptonuria is around 1 case per 250,000 to 1,000,000 live births58. Deficiency of homogentisate 1,2 

dioxygenase leads to accumulation of homogentisate or benzoquinones (products of homogentisate 

oxidation), which can form melanin-like polymers. Deposition of these compounds within connective 

tissues leads to ochronosis with darkening of cartilaginous tissues and bone, arthritis, joint destruction 

and deterioration of cardiac valves59–62. Treatment options include the use of nitisinone to inhibit 4-

hydroxyphenylpyruvate dioxygenase activity and thereby cease the production of homogentisate58. 
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1.6 Systematic Review – Aromatic Amino Acids and Phenol in Oesophago-

Gastric Cancer 

 

1.6.1 Introduction 

 

Amino acids are compounds that have been muted as potential biomarkers of malignant disease. A 

previous review demonstrated that tryptophan was the metabolite with the most frequently altered 

concentrations across several cancer types63. Patients with oesophageal cancer have reduced 

plasma levels of 14 separate amino acids including tyrosine, phenylalanine and tryptophan64. Cancer 

patients suffering with anorexia and malnutrition have the most distinctive changes in the plasma 

amino acid profile64. Due to the obstructive nature of advanced oesophageal cancer up to 79% of 

patients develop a degree of malnutrition prior to diagnosis65,66.  

 

Phenolic compounds are potential markers of oesophago-gastric cancer with altered concentrations 

previously observed within exhaled breath36, urine67, and gastric content35. 

 

Therefore a combination of investigating aromatic amino acid and phenol profiles may yield suitable 

clinical assays to assess a patient’s risk of having oesophago-gastric cancer. This systematic review 

has investigated the current published literature to evaluate concentrations of tyrosine, phenylalanine 

and tryptophan within the biofluids and tissues of oesophago-gastric cancer patients, and assess their 

potential as biomarkers of this disease. It has also investigated the role of phenolic compounds 

(namely phenol, cresol (also known as methyl-phenol) and ethylphenol) as potential biomarkers of 

gastrointestinal cancer. 

 

1.6.2 Methods 

 

A literature search (title and abstract) was performed using Ovid Medline® (1948-2016), Embase® 

(1974-2016), Web of Science® and PubMed® electronic databases up to and including 10th 

September 2016. This search was used to identify relevant studies that had measured tyrosine, 

phenylalanine or tryptophan within tissues or biofluids of patients with oesophago-gastric cancer. The 
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search also identified studies which measured phenolic compounds in gastrointestinal cancer 

patients. Only studies which had compared results to a control group of healthy individuals (either 

healthy volunteers or those with benign disease of the upper gastrointestinal tract) were included. For 

aromatic amino acids the search was undertaken using the terms Tyrosine OR Phenylalanine OR 

Tryptophan AND (Cancer OR malignancy OR neoplasm) AND (Gastric OR Stomach OR 

Oesophageal OR Esophageal) as well as the medical subject headings (MeSH), Tyrosine OR 

Phenylalanine OR Tryptophan AND (stomach neoplasms OR esophageal neoplasms). A second 

search was performed using the terms (phenol OR methylphenol OR cresol OR ethylphenol) AND 

(Cancer OR malignancy OR neoplasm) AND (Gastric OR Stomach OR Oesophageal OR 

Esophageal) as well as MeSH terms (stomach neoplasms OR esophageal neoplasms). Due to the 

small number of studies investigating phenol metabolism in oesophago-gastric cancer the search was 

extended to include colorectal cancer by addition of the search terms ‘Colon OR Rectum’, and MeSH 

subject heading ‘Colorectal neoplasms’. 

 

The electronic search was supplemented by a hand-search of published abstracts from relevant 

conference proceedings (2010 – 2016). Two reviewers independently screened titles and abstracts of 

studies identified via the electronic search. Full texts were retrieved for all potentially relevant articles. 

Searching of reference lists of appropriate texts identified further potentially relevant studies. Inclusion 

criteria were any study measuring tyrosine, phenylalanine or tryptophan in oesophago-gastric cancer 

patients or phenol, cresol (also known as methyl-phenol) or ethylphenol in gastrointestinal cancer, via 

any appropriate analytical method comparing biological samples from cancer patients and suitable 

controls. Exclusion criteria were any studies without an appropriate control group or animal studies. 

Studies that reported the same patient population in multiple publications were also excluded, except 

for the most recent or complete publication.   

 

The two reviewers independently extracted data from the selected studies including: number and 

types of specimen; analytical platform; amino acid/phenol concentrations in cancer and control 

groups. The hypothesis under investigation was whether concentrations of aromatic amino acids and 

phenolic compounds would be significantly different between cancer and control samples. The 

QUADAS-2 tool was used to assess the quality of the included studies68. This model consists of four 
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domains including patient selection, index test, reference standard and flow of patients through the 

study. The reference standard is defined as the best available method to establish the presence or 

absence of the target condition69, which in this review was considered to be histological confirmation 

of the diagnosis. Each domain is assessed in terms of bias and the first three are also assessed in 

terms of concerns regarding applicability. 

 

1.6.3  Results 

 

Twenty-two studies were included in this review. Sixteen studies investigated aromatic amino acid 

metabolism in oesophago-gastric cancer, and six studies investigated phenol production in 

gastrointestinal cancer. PRISMA flow diagrams for each section are shown in Figure 2A and 2B. 
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Quality Assessment of Studies 

 

Details of the QUADAS-2 study quality assessment are shown in Figures 3A and 3B. Unclear risk of 

bias in patient selection was recorded in all but one study due to a lack of information regarding 

patient recruitment, as it was not specified whether consecutive patients were included or if any 

patients were excluded. The risk of bias for the index test was unclear due to lack of information 

regarding blinding of assessors. Several papers had a high risk of bias with regard to patient flow as 

not all of the controls received the reference standard investigation (histological examination). Twenty 

three percent of studies had an unclear or high risk of applicability concerns due to cancer and control 

groups not being appropriately matched. 
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1.6.3.1 Aromatic Amino Acid Metabolism in Oesophago-Gastric Cancer 

 

There were 16 studies investigating aromatic amino acid metabolism in oesophago-gastric cancer 

that met the inclusion criteria for this systematic review39,40,70–83.  

 

Summary Table 

Please see table 1. 
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Author 
and 
Year 

Sample 
Type 

Amino Acids 
Investigated 

Cancer Type Platform n 
Cancer 

n 
Control 

Tyr 
(Cancer 

vs 
Control) 

Phe 
(Cancer 

vs 
Control) 

Trp 
(Cancer 

vs 
Control) 

 
Serum-Based Studies 

Zhang X 
201370 

Serum Tyr, Phe, Trp 
 

Oesophageal NMR 
LC-MS 

25 25 * * * 

Zhang J 
201271 

Serum Tyr, Trp Oesophageal LC-MS + 
NMR 

67  BE 3 
HGD 9 
HC 34 

- N/A  

Miyagi 
201172 

Serum Tyr, Phe, Trp Gastric LC-MS 199 985 ** ** ** 

Ikeda 
201173 

Serum Tyr, Phe, Trp Gastric and 
oesophageal 

GC-MS Oes 
n=15 
Gas 
n=11 

HC =12 - - - 

Naini 
198874 

Plasma Phe, Trp Oesophageal Amino acid 
analyzer 

11 
 

Hiatus 
hernia 
n=9 

N/A - * 
(free trp 
levels) 

Norton 
198575 

Plasma Tyr, Phe Oesophageal Amino acid 
analyzer 

6 14 * * N/A 

 
Gastric Juice Based Studies 

Deng 
201239 

Gastric 
juice 

Tyr, Phe, Trp Gastric LC-MS EGC 
n=49 
AGC 
n=66 

BGD 
N=70 

** ** ** 

Lian 
201276 

Gastric 
juice 

Trp Gastric LC-MS 38 48 
(BGD) 

N/A N/A  

Deng 
201140 

Gastric 
juice 

Tyr, Phe, Trp Gastric LC-MS 
NMR 

33 68 (mix 
HC and 
BGD) 

* * * 

Segawa 
198577 

Gastric 
juice 

Tyr, Phe Gastric LC-MS 16 40 (mix 
HC and 
BGD) 

  N/A 

Abasov 
196978 

Gastric 
juice 

Tyr, Phe, Trp Gastric Chroma-
tography 

100 140 
(HC + 
BGD) 

   

 
Urine Based Studies 

Hasim 
201279 

Urine  
 

Tyr, Phe Oesophageal NMR 108 40   N/A 

Davis 
201280 

Urine Tyr Oesophageal  NMR  44 
 

 

44  N/A N/A 

 
Tissue Based Studies 

Song 
201181 

Tissue Phe Gastric GC-MS 30 30 N/A  N/A 

Wu 
200982 

Tissue Tyr, Phe Oesophageal GC-MS 20 20 ** - N/A 

Hirayama 
200983 

Tissue Tyr, Phe, Trp Gastric CE-TOF-
MS 

12 12 ** ** * 

Table 1: Summary table of included studies investigating aromatic amino acid metabolism. 
Key: =raised levels in cancer patients; =decreased levels in cancer patients; - =No difference shown; N/A = Not reported; * 
= p<0.05; ** p<0.001. (Tyr = tyrosine; Phe=Phenylalanine; Trp = Tryptophan; LC-MS=Liquid chromatography mass 
spectrometry; GC-MS=Gas chromatography mass spectrometry; NMR=Nuclear magnetic resonance; CE-TOF-MS=Capillary 
electrophoresis time-of-flight mass spectrometry; EGC=Early gastric cancer; AGC=Advanced gastric cancer; HC=Healthy 
controls; BGD=Benign gastric disease; BE=Barrett’s oesophagus;) 
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Study Characteristics 

 

Seven studies involved the investigation of patients with oesophageal cancer70,71,74,75,79,80,82, eight 

studies investigated gastric cancer patients39,40,72,76–78,81,83 and one study investigated both cancer 

types73. In total there were 524 patients with gastric cancer and 296 oesophageal cancer patients 

included over these 16 studies. Six studies investigated blood levels of these aromatic amino acids 

(four oesophageal cancer, one gastric cancer and one for both cancers), five studies investigated 

gastric content (all gastric cancer patients), two investigated urinary concentrations in oesophageal 

cancer patients, and three studies analysed concentrations of these amino acids in cancer tissues 

(one oesophageal and two gastric). Several analytical platforms were utilised for analysis including 

liquid chromatography mass spectrometry (LC-MS) (n=7), gas chromatography mass spectrometry 

(GC-MS) (n=3), nuclear magnetic resonance (NMR) spectroscopy (n=5), capillary electrophoresis 

mass spectrometry (CE-MS) (n=1), automated amino acid analyser (n=2), and ascending 

chromatography (n=1). Some studies utilised more than one analytical platform. 

 

Tyrosine 

Tyrosine was measured in 13 of the studies included (five serum based, four gastric content, two 

urine based and two in tissue). 

 

Miyagi et al. investigated concentrations of plasma free amino acids in various cancer types using 

high performance liquid chromatography electrospray ionisation mass spectrometry72. This study 

included 199 gastric cancer cases and 985 healthy controls. Results from this study showed a 

significantly decreased tyrosine concentration in gastric cancer cases compared to controls (p<0.01). 

This difference was apparent in early (Stage I) as well as late (stage IV) stages of disease. Zhang X 

et al. demonstrated that serum tyrosine concentrations were decreased in oesophageal cancer 

patients (n=25) compared to healthy controls (n=25) (p<0.002)70, a finding which was also reported by 

Norton et al. (p<0.05)75. However other studies by Zhang J et al.71 and Ikeda et al.73 showed no 

significant difference in serum tyrosine concentrations in oesophageal and gastric cancer patients 

compared to controls. 
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Deng et al. have performed two studies to investigate levels of amino acids within gastric content39,40. 

The initial study compared concentrations within gastric content of gastric cancer patients (n=33) to a 

control group (n=68) using NMR spectroscopy and LC-MS. The median concentration of tyrosine in 

the cancer group was 54.9±11.0µg/mL, compared to 8.7±2.6µg/mL in the control group (p<0.05)40. 

Another study by the same group compared cases of early gastric cancer (n=49), advanced gastric 

cancer (n=66) and a control group of patients with non-neoplastic gastric disease (n=70). This study 

showed that median gastric content tyrosine concentrations in the early gastric cancer group was 

19.4µg/mL (5.8-72.4), compared to 18.3µg/mL (6.4-52.3) in advanced gastric cancer patients and 

3.8µg/mL (1.7-7.5) for the control group. A Receiver Operator Characteristic (ROC) curve analysis for 

the utilisation of tyrosine concentrations to distinguish early gastric cancer from controls showed an 

area under the curve of 0.790 (95% CI, 0.703-0.877, p<0.001). This finding of increased tyrosine 

concentrations within gastric content is supported by an early study by Abasov et al. which utilised 

one-dimensional ascending chromatography to detect the presence of aromatic amino acids in the 

gastric content of gastric cancer cases (n=100)78. These patients were compared to a control group 

containing healthy volunteers and benign gastric disease patients (n=140). This study detected 

tyrosine in 65% of cancer cases compared to 46% of controls. Segawa et al. also showed that overall 

concentrations of amino acids (including tyrosine and phenylalanine) were higher in the gastric 

content of gastric cancer patients (n=16) compared to controls (n=40)77.  

 

Hasim et al. investigated concentrations of tyrosine in the urine of oesophageal cancer patients 

(n=108) compared to controls (n=40) using NMR spectroscopy79. They demonstrated that tyrosine 

concentrations were increased within the urine of oesophageal cancer patients (Correlation co-

efficient -0.32). Davis et al. found tyrosine concentrations were increased in urine of oesophageal 

cancer patients (n=44) compared to healthy controls (n=44) although this difference did not reach 

statistical significance80. This study also investigated urinary concentrations of tyrosine and 

tryptophan in Barrett’s oesophagus patients (n=31) compared to a healthy control group (n=31) but no 

significant differences were observed. Two studies investigated concentrations of tyrosine within 

gastric cancer tissue compared to normal controls. Wu et al. used paired tissue samples (cancer and 

healthy mucosa) from 20 oesophageal cancer patients and utilised GC-MS to establish 

concentrations of tyrosine82. This showed significantly increased concentrations of tyrosine in cancer 
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tissue compared to normal mucosa. Hirayama et al. used capillary electrophoresis mass spectrometry 

and showed that concentrations of tyrosine were significantly increased in gastric cancer tissues 

compared to normal tissue (p<0.001)83. 

 

Phenylalanine 

Phenylalanine concentrations were measured in 13 included studies (five blood based studies, four 

gastric content based studies, one urine based, and three tissue studies). 

 

Miyagi et al.72 and Norton et al.75 respectively demonstrated that serum phenylalanine concentrations 

were decreased in gastric, and oesophageal cancer patients. However, Zhang X et al. had conflicting 

results with raised serum phenylalanine concentrations in oesophageal cancer patients relative to 

healthy controls (p=0.004)70.  Ikeda et al. compared phenylalanine concentrations in gastric and 

oesophageal cancer patients (n=15, and n=11 respectively) to healthy controls (n=12) but observed 

no significant difference73. Naini et al. also showed no significant change in plasma phenylalanine 

concentrations74. 

 

Deng et al. demonstrated that median concentrations of phenylalanine in gastric content were 

54.3±11 µg/mL in the gastric cancer group, compared to 8.8±2.1µg/mL in the control group 

(p<0.05)40. In a second study by Deng et al., the area under the ROC curve using gastric content 

phenylalanine concentrations to discriminate early gastric cancer cases from controls was 0.831 (95% 

CI, 0.750-0.911, p<0.001)39. The area under the ROC curve for the advanced gastric cancer cases 

compared to controls was 0.858 (95% CI, 0.794-0.922, p<0.001). Abasov et al. demonstrated that 

phenylalanine was detected in 80% of cancer cases and 56% of controls78. Hasim et al. observed 

increased phenylalanine concentrations in the urine of oesophageal cancer patients compared to 

controls (Correlation co-efficient -0.45)79. 

 

In the tissue-based studies, Hirayama et al. showed significantly higher concentrations of 

phenylalanine in gastric cancer tissues compared to controls (p<0.001)83. However, Wu et al. 

demonstrated no significant differences in phenylalanine concentrations between oesophageal cancer 



36 
 

tissue and normal mucosa82. Song et al. reported a trend towards increased phenylalanine 

concentrations in gastric cancer tissues but this observation was not statistically significant81. 

 

Tryptophan 

Tryptophan concentrations were investigated in 10 studies (five blood-based, four in gastric content, 

and one in tissue). 

 

Zhang J et al. measured fasting tryptophan concentrations in 67 oesophageal cancer patients and a 

control group including three patients with Barrett’s oesophagus, nine patients with high-grade 

dysplasia and 34 healthy volunteers71. This study demonstrated that tryptophan concentrations were 

significantly reduced in oesophageal cancer patients compared to controls (p=<0.001; fold change -

1.2). This finding was supported by other groups including Zhang X et al.70 and Naini et al.74, who 

reported decreased serum concentrations of tryptophan in these patients (Zhang X VIP 3.35, 

p<0.001; Naini p<0.05 reduction for free tryptophan concentrations (However, total tryptophan levels 

showed no significant change in concentration therefore this significance of this result is unclear)). 

Miyagi et al. also demonstrated significantly decreased plasma tryptophan concentrations in gastric 

cancer cases compared to controls (p<0.01)72. However, Ikeda et al. found no significant difference in 

tryptophan between esophageal or gastric cancer patients when compared to healthy controls73. 

 

Lian et al. demonstrated that tryptophan concentrations of greater than 6.0µg/mL were found within 

the gastric content of 52.6% of gastric cancer patients (n=38) compared to 22.9% of controls with 

benign gastric disease (n=48) (p<0.05)76. This finding was further supported by Deng et al who 

showed that median concentrations of tryptophan in gastric content of gastric cancer patients was 

19.4±4.7µg/mL, compared to 2.7±1.0µg/mL in controls (p<0.05)40. The second study by Deng et al. 

showed that the area under the ROC curve for gastric content tryptophan concentrations was 0.819 

(95% CI, 0.739-0.900, p<0.001) to discriminate gastric cancer from controls39. Abasov et al. reported 

that tryptophan was identified in 23% of cancer cases compared to 13% of controls78. Hirayama et al. 

found significantly increased tryptophan concentrations in gastric tissues compared to controls (p 

<0.05)83. 
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1.6.3.2 Phenol Metabolism in Cancer 

 

A total of six studies met the inclusion criteria for systematic review25,26,35,67,84,85.  

 

Study Characteristics 

 

Types of cancers investigated in these studies were oesophago-gastric (n=3) and colorectal (n=3). In 

total there were 112 patients with oesophago-gastric cancer and 173 patients with colorectal cancer 

included across these studies. Urine was used as the sample type in four studies (three investigating 

colorectal cancer, and one oesophago-gastric). Gastric content was the biological matrix analysed in 

one study on oesophago-gastric cancer, and the final study measured exhaled breath from 

oesophago-gastric cancer patients. The analytical platform used was selective ion flow tube mass 

spectrometry (SIFT-MS) in three studies, GC-MS in two studies and one study used both GC-ToFMS 

(Gas-chromatography coupled to Time-of-Flight Mass Spectrometry) and UPLC-QToFMS (Ultra 

Performance Liquid Chromatography with Quadrapole Time-of-Flight Mass Spectrometry). Details of 

the included studies are shown in table 2. 
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Author 
and 
Year 

Sample 
Type 

Cancer 
Type 

Platform n 
Cancer 

n 
Contro

l 

Phenol 
(Cancer 

vs 
Control) 

Cresol 
(Cancer 

vs 
Control) 

Ethyl-
Phenol 
(Cancer 

vs 
Control 

 
Urine-Based Studies 

Y Cheng 
201267 

Urine Colon GC 
TOFMS 
UPLC- 

QTOFMS 

101 103 ** ** N/A 

Qiu 
201084 

Urine Colon GC-MS 60 63 N/A  N/A 

Silva 
201185 

Urine Colon GC-MS 12 21 - * N/A 

Huang 
201326 

Urine Oesophago-
gastric 

SIFT-MS 12 48 * - - 

 
Gastric Juice Based Studies 

Kumar 
201335 

Gastric 
content 

Oesophago-
gastric 

SIFT-MS 19 20 N/A * N/A 

 
Exhaled Breath 

Kumar 
201525 

 

Breath Oesophago-
gastric 

SIFT-MS 81 129 ** ** ** 

 
Table 2: Details of studies included in phenolic compound review. 

Key: =raised levels in cancer patients; =decreased levels in cancer patients; - =No difference shown; N/A = Not reported; * 

= p<0.05; ** p<0.001. 

 

Urine Based Studies 

Four studies investigated phenolic compound concentrations within the urine of cancer patients (three 

colorectal, one oesophago-gastric) against healthy controls26,67,84,85.  

 

All studies involved the sampling of a single urine sample rather than 24 hour collection. Three of 

these studies involved collection of an early morning urine specimen after overnight fasting67,84,85, and 

one study involved patient fasting for at least six hours prior to collection26. Phenol concentrations 

were recorded in three of these studies, cresols (methylphenols) were measured in all four studies 

and ethylphenols measured in one study. 

 

The largest study67 included results from 101 colorectal cancer patients compared to 103 healthy 

controls and measured concentrations of both phenol and p-cresol. Concentrations of phenol and p-
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cresol (4-methylphenol) were found to be significantly decreased within the urine of colorectal cancer 

patients compared to healthy controls. Phenol concentrations showed a fold change of -3.13 between 

cancer and control patients (MWU p<0.001). P-cresol concentrations were also reduced in cancer 

patients with a fold change of -3.57 compared to healthy controls (MWU p<0.001). 

 

The other two urine studies investigating colorectal cancer patients84,85 also provided data on 

concentrations of p-cresol. Qiu et al84 successfully identified p-cresol within the urine of colorectal 

cancer patients although there was no significant difference between cancer patients (n=63) and 

healthy controls (n=60) (Fold change +1.4; p=0.096 (Student T-Test)). This study also produced a rat 

model of colorectal cancer (using intra-peritoneal injection of 1,2-dimethylhydrazine for rats in the 

cancer group, or sham injection of intra-peritoneal saline for the control group)84. Urine from these rats 

was analysed and demonstrated decreased p-cresol concentrations in the cancer group versus the 

controls (fold change -2.2 p<0.0001 (Student t-test)). This was in the opposite expression direction to 

clinical samples from this study (Patient samples fold change: +1.4; Rat cancer model fold change: -

2.2). 

 

The study by Silva et al85 analysed urine from patients with multiple cancer types (colorectal (n=12), 

lymphoma (n=7), leukaemia (n=14)) compared to healthy controls (n=21). There was significantly 

increased concentrations of p-cresol in the urine of colorectal cancer patients with a 216.5% change 

of mean peak area compared to healthy controls (p=0.001). When all three cancer types were 

considered together for analysis in the same paper85, urinary p-cresol concentrations was significantly 

elevated across all cancer types (Percentage Increase vs Controls: Colorectal Cancer – +216.5%; 

Lymphoma – +40.9%; Leukaemia – +89.4% (p=0.014 (Fishers LSD test)).  

 

The final urine-based paper by Huang et al26 compared urinary phenol measurements in patients with 

oesophago gastric cancer (n=12) with positive control patients (n=14) (defined as patients with non-

cancerous disease of the upper gastrointestinal tract), and healthy controls (n=34) (defined as 

patients with entirely normal upper gastrointestinal tracts as assessed at endoscopy). Results 

demonstrated significantly reduced concentrations of phenol in the urine of cancer patients (IQR [9-

20ppbv]) compared to positive controls (IQR [11-35ppbv]) and healthy controls (IQR [28-50ppbv]). 



40 
 

When the cancer and healthy control groups were directly compared these results were statistically 

significant (MWU p=0.027). There was no significant difference in cresol (methyl phenol) or ethyl 

phenol concentrations across these patient groups. 

 

Gastric Content Based Studies 

The study which investigated phenolic compounds in gastric content involved collection of intra-

gastric fluid at the time of patient endoscopy after a minimum period of six-hour fasting35. Patients 

were grouped into those with gastric cancer (n=19) positive controls (n=9), and healthy controls 

(n=11). Samples were collected in a disposable suction jar and analysed via SIFT-MS within one-hour 

of collection. Cancer patients were found to have the highest median methyl phenol concentration (16 

ppbv), followed by the positive control group (11 ppbv) and the healthy group (9ppbv) (Kruskal-Wallis 

test p=0.027).  

 

Breath Sample Based Studies  

In the study investigating exhaled breath36, all breath samples were collected from patients who had 

been fasted for a minimum of six-hours. Samples were collected in the same room where the patient 

had been resting for a minimum of 20 minutes. Sampling was performed using a system which 

comprised a Nalophan (Kalle UK Ltd., Witham UK) bag via a 1mL Luer lok syringe (Terumo Europe, 

Leuven, Belgium) via a standardised technique. This sampling method was validated in a prior 

publication36. All samples were analysed using the SIFT-MS platform immediately following collection. 

Patients were divided into three groups consisting of a cancer, positive control and healthy control 

group via the same method described in the previous studies from the same group26,35.  

 

In this study concentrations of phenol, cresol (methyl-phenol) and ethyl-phenol were measured. All of 

these compounds were found to have statistically significant concentration differences between the 

exhaled breath of oesophago-gastric cancer patients and non-cancer controls as shown in table 325. 
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Compound Gastric Cancer  

(n= 33) 

Oesophageal 
Cancer  

(n=48)  

Benign Controls  

(n=62) 

Healthy Controls  

(n=51) 

Cancer 
vs  

non-
cancer 

 Median 
(ppbv) 

IQR Median 
(ppbv) 

IQR Median 
(ppbv) 

IQR Median 
(ppbv) 

IQR MWU 

Phenol 10 6-25 9 6-18 5 2-8 4 3-7 <0.001 

Cresol 8 3-10 7 4-13 4 2-6 3 2-5 <0.001 

Ethyl-
Phenol 

12 7-21 8 4-14 5 2-8 4 2-6 <0.001 

 

Table 3: Results of exhaled breath analysis by Kumar et al.25 (ppbv = parts per billion by volume; IQR 

= inter-quartile range). 

This study also demonstrated that oesophago-gastric cancer disease stage (either early (Stage I) or 

late (Stage II and III)), did not significantly affect concentration of these phenolic compounds in 

exhaled breath25.  

 

1.6.4 Discussion 

 

The results of this systematic review suggest that the three aromatic amino acids under investigation 

(tyrosine, phenylalanine, and tryptophan) appear to be increased within the gastric content and 

tissues of patients with oesophago-gastric cancer. Tyrosine and phenylalanine concentrations were 

also increased in the urine of these patients. The majority of studies investigating serum (or plasma) 

concentrations demonstrate that levels of these amino acids are decreased in the serum (or plasma) 

of oesophago-gastric cancer patients.  

 

Investigation of phenolic compounds has demonstrated that phenol and cresol (methyl-phenol) 

concentrations appear to be altered in the urine of patients with gastrointestinal cancer with two 

studies demonstrating increased concentrations of phenol and p-cresol in the urine of cancer patients, 

and a further two studies demonstrating reduced concentrations of these compounds. One potential 

limitation of the urine-based studies included in this review is that results were not normalised to 

urinary creatinine concentration or osmolality86,87. Patient hydration status has a significant affect 
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upon absolute concentrations of urinary metabolites and this may have been a confounding factor for 

the results of these studies. In addition these studies only measured concentrations of unbound 

(‘free’) phenol. Large amounts of phenol are conjugated to glucuronic acid or sulphate in urine, and it 

would be necessary to deconjugate these prior to analysis in order to take into account total urinary 

phenol concentrations87. These factors may in part explain the conflicting results regarding phenol 

and p-cresol concentrations in urine. Studies upon exhaled breath and gastric content have 

demonstrated increased concentrations of phenolic compounds for oesophago-gastric cancer patients 

within these biological samples.  

 

The causes for these changes in aromatic amino acid and phenol profiles remain unknown. 

Malnourishment may be a contributing factor to the reduced concentrations of plasma amino acids. 

Malnourished patients develop a hypermetabolic state with increased hepatic gluconeogenesis and 

protein catabolism. However, cachexia and malnutrition does not appear to be the primary factor 

contributing to decreased serum amino acid concentrations in oesophago-gastric cancer patients; this 

hypothesis is supported by Miyagi et al., who observed decreased plasma free amino acid levels in 

both early stage disease (stage I) as well as stage IV disease patients72. Kawamura et al. have also 

demonstrated that in tumour bearing rats, there are increased hepatic protein synthetic rates and 

increased muscle catabolism, particularly during later stages of disease88. They concluded that 

development of cachexia in cancer patients was not only related to reduced dietary intake, but is 

linked to increased whole-body protein turnover. This particularly occurs during the late stages of 

disease where skeletal muscle protein is mobilised for increased tumour synthesis. Increased protein 

requirement in the tumour-bearing state reduces the availability of plasma amino acids64. Increased 

demand and overutilisation of amino acids by tumour tissue may account for the reduced 

concentration of serum amino acids79. The changes in blood levels of phenylalanine are of particular 

interest. Two studies in this review demonstrated reduced concentrations in oesophago-gastric 

cancer patients and another identified increased concentrations. Previous work has demonstrated 

that activity of phenylalanine hydroxylase (which converts phenylalanine to tyrosine) is dysfunctional 

in inflammatory or malignant disease states45,46. This raises the possibility that blood phenylalanine 

levels could be altered in oesophago-gastric cancer patients due to reduced action of this enzyme. 

Reduction in activity of this enzyme could also account for the decreased tyrosine concentrations 
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observed by Zhang X et al.70, due to reduced conversion of phenylalanine to tyrosine. However, the 

biological mechanism responsible for these alterations in amino acid concentrations in cancer patients 

remains unclear and further investigation is required to identify specific changes within this metabolic 

pathway of aromatic amino acid breakdown.  

 

The increased levels of aromatic amino acids within gastric content may be an especially important 

finding as this could potentially link changes in aromatic amino acid profile to phenol production39,40,42. 

Various mechanisms have been proposed to account for increased concentrations of these aromatic 

amino acids within gastric content. One possibility involves increased production of enzymes by 

invasive cancer cells which degrade the basement membrane and extracellular matrix89. Specific 

matrix metalloproteinase enzymes have been shown to be up-regulated by  aggressive cancer cells90. 

This degradation may release aromatic amino acids into the gastric content causing increased 

concentrations of these compounds40. Other postulated mechanisms to explain this phenomenon 

include increased protein synthesis within rapidly growing malignant tissues thereby releasing these 

aromatic amino acids into the gastric content.  

 

These increased amino acid concentrations in gastric content can be linked to phenol production via 

the process of proteolytic fermentation due to the action of the bacterial enzyme tyrosine phenol-

lyase. Once tyrosine has been released into the gastric content the action of tyrosine phenol-lyase 

from the gut microbiota could convert tyrosine to phenol causing increased concentrations of this 

compound within gastric content. This is in keeping with the findings of the study by Kumar et al. 

demonstrating increased phenolic compound concentrations within gastric content of oesophago-

gastric cancer patients35. 

 

The study by Qiu et al. proposed that the opposite expression direction for p-cresol in the rat cancer 

model (down regulated) and patient samples (up regulated) may be explained by differences in the 

colonic microbiome relating to the development of colorectal cancer. In particular the action of the 

Clostridium was felt to be one potential mechanism for this change as this species is known to be 

responsible for p-cresol production91. Certain subgroups of Clostridium have been previously 

demonstrated to show increased diversity in colorectal cancer patients92. These changes in gut flora 
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may have a causative effect for the changes in p-cresol profile seen in the studies included in this 

review, and explain the variation in direction of change for this compound (up-regulated in two 

studies, down regulated in two studies and one animal model). 

 

Although a large amount of research has been focussed upon the makeup of the colonic microbiome, 

little work has been completed to investigate the bacterial species present within the stomach. The 

presence of Helicobacter Pylori has long been recognised as a causative factor for the development 

of gastric cancer93,94. Recent advances in bacterial sequencing have allowed the characterisation of 

the bacterial ecosystem within the stomach beyond simply the presence or absence of H. Pylori. 

Studies have established that the predominant bacterial phyla present within the stomach are 

Proteobacteria, Firmicutes, Actinobacteria, Bacteriodetes and Fusobacteria95–98. Bacteria which are 

known to contain the tyrosine phenol lyase enzyme include Fusobacteria37,38, Clostridium91, and 

Escherichia99. Each of these bacteria have been identified within the stomach at a genus level95–98, 

indicating the potential of stomach bacteria to convert tyrosine to phenol. There is also significant 

overlap between the bacterial composition of the stomach and distal oesophagus, with Fusobacteria, 

Clostridium and Escherichia all having been identified within areas of normal squamous oesophageal 

tissue100–102. Fusobacterium has been observed to be more prevalent in areas of reflux oesophagitis 

or Barrett’s oesophagus than normal mucosa, and this change in microbial makeup relating to 

disease may be an influencing factor in phenol production101.  

 

This hypothesis of bacterial conversion of tyrosine within the upper gastro-intestinal tract provides a 

potential explanation for increased phenol concentrations identified in the exhaled breath of 

oesophago-gastric cancer patients25. Based upon the findings of Kumar et al. phenol is a potentially 

valuable biomarker of oesophago-gastric cancer in exhaled breath25. This study established that not 

only were phenol, cresol (methylphenol) and ethyl-phenol significantly different between cancer and 

control patients, but these increased concentrations were also present within the exhaled breath of 

patients with early stage cancer (Stage I). This highlights the potential of this diagnostic test to identify 

patients with oesophago-gastric cancer at early-stages of the condition when the patient can still be 

offered curative surgery. Phenol, methyl-phenol and ethyl-phenol were included as part of a 

diagnostic model (along with nine other compounds) which was able to differentiate oesophago-
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gastric cancer patients from non-cancer controls with an area under the ROC curve of 0.9225. 

Development of a non-invasive exhaled breath test to assess oesophago-gastric cancer risk could 

help to increase the number of patients with this disease who can be treated with curative intent 

(currently only 37.6% of cases3) and thereby improve survival.  

 

1.7 Conclusions from Systematic Review 

 

Tyrosine, phenylalanine and tryptophan concentrations appear to be altered within the biofluids and 

tissue of oesophago-gastric cancer patients; these compounds represent promising biomarker targets 

in oesophago-gastric cancer and hence further studies are needed to investigate the underlying 

cause of dysfunctional aromatic amino acid metabolism in oesophago-gastric cancer.   

 

These alterations in aromatic amino acid metabolism are potentially related to phenol production in 

these patients via the activity of bacteria within the stomach which contain the tyrosine phenol lyase 

enzyme. Phenol has been identified as a potential biomarker or oesophago-gastric cancer in exhaled 

breath36, urine67, and gastric content35.  

 

Although aromatic amino acid metabolism has been demonstrated to be dysfunctional in oesophago-

gastric cancer the biological mechanism responsible for these changes remains unclear and no 

detailed investigation of the enzymes regulating aromatic amino acid breakdown in these patients has 

been performed. The potential link between aromatic amino acid breakdown and phenol production in 

these patients has not been previously examined and this may provide a biological explanation for 

increased phenol production in oesophago-gastric cancer patients.  
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1.8  Thesis Aims 

 

The primary aims of this thesis are to: 

1. Investigate the underlying mechanism responsible for dysfunctional aromatic amino acid 

metabolism in oesophago-gastric cancer. 

2. Undertake a thorough investigation of phenol production in these patients and how this may 

be linked to aromatic amino acid breakdown via tyrosine phenol lyase activity. 

 

The long term aims of this work are to provide a greater understanding of how phenol is produced in 

oesophago-gastric cancer patients. The use of breath or urine analysis as non-invasive tests for the 

diagnosis of oesophago-gastric cancer will not be widely adopted by the clinical community unless it 

is possible to explain the underlying mechanism responsible for the changes seen. Establishing the 

cause of increased phenol production will help to introduce these non-invasive methods for 

stratification of oesophago-gastric cancer risk into clinical practice, and thereby allow for streamlining 

the use of endoscopy services to those at greatest risk of this disease. It is hoped this would lead to 

an increase rate of diagnosis at early-stages of disease before symptoms of more advanced disease 

such as dysphagia develop. This would lead to more patients being treated with curative intent and 

thereby improve survival.  
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CHAPTER 2 - METHOD DEVELOPMENT 
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2.1 Phenol GC-MS Method Development 

 

2.1.1 Objective 

 

This section aimed to develop a gas-chromatography mass spectrometry (GC-MS) method for 

analysis of phenolic compounds including phenol, cresols (methyl-phenols), and ethyl-phenols. This 

method has been utilised in later sections for quantification of phenolic compounds within urine, 

gastric content, serum and tissues. 

 

2.1.2 Introduction 

 

Previous studies using selected ion flow tube mass spectrometry (SIFT-MS) have identified phenol, 

cresol (methyl-phenol) and ethyl-phenol as potential markers of oesophago-gastric cancer in exhaled 

breath, urine and gastric content25,26,35. SIFT-MS utilises chemical ionisation of volatile compounds in 

air/vapour samples for direct mass spectrometry analysis103. This enables accurate real-time 

quantification of volatile compounds. However, due to the lack of chromatographic separation using 

this analytical technique, compound identification is reliant upon characteristic product ion patterns 

stored within the internal reference library. This can create difficulties with overlaps between multiple 

product ions leading to challenges in compound identification. Of particular relevance to this work are 

potential overlaps between the product ions of phenol and dimethyl-disulphide86. 

 

Gas-chromatography mass spectrometry (GC-MS) overcomes these issues with compound 

identification via the use of chromatographic separation, and is generally considered the ‘gold-

standard’ in analysis of volatile compounds. This analytical technique involves samples being 

introduced into an injector at high temperature, and then passing onto the chromatographic column 

(typically held initially at low temperature within an oven) via a carrier gas (usually helium). Upon 

entering the column different compounds within a mixed sample are separated according to their 

relative affinity for the stationary-phase of the column. As the temperature of the chromatographic 

column gradually rises compounds lose their affinity to the column (elute) at different times (known as 

retention time) and then can be detected by the downstream mass spectrometer. A schematic 

diagram outlining the principle of a typical GC-MS system is shown in figure 4. 
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This section of method development aimed to produce a targeted GC-MS method to 

chromatographically separate and quantify phenolic compounds (phenol, o-cresol (2-methylphenol), 

m-cresol (3-methylphenol), p-cresol (4-methylphenol), 2-ethylphenol, 3-ethylphenol, and 4-

ethylphenol). 

 

2.1.3 Method Development 

 

These experiments were performed using a Clarus 580-SQ8 GC-MS® (Perkin Elmer, Seer Green, 

BUCKS, UK)  equipped with a CTC autosampler® (PAL systems, Zwingen, Switzerland). Columns 

assessed included an RXi5ms® (crossbond diphenyl dimethyl polysiloxane) column followed by a 

Stabilwax DA® polyethyleneglycol column (both Restek, Bellefonte, PA, USA). Both columns used 

were 30m in length, with an internal diameter of 0.25mm and thickness of 0.25µm. Headspace 

analysis of standard solutions (Phenol, p-cresol, m-cresol, o-cresol, 2-ethylphenol, 3-ethylphenol, 4-

ethylphenol (All Sigma Aldrich, Gillingham, Dorset, UK)) was undertaken via solid phase micro-

extraction (SPME) using a carboxen/polydimethysiloxane solid phase microextraction (SPME) fibre 

(Supelco, Bellefonte, PA, USA). SPME conditions were constant for all experiments with the incubator 

temperature of 60°C, a sample equilibration time of 20 minutes within the incubator, followed by an 

extraction time of 40 minutes. 

 

During all experiments the injector temperature was 230°C with a helium carrier gas flow of 1ml/min. 

Splitless time and amount of split were adjusted during the experiment to optimise compound peak 

shape but was initially 20ml/minute after a splitless time of 1 minute. 

 

The temperature programs produced for initial analysis are shown in figure 5. These methods were 

later adjusted to optimise compound elution and peak shape. 
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A 

 
B 

 
C 

 
 

Figure 5: Initial temperature programmes for GC-MS analysis. A - 20°C/min, B- 15°C/min, C- 

10°C/min 

 

Standard solutions were initially analysed at a concentration of 2µg/ml. Five millilitre aliquots of 

standard solutions (All Sigma Aldrich, Gillingham, Dorset, UK) were added to 20ml glass vials with 

magnetic caps and PTFE septum (Chromacol, Welwyn Garden City, HERTS, UK). 

 

Column Selection 

 

Initial analysis was performed using an RXi5ms® column. Standard solutions of 2µg/ml phenol were 

analysed according to the conditions described above using temperature programmes with a ramp of 

40°C; 1 min 

20°C/min 

230°C; 5 min 

40°C; 1 min 

15°C/min 

230°C; 5 min 

40°C; 1 min 

10°C/min 

230°C; 5 min 
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20°C per minute, 15°C per minute and 10°C per minute. Chromatograms are shown in 

Supplementary figures 1 A-C. 

 

The peak shape of phenol was poor using this temperature programme and column combination with 

a large amount of peak tailing. Therefore the speed of the temperature ramp was increased in an 

attempt to improve peak shape. Supplementary figure 2 (A-C) shows results when the temperature 

protocol was adjusted to a temperature increase of 45°C per minute, 40°C per minute, and 30°C per 

minute. The best peak shape was identified with a temperature ramp of 40°C per minute.  

 

p-Cresol was then added to the solution at the same concentration as phenol (both 2µg/mL) and the 

resulting chromatogram is shown in supplementary figure 3. m-Cresol was then analysed with p-

cresol to establish if these isomers could be separated. The same temperature programme was used 

as above. As shown in supplementary figure 4 it was not possible to separate these isomers and 

therefore an isothermic temperature hold at 180°C was added to the temperature programme to 

establish if this change would facilitate separation of these isomers. As shown in supplementary figure 

5 it was still not possible to separate these isomers. 

 

Due to the difficulties in separating these isomers of cresol the GC column was changed to a 

Stabilwax© DA polyethylene glycol column. The length of this column was 30m with an internal 

diameter of 0.25mm. Analysis using a temperature programme with a 45°C ramp is shown below in 

figure 6. 
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The following split parameters were used: 

1. 50mL split after 2 minutes. 

2. 30mL split after 2 minutes. 

3. 20mL split after 2 minutes. 

4. 50mL split after 1 minute. 

5. 30mL split after 1 minute. 

6. 20mL split after 1 minute. 

7. 50mL split after 30 seconds. 

8. 30mL split after 30 seconds. 

9. 20mL split after 30 seconds. 

 

These results showed similar peak shapes with these split time but a split of 30mL after a splitless 

time of 30 seconds appeared to demonstrate the best peak shape. 

 

Development of Mass Spectrometry Method 

 

The above experiments were performed using a basic mass spectrometry (MS) method which only 

included full scan data acquisition without any selected ion recording (SIR). The scan time on this 

original method was 0.4 seconds. 

 

In order to optimise phenolics analysis it was necessary to develop an SIR method so that the mass-

to-charge ratio (m/z) of the compounds of interest are specifically captured during the elution period 

for that compound. The first step in developing the SIR method was to establish the scan period for 

the various m/z values needed based upon the elution time and mass spectrum of the relevant 

compound. Details are shown below in table 4. 

 

 

 

 



56 
 

 

Compound Elution Time(min) Scan Time (min) m/z (Da) 

o-cresol and Phenol 10.58 & 10.60 10.30 – 10.80 65, 94, 95, 107, 108. 

2-ethylphenol 11.10 10.90 – 11.19 123, 122, 107. 

p & m-cresol 11.26 & 11.34 11.20 – 11.50 79, 107, 108. 

4 & 3-ethylphenol 12.25 & 12.35 12.10 – 12.50 107, 122, 123 

 

Table 4: Details of SIR including compound of interest, elution time, scan time, and m/z to be 

scanned. 

 

The above SIR method was created with a dwell time of 0.05 seconds and inter-channel delay of 0.02 

seconds. This was created to run alongside the full scan mass spectrometry method which would run 

throughout the whole analysis time.  

 

The use of SIR assisted the analysis of these phenolic compounds as the mass spectrometer 

quadrapole specifically selected the chosen m/z during that scan period. Using phenol as an example 

the difference in chromatogram and mass spectrum using full scan and SIR is detailed in figure 9 A-D. 
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The full scan mode scan time was initially 0.4 seconds with an inter-scan delay of 0.02 seconds. The 

addition of the SIR method alongside the full scan mode increased the length of time between each 

full scan capture data point. This significantly affected peak shape. To improve peak shape various 

scan times were trialled with a constant inter-scan delay of 0.02 seconds. It was aimed to capture a 

minimum of 8 data points for the phenol peak. These results are shown in supplementary figure 7.  

 

Scan times of 0.4 and 0.2 seconds did not provide adequate data points. The scan times of 0.1 and 

0.08 seconds did provide greater than eight data points and peak shape was good with these scan 

times. A full scan mode scan time of 0.1 seconds was therefore selected. 

 

During the first SIR section there were initially four m/z’s being scanned with a dwell time of 0.05 

seconds and inter-channel delay of 0.02s. This lead to poor peak shapes for the 94 m/z ion. When the 

94 m/z ion was scanned alone the peak shape was greatly improved. However in order to also 

measure o-cresol it was also necessary to scan for the 107 and 108 m/z ions. Phenol peak shape 

when scanning for all three of these ions was adequate. Finally, the dwell time for each m/z was 

reduced to 0.02 seconds and this produced good peak shape. All chromatograms are shown in 

supplementary figure 8. 

 

From these results it appeared that a dwell time of 0.02 seconds provided an adequate peak shape 

(with a minimum of 8 data points per peak) when it was necessary to scan for three m/z’s during SIR. 

As full scan mode was being analysed alongside SIR the full scan chromatogram could be utilised for 

compound identification where other m/z ions (outside of the SIR method) were required.  

 

Addition of Isotope Labelled Phenol D6 

 

Phenol D6 was selected as isotope labelled internal standard to facilitate quantification of phenolic 

compounds. Phenol D6 had the same elution time as phenol on the current temperature programme 

(10.57 vs 10.58). Multiple different temperature programmes were attempted but it was not possible to 

separate phenol D6 and phenol. The SIR method was adjusted to include scanning for the largest ion 

of phenol D6 (m/z 99) to allow for separate analysis of phenol D6 and phenol as shown in figure 10. 
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concentration D6 phenol in HPLC grade water) to give a final concentration of 0.5µg/ml. The following 

phenolic compound concentrations were used: 0.05µg/ml, 0.1µg/ml, 0.25µg/ml, 0.5µg/ml, 1µg/ml, 

2µg/ml, 5µg/ml, 10µg/ml, 15µg/ml, and 20µg/ml. All calibration points were measured in technical 

triplicates. Calibration curves for phenol and p-cresol are shown in figure 11: 

 

 

 

Figure 11: A – Phenol calibration curve (94:99 ratio versus phenol concentration up to 20ug/ml 

phenol); B – P-Cresol calibration curve (107:99 ratio versus p-Cresol concentration up to 20ug/ml 

phenol). 
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These calibration curves demonstrated good linearity between for phenol and p-cresol calibration up 

to 20µg/ml concentration. As it was not anticipated the concentrations would be higher than this it was 

not felt necessary for higher phenol and p-cresol concentrations to be examined.  

 

2.1.4  Conclusions 

 

This work has produced a GC-MS method to identify and quantify phenol, o-cresol, p-cresol, m-

cresol, 2-ethylphenol, 3-ethylphenol, and 4-ethylphenol. These compounds were separated 

chromatographically by the method produced and peak shapes optimised.  

 

Having established the GC-MS chromatography method to be used for analysis it was then  

necessary to optimise sample extraction using solid-phase micro-extraction (SPME) or solid-phase 

extraction (for direct liquid injection analysis).  
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2.2  Solid Phase Micro-Extraction Method Development for GC-MS 

 

2.2.1 Objective 

This section aimed to optimise a head-space solid phase microextraction (HS-SPME) method for 

extraction of phenol from patient samples (urine and gastric content) for analysis using the GC-MS 

method developed in Section 2.1. 

 

2.2.2 Introduction 

Solid phase microextraction (SPME) was developed in the 1990’s by Professor Janusz Pawliszyn104. 

This technique utilises a fused-silica fibre coated with an appropriate stationary phase housed within a 

protective needle105. SPME can be used to extract analytes from biological samples either via directly 

immersing the fibre within the sample matrix, or by extracting analytes from the headspace above the 

sample (head-space solid phase micro-extraction (HS-SPME)106. Following extraction the fibre is 

placed within the inlet of the analytical instrument being utilised, and has been routinely coupled to 

GC-MS107. The benefits of this method of extraction for volatile analytes include the limited amount of 

sample preparation steps required, lack of solvent use, and the potential to concentrate analytes and 

improve detection limits107. Solid phase microextraction coupled to GC-MS has previously been 

successfully utilised for measurement of phenol concentrations from drinking water108. 

 

2.2.3 Method Development 

These optimisation experiments were performed using a CTC autosampler® (PAL systems, Zwingen, 

Switzerland) coupled to the Clarus 580-SQ8 GC-MS® (Perkin Elmer, Seer Green, BUCKS, UK) with 

an SPME liner (internal diameter 1mm) (Supelco, Bellefonte, PA, USA).  

 

All samples were agitated by the autosampler during equilibration and SPME extraction performed at 

500rpm (on time 5 seconds followed by 2 seconds off time). This agitation remained constant 

throughout all optimisation experiments. 
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During this section the following parameters were investigated in order to establish their effect upon 

the extraction of the phenolic compounds via HS-SPME in urine and gastric content: 

• SPME Fibre type. 

• Equilibration time. 

• Solid phase micro-extraction (SPME) temperature. 

• SPME time. 

• Salination of samples. 

• pH alteration of gastric content samples. 

• Hydrolysis of urine samples. 

 

Pooled samples of urine and gastric content were produced from the available samples and each of 

these different parameters was evaluated using a separate aliquot of the same pooled sample. Each 

variable to be evaluated was analysed in triplicate to reduce the risk of an error in sample preparation 

or analysis influencing results.  

 

SPME Fibre Type 

 

A carboxen/polydimethysiloxane (CAR-PDMS) SPME fibre was tested against a 

polydimethylsiloxane/Divinylbenzene (PDMS/DVB) fibre (both Supelco, Bellefonte, PA, USA). 

Extraction appeared increased using the CAR-PDMS fibre and this was selected for further analysis. 

 

Equilibration Time 

 

Prior to SPME extraction each sample required time for headspace equilibration at increased 

temperature. Longer time prior to the beginning of SPME could improve headspace equilibration but 

would prolong sample analysis time. In this section of the experiment the following headspace 

equilibration times were assessed:  

• 10 minutes 

• 20 minutes 

• 30 minutes 
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headspace and therefore improve extraction. During this section the following SPME extraction 

temperatures were evaluated: 

• 30°C 

• 45°C 

• 60°C 

Again, all other parameters remained constant and aliquots from the same pooled sample were 

utilised for each different temperature point.  

 

Increasing temperature of SPME extraction showed an increasing phenol peak area. Phenol peak 

area at 30°C extraction was low and increased substantially when extraction temperature was 

increased to 45°C and then even further at 60°C. For this reason a SPME extraction temperature of 

60°C was selected for further experimentation. 

Extraction Temp 

(Degrees Celsius) 

Urine 

(Phenol peak Area) 

Gastric Content 

(Phenol Peak Area) 

30°C 866 ± 178 13352 ± 8686 

45°C 1634 ± 92 103754 ± 4418 

60°C 3204 ± 296 249814 ± 34369 

 

Table 7: Phenol peak area with SPME extraction temperature of 30°C, 45°C and 60°C. 

 

Figure 13: Phenol peak area with increasing SPME extraction temperature at 30°C, 45°C and 60°C. 
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SPME Time 

 

Increasing extraction time could be expected to increase the absorption of phenol onto the SPME 

fibre and therefore increase the peak area of phenol identified on GC-MS analysis. However, 

increasing the extraction time would increase the sample analysis time. The following SPME times 

were assessed (while all other parameters remained constant): 

• 20 minutes. 

• 40 minutes. 

• 60 minutes. 

During evaluation of SPME extraction time there was an increasing phenol peak area from 20 minutes 

to 40 minutes, and 60 minutes. As the phenol peak area was largest with 60 minutes extraction this 

was selected as the best SPME extraction time for this method. Longer SPME times were not 

considered for the final method due to prolonged analysis times.  
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Extraction Time 

(Mins) 

Urine 

(Phenol peak Area) 

Gastric Content 

(Phenol Peak Area) 

20 2091 ± 309 136775 ± 20155 

40 3204 ± 295 262841 ± 3744 

60 7622 ± 1533 348234 ± 33334 

 

Table 8: Phenol peak area increasing with increasing extraction time. 
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Figure 14: Increasing phenol peak area with lengthening of SPME extraction time.  

Based upon these results a 60 minute SPME extraction time was selected as the optimum extraction 

time and was therefore used in all further experiments. 

 

Salination of Samples 

 

Salination of biological samples has been shown to increase release of volatile compounds into the 

headspace for extraction. This ‘salting out’ effect occurs as the presence of salt decreases the 

solubility of other compounds in water (as water molecules preferentially solvate the salt ions)109. This 

reduction in solubility shifts the equilibrium by forcing more analyte ions (in this case phenol) into the 

headspace, and therefore increasing the amount extracted onto the SPME fibre. In this section of the 

experiment differing quantities of sodium chloride (NaCl - Sigma Aldrich, Gillingham, Dorset, UK) were 
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added to different aliquots of the same pooled sample to evaluate the affect this has upon phenol 

extraction. SPME temperature (60°C) and extraction time (60 minutes) were kept constant. The 

quantities of NaCl to be added to each 5ml sample were: 

• 0g. 

• 0.2g. 

• 0.4g. 

• 0.6g. 

As increasing quantities of NaCl were added the phenol peak area increased. However, when 0.6g of 

NaCl was added to each sample the salt did not adequately dissolve within the 5ml sample. These 

samples were therefore not analysed. It was selected that 0.4g of NaCl would be added to each of the 

samples for analysis. These results of large increases in sample extraction with increasing salt 

addition are consistent with results from previous studies where salination produced a 5.5 factor 

increase in phenol extraction109. 
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NaCl Added  

(Grams) 

Urine 

(Phenol peak Area) 

Gastric Content 

(Phenol Peak Area) 

0 3204 ± 295 115655 ± 12632 

0.2 6046 ± 478 152824 ± 30694 

0.4 8483 ± 543 195469 ± 40538 

 

Table 9: Changes in phenol peak area with salination of samples. 

 

Figure 15: Increasing phenol peak area with increasing salination of samples. 

Effect of pH 

 

The acidity of samples has been shown to influence the release of volatile compounds into 

headspace, with increased volatility as pH is lowered. This phenomenon occurs because at neutral 

pH analytes are largely in their ionic form. By lowering the sample pH the acid-base equilibriums of 

these compounds shifts towards their neutral form. This provides a greater affinity for the SPME fibre 

and increases the amount extracted109. Samples were buffered to the following pH values using 

sodium hydroxide and hydrochloric acid (both Sigma Aldrich, Gillingham, Dorset, UK) where 

necessary. The following pH points were assessed using the same pooled gastric content sample: 
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• pH 2 

• pH 4 

• pH 6 

• pH 8 

Effect of pH was not analysed for urine samples as all urine samples were buffered to pH 2 to as 

phenol is conjugated to glucuronic acid or sulphate in urine and it was necessary to deconjugate this 

prior to analysis87. This procedure is discussed in the next section. 

 

Alteration of pH showed little difference in the peak area of phenol from gastric content. This was 

consistent with previous findings where buffering samples to pH 2 produced no significant change in 

phenol extraction (factor change of 0.9;)109. When combined with salination of samples, acidification 

produced a factor change of 6.0 (factor change of 5.5 for salination alone)109. Therefore, along with 

salination with 0.4g of NaCl all samples would be buffered to a pH of 2 prior to analysis. 
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pH 

 

Urine 

(Phenol peak Area) 

Gastric Content 

(Phenol Peak Area) 

2 N/A 127069 ± 30719 

4 N/A 150749 ± 23264 

6 N/A 143284 ± 21502 

8 N/A 136269 ± 28822 

 

Table 10: Effect of pH changes upon phenol extraction from gastric content. 

 

 

Figure 16: Little change in phenol peak area with changes in pH. 
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heating. Vials were sealed using screw caps with polytetrefluroethylene inserts (Chromacol, Welwyn 

Garden City, UK) then heated to 90°C for 90 minutes for hydrolysis. Samples were allowed to cool 

and remained sealed until analysis.  

 

 Urine 

(Phenol peak Area) 

Unhydrolysed 196 ± 29 

Hydrolysed 3204 ± 295 

 

Table 11: Greatly increased phenol peak area with hydrolysis of urine samples. 

 

Figure 17: Greatly increased phenol peak area following urine hydrolysis.  

 

These results demonstrated that a large quantity of phenol is conjugated to glucuronic acid or 
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Calculation of Limit of Detection and Limit of Quantification  

 

Using this HS-SPME protocol with the GC-MS method developed in Section 2.1 the limit of detection 

(LOD) was calculated as the concentration at which the signal-noise (S/N) ratio was more than 3. The 

LOD for this method was 0.005ug/ml. 

 

Limit of quantification (LOQ) was defined as the lowest concentration at which the S/N ratio was 

greater than 10 and standard error less than 10%.  The LOQ for this method was 0.01ug/ml. 

 

Intra-Day and Inter-Day Accuracy 

 

The intra-day and inter-day accuracy were calculated for phenol by repeated analysing of stock 

solutions (0.5ug/ml & 1ug/ml). The accuracy was expressed as the ratio of the quantified 

concentration to the known concentration of the stock solution. The error (or precision) was calculated 

as the relative standard deviation (%) of the replicates111. 

 

Intra-day accuracy results were calculated from three individual samples analysed on the same day. 

Inter-day accuracy results were calculated from three individual samples analysed on non-

consecutive days. Results are shown in table 12. 

 

Concentration 

(µg/ml) 

Recovered (Mean±SD, 

µg/ml) 

Accuracy (%) Error (%) 

 Intra-Day Inter-Day Intra-Day Inter-day Intra-Day Inter-Day 

0.5 0.50 ± 0.02 0.50 ± 0.01 99.82 99.13 3.81 1.57 

1 1.02 ± 0.01 1.00 ± 0.02 101.70 100.20 1.38 1.73 

 

Table 12: Results of intra- and inter-day accuracy and precision for phenol quantification. 
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2.2.4 Conclusions 

 

This series has developed an optimised SPME extraction method for gastric content and urine 

analysis using the following parameters: 

• Equilibration time – 10 minutes. 

• SPME temperature - 60°C 

• SPME time – 60 minutes. 

• 0.4g NaCl added to each sample. 

• All gastric content samples buffered to pH 2. 

• Gastric content samples analysed without filtration. 

• All urine samples hydrolysed via acidification and heating prior to analysis. 
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2.3 Direct Liquid Injection Method Development for GC-MS 

 

2.3.1 Objective 

 

This section aimed to produce a direct liquid injection method for phenol analysis in plasma and tissue 

samples. These experiments optimised each phase of sample preparation including plasma 

preparation, tissue homogenisation and solid-phase extraction. 

 

2.3.2 Introduction 

 

Although HS-SPME can be utilised for analysis of phenol from urine and gastric content it is not 

necessarily suitable for all biological matrices.  

 

During the current project HS-SPME was initially tested for plasma samples but heating of plasma 

samples (necessary for SPME extraction) caused the plasma protein to solidify (even when samples 

were diluted with water) and very little signal was identified. De-proteination of samples would require 

the use of organic solvents (not easily compatible with SPME) so a direct injection method was 

required for plasma analysis. 

 

SPME can be adapted for direct insertion into tissues112,113, and has also been previously used to 

measure headspace directly from stomach cancer tissues114. However, this study by Buszewski et al. 

used tissues which were around two grams in weight114. As the available sample-set consisted of 

tissue samples of 10-30mg it was felt SPME would not be suitable in this instance. Due to the small 

sample size available tissue would require homogenisation in organic solvent prior to analysis using 

direct liquid injection. 

 

For these reasons it was necessary to develop a direct liquid injection method for introduction of 

analytes for GC-MS analysis. This method utilised solid-phase extraction to remove contaminants 

from plasma and tissue samples prior to injection. 
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Expansion Calculator (Restek, Bellefonte, PA, USA)116. These volumes were used to ensure the 

vapour cloud volume was smaller than the effective liner volume and prevent backflash and 

contamination of the injector septum. 

 

Elution Solvent Liner Volume 

(µL) 

Injector 

Temperature 

(°C) 

Head Pressure 

(psig) 

Safe 

injection 

volume (µL) 

Vapour Cloud 

(µL) 

Methanol 135 230 10 0.2 121 

Acetone 135 230 10 0.3 100 

Dichloromethane 135 230 10 0.3 129 

 

Table 13: Details of solvent expansion and safe injection volume for methanol, acetone and 

dichloromethane. 

 

2.3.3.2 Solid Phase Extraction Optimisation 

 

The first stage of developing the tissue extraction methodology was to optimise the process of solid 

phase extraction (SPE). A previous method using SPE for measurement of phenol in drinking water 

has been produced by the U.S Environmental Protection Agency117.  

 

Optimisation was undertaken by investigating the effect of the following variables upon SPE process 

efficiency: 

i. SPE tube selection (C18, DVB, Oasis, Charcoal)  

ii. Elution solvent (dichloromethane, methanol, acetone – All Sigma Aldrich, Gillingham, 

Dorset, UK). 

iii. Elution volume. 

iv. Elute evaporation. 

v. Wash step. 
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Standards Preparation 

 

For SPE optimisation standard solutions of 1µg/ml of phenol and phenol D6 were made up in 

methanol. Prior to loading on SPE tubes 1ml of this solution was added to a volumetric flask and 

diluted in 46ml of HPLC grade water plus 3ml of 0.05M HCl (final volume 50ml, pH 2). These samples 

were then loaded onto the SPE tubes. 

 

SPE Tube Types 

 

The following SPE tubes were evaluated: Empore C18-SD (Sigma Aldrich, Gillingham, Dorset, UK), 

BondElut PPL (Agilent Technologies, Santa Clara, CA, USA), Oasis Prime HLB (Waters, Milford, MA, 

USA) and Supelclean Coconut Charcoal SPE Tubes (Sigma Aldrich, Gillingham, Dorset, UK). All SPE 

was undertaken on an SPE manifold. 

 

The tube conditioning process for C18, BondElut PPL and charcoal tubes consisted of passing 3ml of 

dichloromethane through each SPE tube, then 3ml of methanol followed by 3ml of water with 0.05M 

HCl. Oasis tubes were conditioned using 5ml of methanol, 5ml of acetonitrile and 5ml of water. 

Samples were then loaded onto the SPE tube and then eluted using methanol as initial elution 

solvent. It was ensured that the tubes did not run-dry at any point during the process. 

 

Peak areas from the GC-MS analysis of elute from each of the different tube types are shown in table 

14 (peak areas compared to that for a standard of 1µg/ml phenol). 
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Tube Type Phenol Peak Area D6 Phenol Peak Area Percentage Recovery  

Standard (1µg/ml) 1361 ± 347 625 ± 170 N/A 

C18  140 ± 52 55 ± 20 10 % 

BondElut PPL 973 ± 43 886 ± 66 71% 

Oasis 624 ± 61 330 ± 23 46% 

Charcoal 64 ± 10 9 ± 3 5% 

 

Table 14: Phenol recovery with variety of SPE tubes. 

 

Figure 19: Best phenol recovery with BondElut PPL tubes (71% recovery). 

On the basis of these results BondElut PPL tubes were used for further optimisation steps. These are 

the same tubes that were selected for the U.S Environmental Protection Agency method117. 

 

Elution Solvent 

 

Dichloromethane, methanol and acetone were all assessed as elution solvents from BondElut PPL 

tubes. All results were compared to phenol standards (1µg/ml) in the same solvent (dichloromethane, 

methanol or acetone). 

 

Results for peak area from these elutes is shown in table 15.  
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Elution Solvent Phenol Peak Area Phenol D6 Peak Area Percentage Recovery 

Phenol Standard 

(DCM) 

1361 ± 347 625 ± 170 Not applicable 

DCM Elute 973 ± 43 886 ± 66 71% 

Phenol Standard 

(Methanol) 

858 ± 156 446 ± 96 Not applicable 

Methanol Elute 542 ± 55 232 ± 29 63% 

Phenol Standard 

(Acetone) 

1633 ± 101 834 ± 54 Not applicable 

Acetone Elute 1028 ± 36 469 ± 25 63% 

 

Table 15: Results of assessing various elution solvents. 

 

Figure 20: Percentage recovery and peak area for different elution solvents. 
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Elution volume was tested with 1ml, 2ml, 3ml, 4ml, and 5ml of acetone to establish at which point all 

phenol had been completely eluted from the solid-phase extraction tubes. Results are demonstrated 

below: 

 

Total Elution Volume Mean Phenol Peak 

Area 

Mean D6 Phenol Peak 

Area 

Cumulative 

percentage phenol 

recovery 

1ml  1166 ± 32 523 ± 13 69% 

2ml  502 ± 64 217 ± 33 98% 

3ml  21 ± 8 6 ± 3.8 99% 

4ml  5 ± 2 0 100% 

5ml 6 ± 0.6 0 100% 

 

Table 16: Recovery with sequential 1ml aliquots of acetone with a final total elution volume of 5ml. 

99.33% of phenol recovered using 3ml acetone. 

 

 

Figure 21: Cumulative percentage recovery with increasing elution volume. 
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the effect of elute evaporation upon concentration prior to deciding whether to utilise 1ml or 3ml as 

elution volume.  

 

Elute Evaporation 

 

Acetone elutes could be evaporated under nitrogen to increase phenol concentration via volume 

reduction. However, due to the volatile nature of phenol evaporation to dryness could lead to phenol 

loss117. All samples were spiked with 1µg/ml phenol and phenol D6 and the following elution and 

evaporation parameters were compared when investigating the effect of elute evaporation: 

1. 1ml acetone elute (no evaporation) 

2. 3ml acetone elute (no evaporation) 

3. 3ml acetone elute (evaporated to 1ml) 

4. 3ml acetone elute (evaporated to dryness then reconstituted with 1ml acetone). 
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Sample elution and 

Evaporation 

Mean Phenol Peak 

Area 

Mean D6 Phenol Peak 

Area 

1µg/ml Phenol standard 1704 ±74 735 ±18 

1ml elute (no evaporation) 630 ±23  252 ±14  

3ml elute (no evaporation) 425 ±162  163 ±67  

3ml elute (evaporated to 1ml) 1412 ±146  597 ±73  

3ml elute (evaporated to 

dryness) 

335 ±108 116 ±15 

 

Table 17: Phenol peak area with and without sample evaporation. 3ml acetone for elution followed by 

evaporation to 1ml provided the largest peak area. 

 

 

Figure 22: Assessment of sample evaporation. 

 

The optimal phenol peak area was seen when a 3ml elute was dried to 1ml volume. The phenol peak 

area with this method showed good compound recovery when compared to the peak area in the 

standard solution of 1µg/ml (peak area 1412 vs 1704 (83% total recovery). Use of 3ml acetone for 

elution followed by drying under nitrogen to 1ml was utilised for further analysis. 
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Wash Step Optimisation 

 

Wash step optimisation was performed by testing the use of 3ml of one of the following potential wash 

solutions: 

i. Water 

ii. 5% methanol 

iii. 20% methanol 

iv. 50% methanol. 

Results are shown in table 18: 

Wash Step Mean Phenol Peak 

Area 

Mean D6 Phenol Peak 

Area 

Water wash 1806 ± 17   747 ± 17  

5% Methanol 1539 ± 211  656 ± 92  

20% Methanol 897 ± 322  379 ± 141  

50% Methanol 1162 ± 91 506 ± 34 

 

Table 18: Assessment of wash step. 

Although water wash provided the largest phenol peak area, 5% methanol was selected as this would 

provide greater wash of unwanted contaminants whilst retaining large quantities of phenol upon the 

SPE cartridge. 

 

Effect of changing the pH of the wash step was assessed by using: 

i. 5% methanol 

ii. 5% methanol with 0.1% formic acid. 

iii. 5% methanol with 0.1% ammonium hydroxide. 

 

Results are shown in table 19: 
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Wash Step Mean Phenol Peak 

Area 

Mean D6 Phenol Peak 

Area 

5% Methanol 1231 ± 126  488 ± 41  

5% methanol with 0.1% 

formic acid 

1212 ± 41  552 ± 14  

5% methanol with 0.1% 

ammonium hydroxide 

1124 ± 304  490 ± 137  

 

Table 19: Assessment on changes in pH upon effectiveness of wash step. 

 

Figure 23: Wash step optimisation. A – Optimisation with different quantities of methanol in wash. B – 

Optimisation by changing the pH in the wash.  

 

As changing the pH of the wash step did not seem to affect the phenol peak area 5% methanol 

without pH adjustment was used as the wash step solution. 
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Recovery at Different Concentrations 

 

Phenol recoveries at various concentrations were tested to ensure that these SPE tubes would 

provide a good percentage recovery within the predicted concentration range for phenol within plasma 

and tissue samples (0.5-1µg/ml). Results are shown below: 

 

Concentration (µg/ml) Mean Standard 

Phenol Peak Area 

Mean Phenol Peak 

Area post SPE 

Percentage Recovery 

following SPE 

0.5 439±35 312±49 71% 

1 778±175  697±14  90% 

2 1485±395  828±96  56% 

5 4698±490 1778±562 38% 

10 10562±1750 3120±518 30% 

 

Table 20: Phenol recovery at various starting concentrations. 

 

Figure 24: Phenol recovery at various starting concentrations. 

 

Phenol recovery was good at a concentration of 0.5µg/ml and 1µg/ml (70.93% and 89.52% 

respectively). However, recovery decreased with increasing concentration with a recovery of only 
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tissue samples would be below 1µg/ml these SPE tubes and method would be suitable to utilise in 

phenol recovery. 

 

Solid Phase Extraction Protocol 

These optimisation steps have developed the following solid phase extraction protocol: 

• 1ml sample (in methanol) added to 3mL 0.05M HCL and 46mL water (final volume 50ml, pH 

2). 

• Bond-Elut PPL SPE tubes (Agilent Technologies, Santa Clara, CA, USA) used on SPE 

manifold. 

• Condition: 3ml dichloromethane; 3ml methanol; 3ml 0.05M HCL in water. 

• Load: 50ml sample loaded to tube. 

• Wash: Tube washed in 3ml 5% methanol. 

• Elute: Phenol eluted with 3ml acetone. 

• Evaporate: Sample evaporated to 1ml prior to analysis. 

• Direct injection analysis on GC-MS (Acetone injection volume 0.3µl). 

 

2.3.3.2 Calculation of Limit of Detection and Limit of Quantification  

 

Using this direct injection method (using 0.3µl of acetone for injection) with the GC-MS method 

developed in Section 2.1 the limit of detection (LOD) was calculated as the concentration at which the 

signal-noise (S/N) ratio was more than 3. The LOD for this method was 0.005µg/ml. 

 

Limit of quantification (LOQ) was defined as the lowest concentration at which the S/N ratio was 

greater than 10 and standard error less than 10%.  The LOQ for this method was 0.01µg/ml. 

 

2.3.3.3 Intra-Day and Inter-Day Accuracy 

 

The intra-day and inter-day accuracy were calculated for phenol by repeated analysing of stock 

solutions (0.5µg/ml & 1µg/ml). The accuracy was expressed as the ratio of the quantified 
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concentration to the known concentration of the stock solution. The error (or precision) was calculated 

as the relative standard deviation (%) of the replicates111. 

 

Intra-day accuracy results were calculated from three injections of the same sample analysed on the 

same day. Inter-day accuracy results were calculated from three injections of the same sample 

analysed on non-consecutive days. Results are shown in table 21: 

 

Concentration 

(µg/ml) 

Recovered  

(Mean ± SD, µg/ml) 

Accuracy (%) Error (%) 

 Intra-Day Inter-Day Intra-Day Inter-day Intra-Day Inter-Day 

0.5 0.48 ± 0.02  0.52 ± 0.04  96.0 104.4 3.4 7.5 

1 1.02 ± 0.01  0.99 ± 0.03  101.2 99.0 1.2 3.2 

 

Table 21: Results of intra- and inter-day accuracy and precision for phenol quantification using direct 

injection method. 

2.3.3.4 Plasma Preparation and Phenol Deconjugation 

 

As phenol is transported in blood bound to glucuronic acid or sulphate phenol deconjugation was 

necessary prior to plasma analysis110. 1ml plasma samples were spiked with 1µg of phenyl-

glucuronide (Sigma Aldrich, Gillingham, Dorset, UK) and different quantities of beta-glucuronidase 

(also Sigma Aldrich, Gillingham, Dorset, UK) were added. Beta-glucuronidase produced from Helix 

pomatia was selected as this would also provide sulfatase activity. Various incubation times were also 

tested. 

 

Quantity of beta-glucuronidase or hydrochloric acid was initially assessed by adding: 

i. No beta-gluuoronidase and incubate at 37°C for 30 minutes. 

ii. 5µl beta-glucuronidase and incubate at 37°C for 30 minutes. 

iii. 10µl beta-glucuronidase and incubate at 37°C for 30 minutes. 

iv. 20µl beta-glucuronidase and incubate at 37°C for 30 minutes. 
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Each of the above samples were prepared and analysed in triplicate. Following the above 

deconjugation plasma samples were spiked with 1µg/ml of phenol D6 as internal standard. Protein 

was then precipitated using methanol. Initial testing demonstrated that a 1:3 plasma:methanol ratio 

was necessary for complete precipitation of protein. 400µl of plasma was added to 1200µl methanol 

and centrifuged at 18000g for 10 minutes. 1ml supernatant was extracted and underwent SPE (as per 

Section 2.3.3.2) followed by injection on GC-MS via direct injection. Results are shown below: 

 

Beta-glucuronidase 

added 

Phenol (µg/mL) 

None 0.01 ±0.002 

5µL  0.02 ± 0.002 

10µL 0.07 ± 0.009 

20µL 0.18 ± 0.002 

 

Table 22: Results of addition of various quantities of beta-glucuronidase for phenol deconjugation. 

 

These results demonstrated an increase in quantity of phenol deconjugated when 20µL of beta-

glucuronidase was added to a 1mL plasma sample and incubated at 37°C for 20 minutes. 

 

It was then necessary to establish the effect of incubation time on phenol deconjugation. 1ml serum 

samples again had 1µg of phenyl-glucuronide added and were incubated at 37°C with 20µL of beta-

glucuronidase for 15 minutes, 30 minutes and 60 minutes. Samples were then deproteinated with 

methanol and analysed following SPE as above. 

 

Results are shown in table 23: 

 

 

 

 



90 
 

Incubation Time 

(mins) 

Phenol (µg/mL) 

15 0.14 ± 0.024 

30  0.18 ± 0.003  

60 0.19 ± 0.018  

 

Table 23: Results of varying incubation time at 37°C for phenol deconjugation with 20µL beta-

glucuronidase. 

 

These results demonstrated that although there was an increase in phenol deconjugation when 

incubating samples at 37°C for 30 minutes (0.18µg/ml) rather than 15 minutes (0.14µg/ml), there was 

little benefit for incubation times greater than 30 minutes (60 minutes – 0.19µg/ml). 

 

These results led to the following protocol for plasma sample preparation for GC-MS analysis: 

• 20µL beta-glucuronidase added to 1ml plasma sample and incubated for 30 minutes at 37°C. 

• 400µL of plasma (following deconjugation) added to 1200µL methanol and centrifuged at 

18000g for 10 minutes. 

• Solid phase extraction (as per Section 2.3.3.1) performed on 1ml of deproteinated plasma 

sample. 

• Sample analysed on GC-MS using direct injection as per Sections 2.1 and 2.3.3.1 

2.3.3.5 Tissue Homogenisation and Extraction 

 

To optimise tissue homogenisation porcine gastric mucosa samples were weighed and then crushed 

in liquid nitrogen (in order to retain volatile compounds) using a pestle and mortar. Crushed samples 

were then added to a 2ml vial with 1ml of one of the following solvents: 

i. Methanol. 

ii. Methanol:Water (50:50). 

iii. Acetonitrile. 
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Each tested homogenisation solvent was analysed as an unspiked tissue sample and as a separate 

sample having been spiked with 1µg/ml of phenol. All samples were spiked with 1µg/ml of phenol D6 

as internal standard. Each of the above samples were prepared and analysed in triplicate. Each 

sample had a ball-bearing added and further homogenisation occurred using a tissue homogeniser 

(Retsch, Dusseldorf, Germany) at 25 revolutions per second for 3 minutes. 200mg of sodium chloride 

was then added to each vial and centrifuged at 18000g for 10 minutes. The supernatant was then 

retrieved and SPE performed according to the optimised protocol followed by GC-MS analysis. 

 

Results are shown below:  

 

 Unspiked 

(Phenol µg/mL) 

Spiked  

(Phenol µg/mL) 

Methanol  0.10 ± 0.03 1.37 ± 0.02  

Methanol:Water  0.09 ± 0.01  1.53 ± 0.13  

Acetonitrile  0.08 ± 0.01 1.49 ± 0.21  

 

Table 24: Assessment of different solvent for tissue homogenisation showed little variation. 

 

These results demonstrated little difference in phenol extraction for unspiked and spiked tissue 

samples using different homogenisation solvents. Adequacy of homogenisation was similar for all 

solvents but appeared slightly improved with methanol and this was therefore selected as the solvent 

for tissue homogenisation. 

 

In unspiked samples phenol concentration was around the limit of quantification for this method 

(0.01µg/ml). This may have been due to volatile loss during tissue processing which is why initial 

homogenisation of tissues was undertaken in liquid nitrogen. However, as this method development 

was undertaken using porcine stomach it was necessary to further assess presence of phenol within 

human stomach tissues, and in particular gastric carcinoma tissues. This has been undertaken in 

Section 4.3. 
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2.3.4 Conclusions 

 

Optimisation of solid phase extraction, plasma deproteination plus deconjugation, and tissue 

homogenisation has produced a sample preparation method for phenol analysis in plasma and 

tissues using direct liquid injection GC-MS. 
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2.4 LC-MS Method Development 

 

2.4.1 Objective 

This section aimed to develop a liquid-chromatography mass spectrometry (LC-MS) method to 

measure phenylalanine, tyrosine and intermediary metabolites of aromatic amino acid breakdown. 

This method was to be utilised specifically to quantify homogentisate in plasma samples and tyrosine 

in gastric content samples. 

 

2.4.2 Introduction 

 

Liquid chromatography mass spectrometry is widely used for analysing non-volatile compounds and 

is generally considered the ‘gold-standard’ analytical technique for non-volatiles. The principles of 

chromatographic separation are similar to those used in GC-MS but are achieved in a different 

fashion. GC-MS uses a constant mobile phase (helium gas) and increasing the temperature of the 

column elutes compounds. LC-MS utilises a constant column temperature, with changes in mobile 

phase composition from aqueous to organic eluting compounds during reversed-phase 

chromatography. The initial mobile phase consists of large quantities of the aqueous phase (water). 

This leads to compounds becoming fixed to the stationary phase within the column. As the proportion 

of organic phase (typically methanol or acetonitrile) increases analytes lose affinity for the column at 

different intervals creating chromatographic separation. Once compounds elute from the column they 

travel to the downstream mass spectrometer for detection. A schematic diagram of an LC-MS setup is 

shown in figure 25. 
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Although GC-MS can be used for analysis of amino acids this requires derivitisation with 

chloroformates in order to make the compounds volatile for analysis118. Most amino acids require 

chemical derivitisation prior to analysis and AQC (6-aminoquinolyl-n-hydroxysuccinimidyl carbamate) 

is commonly used as a derivitisation agent for analysis with LC-MS or other analytical methods119–122. 

However, it is possible to determine aromatic amino acids without the need for derivitisation123. 

Underivitised analysis has previously been successfully reported in gastric content of gastric cancer 

patients39,40. The intermediary metabolites of tyrosine metabolism (hydroxyphenylpyruvate, 

homogentisate, maleylacetoacetate, and fumarylacetoacetate) lack the functional group required for 

AQC derivitisation meaning if this derivitisation method was used it would not be possible to measure 

these compounds simultaneously. As it was proposed that this method would simultaneously 

measure intermediary metabolites of tyrosine metabolism (primarily hydroxyphenylpyruvate and 

homogentisate) it was decided to analyse all compounds in an underivitised form. Homogentisate and 

tyrosine have previously been measured simultaneously using LC-MS in underivitised form in serum 

and urine of alkaptonuria patients124,125. For gastric content experiments it was planned to only 

measure tyrosine concentrations using this LC-MS method. This facilitated a correlation between 

tyrosine concentrations in gastric content (measured with LC-MS) and phenol concentration in the 

same samples (measured using GC-MS). 

 

2.4.3 Method Development 

 

All analysis was undertaken using an Aquity® UPLC binary solvent manager, sample manager and 

column thermostat (Waters, Milford, MA, USA) interfaced with a triple quadrapole (TQ-Micro) mass 

spectrometer (Waters, Milford, MA, USA). 

 

Standards of phenylalanine, tyrosine, hydroxyphenylpyruvate and homogentisate (All Sigma Aldrich, 

Gillingham, Dorset, UK) were used to produce stock solutions of 5mM concentration. Standards for 

other intermediary metabolites of tyrosine breakdown (maleylacetoacetate and fumarylacetoacetate) 

were not commercially available. Isotope labelled standards of D5 phenylalanine, D4 tyrosine (both 

Sigma Aldrich, Gillingham, Dorset, UK) and C136 homogentisate (Toronto Research Chemicals, 

Toronto, Canada) were also purchased and 5mM stock solutions produced.  
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Standards and Mass Transitions 

 

Standard solutions (100µM) of each compound and isotope labelled standards were analysed using 

the Intellistart® system (Waters, Milford, MA, USA) to establish the MRM (Multiple Reaction 

Monitoring) transitions and optimal cone voltage and collision energy for each compound and isotope 

labelled standard. Results are shown below in tables 25. 

 

Compound ESI Mode Parent 

Ion 

Daughter 

Ion 

Dwell 

Time (s) 

Cone 

Voltage (V) 

Collision 

Energy (eV) 

Phenylalanine Positive 166.1 77.1 0.025 58 34 
Phenylalanine Positive 166.1 93.1 0.025 58 24 
Phenylalanine Positive 166.1 103.1 0.025 58 20 
Phenylalanine Positive 166.1 120.1 0.025 58 28 
       
D5 Phenylalanine Positive 171.1 80.1 0.025 2 46 
D5 Phenylalanine Positive 171.1 106.4 0.025 2 22 
D5 Phenylalanine Positive 171.1 125.2 0.025 2 12 
       
Tyrosine Positive 182.0 91.1 0.025 18 22 
Tyrosine Positive 182.0 95.1 0.025 18 36 
Tyrosine Positive 182.0 119.1 0.025 18 18 
Tyrosine Positive 182.0 123.1 0.025 18 18 
       
D4 Tyrosine Positive 186.0 94.1 0.025 2 24 
D4 Tyrosine Positive 186.0 127.1 0.025 2 20 
D4 Tyrosine Positive 186.0 140.2 0.025 2 18 
       
Homogentisate Negative 167.0 108.0 0.025 10 22 
Homogentisate Negative 167.0 122.1 0.025 10 28 
Homogentisate Negative 167.0 123.2 0.025 10 20 
       
C136 Homogentisate Negative 173.0 114.0 0.025 10 22 
C136 Homogentisate Negative 173.0 128.1 0.025 10 28 
C136 Homogentisate Negative 173.0 129.1 0.025 10 20 
       
Hydroxy-
phenylpyruvate 

Negative 178.9 106.9 0.025 16 14 

Hydroxy-
phenylpyruvate 

Negative 178.9 107.0 0.025 16 10 

Hydroxy-
phenylpyruvate 

Negative 178.9 151.1 0.025 16 8 

 

Table 25: Mass transitions, cone voltage and collision energy for each compound. 
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The above mass transitions and cone voltage and collision energies were used to produced separate 

mass spectrometry methods for positive and negative ion modes. Phenylalanine, tyrosine, D5 

phenylalanine and D4 tyrosine were all measured in positive ion mode whilst hydroxyphenylpyruvate, 

homogentisate and C136 homogentisate were measured in negative ion mode. 

 

The transitions shown below in table 26 were used for primary quantification. 

Compound ESI Mode Parent 

Ion 

Daughter 

Ion 

Dwell 

Time (s) 

Cone 

Voltage (V) 

Collision 

Energy (eV) 

Phenylalanine Positive 166.1 77.1 0.025 58 34 
D5 Phenylalanine Positive 171.1 125.2 0.025 2 12 
Tyrosine Positive 182.0 119.1 0.025 18 18 
D4 Tyrosine Positive 186.0 140.2 0.025 2 18 
Homogentisate Negative 167.0 122.1 0.025 10 28 
C136 Homogentisate Negative 173.0 128.1 0.025 10 28 
Hydroxy-
phenylpyruvate 

Negative 178.9 107.0 0.025 16 10 

 

Table 26: Mass transitions selected for quantification purposes. 

 

Column Selection 

 

Columns assessed for suitability included HSS T3 (2.1 x 100mm, 1.8µm column), phenyl-hexyl (2.1 x 

50mm, 1.7µm) and HILIC (2.1 x 50mm, 1.6µm) columns (all Waters, Milford, MA, USA).  

 

Initial mass spectrometer settings were capillary voltage 2kV, desolvation temperature 600°C, 

desolvation gas flow 600L/hour, cone gas flow 150L/hour. These parameters were optimised once the 

final chromatography method had been established. 

 

The HSS T3 column was assessed initially. This was performed using water as mobile phase A and 

acetonitrile in mobile phase B. As the HSS T3 column is designed to withstand 100% water during 

chromatography this proportion of starting mobile phase A was utilised initially followed by a gradient. 

Flow rate was 0.3ml/min. A 10µM solution containing all standards in water was injected onto the 

column (injection volume 5µl). Details of the chromatographic conditions and representative 

chromatograms are shown in figure 26. 
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A 

Time 
(min) 

Flow rate 
(ml/min)  

A (%) B (%) 

0 0.3 100 0 
1 0.3 100 0 
3 0.3 10 90 
5 0.3 10 90 
5.3 0.3 100 0 
8 0.3 100 0 

B 

 

C 

 

D 

 

E 

 

 

Figure 26: A – Details of mobile phase gradient. B-E: Chromatograms for phenylalanine (B), tyrosine 

(C), hydroxyphenylpyruvate (D) and homogentisate (E). 
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These chromatograms demonstrated reasonable peak shapes of three of these compounds on initial 

testing of this HSS T3 column. However, there was no chromatographic separation on this initial 

method. 

 

The phenyl-hexyl column was then assessed. The same 10uM solution was injected onto the column 

and chromatography details and a representative chromatogram for phenylalanine is shown in 

supplementary figure 9. There was a lack of retention of phenylalanine with this column with a large 

humped chromatogram. Chromatographic appearances for all other compounds of interest were 

similarly poor. 

 

Finally the HILIC column was tested. Samples were injected from acetonitrile. Water was again 

utilised as mobile phase A and acetonitrile as mobile phase B. Chromatographic conditions are shown 

in supplementary table 1. With this HILIC column phenylalanine and tyrosine eluted together at 4.00 

and 4.01 minutes. Peak shape was adequate but not as good as with the HSS T3 column. Peak 

shape of homogentisate was poor and hydroxyphenylpyruvate was not visible. 

 

On the basis of these initial column assessments it was decided to continue analysis using the HSS 

T3 column as this had demonstrated the most promising results. 

 

Mobile Phase Selection 

 

The chromatograms using the HSS T3 column shown in figure 26 were obtained using water and 

acetonitrile as mobile phases. Methanol was also assessed for use as mobile phase B in place of 

acetonitrile, but this solvent appeared to demonstrate inadequate compound elution from the column 

and chromatography was poor, as shown in supplementary figure 11. Therefore, acetonitrile was 

used as mobile phase B rather than methanol. 

 

 

 

 





°
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Capillary Voltage 

 

As demonstrated in figure 29 a capillary voltage of 2kV appeared to provide the largest peak area for 

all compounds.  
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Figure 29: Optimisation of capillary voltage with 2kV providing the largest peak area for all 

compounds.  

Desolvation Temperature 

 

Desolvation temperature of 600°C provided the largest peak area for all compounds except 

hydroxyphenylpyruvate. As this provided the largest peak area for three out of four compounds this 

temperature was utilised as desolvation temperature. 
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Figure 30: Demonstrating effect of the desolvation temperature on peak area with 600°C providing the 

largest peak area for three out of four compounds. 

 

Desolvation Flow 

 

Desolvation flow of 1000L/hour provided the largest peak area for all compounds except 

phenylalanine. This was selected as desolvation flow. 
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Figure 31: Desolvation flow of 1000L/hour providing the largest peak area for all compounds except 

phenylalanine. 

 

Cone Flow 

 

Cone flow showed some differences between compounds. Phenylalanine peak area became larger 

with increasing cone flow, whereas homogentisate and tyrosine peak area reduced with increasing 

cone flow. Hydroxyphenylpyruvate areas appeared variable. The method was optimised on the basis 

of changes in homogentisate peak areas and a low cone flow of 150L/hour was selected. 
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Figure 32: Variable peak areas with changes in cone flow, but greatest homogentisate peak area with 

cone flow of 150L/hr. 

 

Optimised Mass Spectrometer Parameters 

 

The optimised mass spectrometer ion source parameters were as follows: 

1. Capillary voltage: 2kV. 

2. Desolvation temperature 600°C. 

3. Desolvation gas flow 1000L/hr. 

4. Cone gas flow 150L/hr. 
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Limit of detection was calculated for each compound as: 

1. Phenylalanine – 0.05µM (0.008µg/ml). 

2. Tyrosine – 0.5µM (0.09µg/ml). 

3. Homogentisate – 1µM (0.168µg/ml). 

4. Hydroxyphenylpyruvate – 1µM (0.18µg/ml). 

 

Limit of quantification was calculated for each compound as: 

1. Phenylalanine – 0.1µM (0.017µg/ml). 

2. Tyrosine – 1µM (0.18µg/ml). 

3. Homogentisate – 2.5µM (0.420µg/ml). 

4. Hydroxyphenylpyruvate – 5µM (0.9µg/ml). 

 

Intra-Day and Inter-Day Accuracy 

 

Intra-day and inter-day accuracy were established by measuring each compound from three injections 

of a 5µM concentration standard solution either on the same day for intra-day accuracy or on non-

consecutive days for inter-day accuracy. 

 

Compound Recovered  

(Mean ± SD, µM) 

Accuracy (%) Error (%) 

 Intra-Day Inter-Day Intra-Day Inter-day Intra-Day Inter-Day 

Phenylalanine 4.77±0.2 5.01±0.3 95.5 99.5 4.2 4.2 

Tyrosine 5.06±0.4 4.96±0.3 101.2 99.2 7.4 5.4 

Homogentisate 4.80±0.2 5.14±0.4 96.1 102.8 4.9 7.2 

Hydroxy- 

phenylpyruvate 

4.65±0.3 4.61±0.7 93.1 92.2 5.5 14.9 

 

Table 27: Intra-day and inter-day accuracy results for the LC-MS method. 

 



108 
 

These results demonstrated good accuracy and precision for all compounds. Hydroxy-phenylpyruvate 

demonstrated the lowest accuracy and precision of all the compounds and had an inter-day error of 

14.9%. Although this was higher than other compounds analysed it was within the acceptable limit of 

20%. 

 

Sample Preparation 

 

Plasma and gastric content samples required deproteination prior to analysis. This was initially 

attempted using dichloromethane (DCM) in a 1:2 sample to DCM ratio (500µl sample and 1000µl 

DCM). These were vortex mixed and centrifuged at 18000g for 10 minutes. 200µl supernatant was 

removed and tested for effectiveness of protein precipitation by adding 600µl methanol. This 

demonstrated that this DCM-based method was not effective in precipitating protein from plasma. 

 

Methanol-based protein precipitation was therefore used. The effective ratio of plasma to methanol 

necessary for complete precipitation of all protein in plasma was 1:3 (250µl plasma to 750µl 

methanol). These were vortex mixed and centrifuged at 18000g for 10 minutes. 200µl supernatant 

was removed and tested for effectiveness of protein precipitation by again adding 600µl methanol. 

This demonstrated that all protein had been precipitated from plasma and gastric content using this 

1:3 plasma to methanol precipitation ratio. 

 

Plasma and gastric content samples were spiked with 10µM of all standards and methanol 

precipitation performed as detailed above. The supernatant was analysed directly using the LC-MS 

method developed above with a 5µl injection volume. Injection from this methanol/water mix produced 

significant distortion of all peak shapes (in particular tyrosine). 
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Figure 34: Distortion of tyrosine peak shape when injecting from methanol. 

 

To solve this issue samples were evaporated following precipitation and then reconstituted in water 

prior to injection. This was undertaken by spiking samples with 10µM of all standards and completing 

the methanol precipitation as detailed above. 200µl supernatant was placed into a 2ml vial and 

evaporated to dryness in a centrifuge whilst being heated under vacuum. Samples were heated to 

37°C for 40 minutes to achieve complete evaporation. Samples were then reconstituted with HPLC 

grade water (200µl for plasma and 1000µl for gastric content) and thoroughly mixed followed by being 

centrifuged at 13,000 rpm for 10 minutes. LC-MS analysis of these samples reconstituted in water 

demonstrated improved peak shapes. 

 

The matrix effect, recovery of the extraction process, and overall process efficiency were then 

assessed. Assessment of matrix effect is necessary to account for ion suppression which may occur 

within the sample matrix due to the presence within the mixture of a large number of different 

compounds. These may affect the efficiency of analyte droplet formation, and the amount of analyte 

ions in the gas phase which reach the detector126.  Assessment of matrix effect, recovery and process 

efficiency was undertaken using the previously described methods127,128. This utilises three different 

forms of sample (all analysed as technical triplicates): 
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A. Spike of standard solution in water (10µM). 

B. Plasma sample spiked with 10µM standards following methanol extraction (post-spike 

sample). 

C. Plasma sample spiked with 10µM standards before methanol extraction (pre-spike sample). 

 

The percentages for matrix effect (ME), recovery of the extraction process (RE) and overall process 

efficiency (PE) are calculated as follows127,128: 

• ME (%): (Post spike sample (B) ÷ Standard solution (A)) x 100; (B ÷ A)*100. 

• RE (%): (Pre-spike sample (C) ÷ Post spike sample (B)) x 100; (C ÷ B)*100. 

• PE (%): (Pre-spike sample (C) ÷ Standard solution (A)) x 100; (C ÷ A)*100. 

 

Gastric Content 

Results of ME, RE, and PE related to tyrosine in gastric content are demonstrated in table 28: 

Gastric Content Tyr 

Matrix Effect (%) 235.85 

Recovery (%) 88.25 

Process 

Efficiency (%) 208.14 

 

Table 28: Matrix effect, recovery, and process efficiency for analysis of tyrosine in gastric content. 

 

Although there was ion enhancement with increased tyrosine intensity (236%) the use of isotope-

labelled tyrosine standards (D4 Tyrosine) as internal standard should correct for this effect.  

 

Analysis of a pooled unspiked gastric content sample revealed a mean tyrosine concentration of 

10.32µM ± 0.16 (1.87µg/ml). This was far above the LOD and LOQ for tyrosine in this method (0.5 µM  

and 1µM respectively). 

 

Accuracy was then calculated by spiking gastric content samples with various tyrosine concentrations 

(5µM, 10µM and 20µM). The accuracy was expressed as the ratio of the quantified concentration to 
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the known concentration of the stock solution following subtraction of the tyrosine peak area from the 

unspiked sample. The error (or precision) was calculated as the relative standard deviation (%) of the 

triplicates. Results and the calibration curve (to 50µM) are shown below. 

 

Spike Tyr (µM) Accuracy 

(%) 

Error (%) 

5µM 4.62±0.94 92.4 20.5 

10µM 9.35±1.09 93.5 11.7 

20µM 17.60±0.78 88.0 4.46 

 

Table 29: Results of gastric content experiments for accuracy of tyrosine quantification. 

 

 

Figure 35: Linear calibration curve for tyrosine quantification (using 10 µM D4 tyrosine as internal 

standard) up to 50µM. 

 

These results demonstrated good results for tyrosine quantification in gastric content using this 

method. 
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Plasma 

 

Results of ME, RE and PE of these compounds in plasma are demonstrated below: 

Plasma Phe Tyr Hom Hydrox 

Matrix Effect (%) 59.99 235.85 2.50 91.21 

Recovery (%) 121.85 88.25 N/A 1.69 

Process 

Efficiency (%) 73.10 208.14 N/A 1.54 

 

Table 30: Matrix effect, recovery, and process efficiency in plasma samples. 

 

These results demonstrated large differences in the matrix effect for phenylalanine and tyrosine. 

Isotope-labelled standards were being utilised for these compounds and should correct for these 

changes in matrix effect.  

The matrix effect results for homogentisate demonstrated a large amount of ion suppression (matrix 

effect 2.50%) and this compound was not visible in the sample spiked before extraction. This meant it 

was not possible to establish the recovery or process efficiency for this compound. It is known that 

this compound is unstable in plasma unless samples are deproteinised immediately, particularly due 

to the slightly basic environment of plasma124,129. Although these samples were promptly 

deproteinated following addition of homogentisate standards it was believed that the known decrease 

in homogentisate concentrations in non-deproteinated plasma samples was responsible for these 

results. Time of Flight mass spectrometry (ToF-MS) was performed on homogentisate by interfacing 

the Aquity® UPLC system with a Xevo G2-XS Quadrapole Time-of-Flight Mass Spectrometer (both 

Waters, Milford, MA, USA). This provided greater mass resolution than the previous mass 

spectrometer. ToF-MS analysis of homogentisate standards on full scan mode revealed the precise 

m/z of this compound to be 167.0392 at a retention time of 4.26 minutes. To investigate the effect of 

pH on stability of homogentisate plasma samples were spiked with 10µM homogentisate and treated 

as follows: 
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i. Plasma +10µM spike only. 

ii. Plasma + 10µM spike with 0.1g ascorbic acid. 

iii. Plasma + 10µM spike with 0.1% formic acid. 

iv. Plasma + 10µM spike with 0.1% ammonium hydroxide. 

 

All results were compared to a 10µM homogentisate spike, and matching samples water with 10µM 

spike were analysed for each condition. Results are shown below: 

Sample Homogentisate Peak Area Stability (vs Standard) 

Standard  54001 ± 2836 N/A 

Plasma only 8775 ± 1616 16.3% 

Water + Ascorbic 

Acid 3177 ± 1719 

5.9% 

Plasma +Ascorbic 

Acid  1320 ± 304 

2.4% 

Water + Formic 

Acid  63010 ± 10467 

100% 

Plasma + Formic 

Acid 61190 ± 8248 

100% 

Water + AmmOH 0 0 

Plasma + AmmOH 0 0 

 

Table 31: Details of homogentisate peak areas and stability (relative to standard solution) with 

different sample treatments. Addition of formic acid provided the greatest stability. 

 

These experiments demonstrated that homogentisate had the greatest stability when 0.1% formic 

acid was added to plasma. Unspiked plasma samples were treated with 0.1% formic acid following 

immediate deproteinisation. Even with this treatment homogentisate was below the limit of detection 

in these unspiked samples. When ammonium hydroxide was added homogentisate was below the 

limit of detection in all spiked samples likely due to homogentisate being unstable in a basic 

environment129. Spiked samples of plasma with 0.1% formic acid, and 0.1% ammonium hydroxide 
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It was not possible to develop a suitable method for quantification of homogentisate within plasma 

samples as this compound appeared to be converted to an alternative compound within plasma. It 

was not possible to definitively identify this breakdown product. Previous methods that have 

successfully quantified homogentisate in serum have utilised samples from patients with alkaptonuria, 

where the concentration of homogentisate would be anticipated to be greatly elevated relative to 

normal subjects124. These studies also used immediate deproteinisation of blood samples although 

this did not appear to help homogentisate stability in the experiments conducted here. 

 

The primary aim of this work in plasma was to produce a method for homogentisate quantification. As 

this was not possible no further plasma experiments were undertaken using LC-MS. LC-MS was 

therefore only utilised for tyrosine quantification in gastric content. 
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CHAPTER 3 - AMINO ACID METABOLISM IN 

OESOPHAGO-GASTRIC CANCER 
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3.1 Nano-electrospray Ionisation Mass Spectrometry Dried Blood Spot 

Analysis 

 

3.1.1 Objective 
 

This experiment aimed to utilise nano-electrospray ionisation mass spectrometry analysis of dried 

blood spot samples to measure intermediary metabolites of aromatic amino acid breakdown. 

 

3.1.2 Introduction 
 

The analysis of dried blood spots was first undertaken in 1963 for the detection of phenylketonuria in 

newborns131. Dried blood spot analysis has since become the mainstay of new-born screening 

programmes, and has been used for diagnosis of multiple inherited metabolic disorders including 

tyrosinaemia132, homocysteinuria133, congenital adrenal hyperplasia134, and maple syrup disease135. 

Dried blood spot analysis has also been widely used for therapeutic drug monitoring136. This sampling 

method offers multiple advantages to traditional venous blood sampling as it is less invasive, and can 

potentially be collected from a finger or heel prick. It requires smaller blood volumes (less than 100µl) 

and offers simple storage and sample transfer protocols as most samples can be stored at room 

temperature137.  

 

Dried blood spot samples are collected by applying blood directly to filter card in order to 

homogenously and symmetrically fill a predefined circle. Samples are then allowed to dry at room 

temperature for 2-3 days136. Moisture can induce bacterial growth so all samples are stored with 

desiccant, and depending on analyte stability can be stored for many months or even years138. 

 

New-born screening programmes most commonly use electrospray tandem mass spectrometry (ESI-

MS/MS) analysis coupled to liquid chromatography for compound separation139,140. However, nano-

electrospray ionisation mass spectrometry has previously been used for metabonomic screening of 

dried blood spot samples141. The advantages of this methodology include shorter analysis times, 

simplified data analysis and improved reproducibility141. 
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This section analysed dried blood spot samples from oesophago-gastric cancer patients using nano-

electrospray ionisation mass spectrometry via the previously validated methodology141. This 

experiment aimed to map the pathway of aromatic amino acid breakdown by measuring 

phenylalanine and tyrosine as well as the intermediary metabolites of aromatic amino acid breakdown 

(hydroxyphenylpyruvate, homogentisate, maleylacetoacetate and fumarylacetoacetate). 

 

3.1.3 Methods 
 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196; Tissue bank approval number R14118). 

 

Patient recruitment 

 

Patients were identified through the North West London Oesophago-gastric Cancer Unit and the 

endoscopy unit at St Mary’s Hospital Paddington (Imperial College London). All patients had been 

referred for an upper gastrointestinal endoscopy or were scheduled to undergo surgical resection for 

oesophago-gastric cancer. All patients completed a health questionnaire at the time of sample 

collection that provided comprehensive information on their medical history, current medications, 

smoking status and alcohol consumption. Exclusion criteria included patients with known liver disease 

or those with any other form of cancer (other than oesophago-gastric cancer). All patients underwent 

an upper gastrointestinal endoscopy or surgery on the day of sample collection. Patients with biopsy 

confirmed oesophago-gastric cancer were allocated to the ‘cancer cohort’. All individuals with a 

normal result on OGD or benign disease of the upper gastrointestinal tract (for example gastritis, 

oesophagitis or peptic ulcer disease) were allocated to the ‘control cohort’. Written informed consent 

was obtained from all patients prior to participant enrolment. 

 

Sample collection 

 

All patients were fasted for a minimum of six hours prior to blood sample collection as per standard 

protocol prior to surgery or OGD. Blood samples were collected and applied directly to Whatman 903 

filter paper (GE Life Sciences, Little Chalfont, BUCKS, UK) and allowed to dry for 48 hours. Samples 
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were then stored with desiccant. A separate aliquot from each blood sample was collected for 

haematocrit measurement. 

 

Quality control samples were taken as multiple blood spots from a single blood sample. A proportion 

of quality control samples were divided into differing quantities (5% of total blood spot, 20%, 50% and 

100%) to assist with peak identification. 

 

Sample Preparation 

 

A 96-well filter plate was washed using 100µL methanol (HPLC grade - Sigma Aldrich, Gillingham, 

Dorset, UK) and centrifuged for two minutes at 2200g. Dried blood spot samples (diameter 6mm) 

were weighed and then placed in the 96-well filter plate in predefined positions with three blood spot 

samples being analysed from each participant. These individual spots were positioned in a 

randomised order. Extraction was performed using 200µL of methanol (HPLC grade containing 

isotope labelled standards of D5 phenylalanine (5µM), D4 tyrosine (5µM) (both Sigma Aldrich, 

Gillingham, Dorset, UK) and C136 homogentisate (12µM) (Toronto Research Chemicals, Toronto, 

Canada)). Extraction was performed for 30 minutes at room temperature followed centrifugation for 

two minutes at 2200g. The methanolic extracts were then diluted with 50µL of water (HPLC grade - 

Sigma Aldrich, Gillingham, Dorset, UK) and the plate sealed prior to mass spectrometry analysis.  

 

Sample analysis 

 

Mass spectrometry analysis was performed using the Thermo Exactive mass spectrometer 

(ThermoScientific, Waltham, MA, USA) equipped with the Advion TriVErsa NanoMate ion source 

(Advion, Ithaca, NY, USA). Total sample analysis time was 1.5 minutes with 45 seconds in negative 

ion mode and 45 seconds in positive ion mode with automatic polarity switching.  

 

Data analysis was performed using Excalibur (ThermoScientific, Waltham, MA, USA) software. 

Compounds of interest were identified and intensity of each peak recorded. Peak intensity was then 

normalised to the relevant isotope-labelled internal standard for each compound as well as sample 
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haematocrit value. Haematocrit normalisation was performed according to the previously described 

formula: Peak intensity/(1-Haematocrit value)142. Mean normalised peak intensities (N.P.I) were 

calculated for each patient from the three dried blood spot samples which were analysed for each 

patient. Univariate statistical analysis was performed using SPSS v23 (IBM, Armonk, NY, USA). Peak 

areas were initially calculated using Origin (OriginLab, Northampton, MA, USA) to correlate results 

from peak area and intensity. Peak areas for all samples were also calculated using MATLAB 

(Mathworks Inc. Natick, MA, USA). 

 

3.1.4 Results 

 

Peak Identification 

 

Phenylalanine 

Phenylalanine (chemical formula C9H11NO2) was visible in negative ion mode at the m/z 164.0702. 

 

 

Figure 37: Phenylalanine peak at m/z 164.0702. 

 

Analysis of differing quantities of quality control samples (5%, 20%, 50%, and 100%) demonstrated a 

linear increase in peak intensity (R-squared value 0.9807) indicating this was a true peak. 
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Figure 38: Correlation of peak intensity to punch size demonstrated linearly increasing peak intensity 

with increasing punch size indicating phenylalanine was a true peak. 

 

Tyrosine 

Tyrosine (chemical formula C9H11NO3) was visible in negative ion mode at the m/z 180.0653. 

 

Figure 39: Tyrosine peak visible at m/z 180.0653. 

 

Tyrosine also demonstrated linearly increasing peak intensity with increasing quantity of quality 

control sample (R-squared 0.9819) 
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Figure 40: Good correlation between peak intensity and punch size for tyrosine. 

 

Homogentisate 

Homogentisate (chemical formula C8H8O4) was visible in negative ion mode at the m/z 167.0336. 

 

Figure 41: Homogentisate peak visible at 167.0336. 

 

Homogentisate peak area also increased with increasing quantities of quality control sample although 

this was not as linear as for phenylalanine or tyrosine (R-squared value for homogentisate 0.8436). 

However, as the value considered acceptable for a true peak was taken to be 0.8 homogentisate was 

still considered to be a valid peak. 
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Figure 42: Homogentisate peak intensity to punch size correlation demonstrated R-squared above 

0.8. 

 

Hydroxyphenylpyruvate 

A peak believed to be hydroxyphenylpyruvate (chemical formula C9H8O4) was visible at 179.0336. 

 

Figure 43: Peak at m/z 179.0336. 

 

However, the analysis of hydroxyphenylpyruvate peak intensity with increasing quality control 

amounts was poor (R-squared 0.3523) and this was not considered to be a true peak, 

Hydoxyphenylpyruvate was therefore not considered further in this analysis. 
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Figure 44: No correlation between peak intensity and punch size for hydroxyphenylpyruvate. 

 

Maleylacetoacetate 

Maleylacetoacetate (chemical formula C8H8O6) was not visible in either positive or negative ion mode 

and was therefore not considered further in this analysis. 

 

Fumarylacetoacetate 

Fumarylacetoacetate (chemical formula C8H8O6) was also not visible in either positive or negative ion 

mode and was therefore not considered further in this analysis. 

 

Isotope Labelled Standards 

Isotope-labelled standards were identified at the following m/z values: 

• D5 Phenylalanine – 169.1020. 

• D4 Tyrosine – 184.0661 

• C136 homogentisate – 173.0540 
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Figure 45 continued: Good correlation between peak intensity and area for tyrosine (C) and 

homogentisate (D). 

 

These results demonstrated good correlation between peak intensity and peak area. Peak intensity 

was used for analysis in the remainder of these results. 
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Normalisation to Haematocrit and Blood Spot Weight 

Punch weight was compared to haematocrit value to establish if punch weight could be used as a 

surrogate for haematocrit in blood spot analysis. The correlation between punch weight and 

haematocrit was poor as shown in figure 46. Therefore, haematocrit (rather than punch weight) was 

used as the normalisation measure for the remainder of this analysis. 

 

 

 

Figure 46: Poor correlation between punch weight and patient haematocrit. 

 

Patient Demographics 

In total there were 49 oesophago-gastric cancer cases collected and 37 samples from control patients 

with normal upper gastrointestinal tract or benign disease of the upper gastrointestinal tract. 

Demographic details are shown in table 32. 
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 Control (n=37) Cancer (n=49) Chi-Squared (p) 

Age (Median) 61 (34-89) 70 (34-94) 0.006 (MWU) 

Male  25 (68%) 37 (76%) 0.416 

Caucasian 26 (70%) 38 (77%) 0.444 

PPI Use 27 (72%) 29 (59%) 0.979 

Aspirin Use 8 (22%) 10 (24%) 0.864 

Hypertension 9 (24%) 19 (39%) 0.047 

Diabetes  3 (8%) 8 (16%) 0.118 

Statin Use 7 (19%) 12 (24%) 0.350 

Non-Smoker 21 (57%) 24 (49%) 0.976 

Alcohol under 21 units 

per week 

32 (86%) 38 (78%) 0.444 

ASA 1 or 2 31 (83%) 30 (61%) 0.544 

 

Table 32: Demographic details for patients from who dried blood spot samples were collected. 

 

The control and cancer groups were generally well matched. The control cohort patients were 

younger than the cancer cohort (Median age 61 in control cohort vs 70 in cancer cohort (MWU 

0.006)). There were also significantly more cancer patients who suffered with hypertension (39% in 

cancer group, 24% in controls (Chi-Squared p=0.047). There were no other significant differences 

between the groups.  

 

Of the cancer cases 11/49 (22%) had T1/2 stage disease, and the remaining 38 (78%) had T3/4 

stage disease. Thirty-five patients (71%) had lymph node involvement, and 7 patients (14%) had 

metastatic disease spread. 
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These results showed that changes in phenylalanine and homogentisate peak intensities appeared to 

be independent of tumour stage. In this relatively small cohort of T1/2 stage cases (n=11) there 

appeared to be a significant reduction of homogentisate concentration relative to controls in these 

early stages of disease. 

 

Table 37 provides data for patients subdivided according to the presence or absence of spread to 

lymph nodes. Table 38 separates patients according to the presence of absence of metastatic spread. 

 Control (n=37) 

(N.P.I.) 

No Nodal Spread  

(n=14) (N.P.I.) 

Positive Nodal 

Spread (n=35) 

(N.P.I) 

Kruskal-

Wallis Test 

Phenylalanine 0.837 (IQR: 0.730 

to 1.08) 

0.720 (IQR: 0.600 

to 0.940) 

0.696 (IQR 0.619 

to 0.920) 

0.032 

Tyrosine 1.287 (IQR: 0.909 

to 1.686) 

1.051 (IQR: 0.772 

to 1.332) 

1.232 (IQR 0.872 

to 1.717) 

0.264 

Homogentisate 0.0162 (IQR: 

0.0118 to 0.0233) 

0.0120 (IQR: 

0.0097 to 0.0137) 

0.0106 (IQR: 

0.0087 to 0.0146) 

0.032 

 

Table 37: Patients separated according to the presence or absence of spread to lymph nodes. 

 Control (n=37) 

(N.P.I.) 

M0  (n=11)  

(N.P.I.) 

M1 (n=38)  

(N.P.I) 

Kruskal-

Wallis Test 

Phenylalanine 0.837 (IQR: 0.730 

to 1.08) 

0.705 (IQR: 0.639 

to 0.982) 

0.667 (IQR: 0.563 

to 0.757) 

0.019 

Tyrosine 1.287 (IQR: 0.909 

to 1.686) 

1.21 (IQR: 0.857 to 

1.561) 

1.010 (IQR: 0.744 

to 1.271) 

0.385 

Homogentisate 0.0162 (IQR: 

0.0118 to 0.0233) 

0.0115 (IQR: 

0.0093 to 0.0140) 

0.0089 (IQR: 

0.0058 to 0.0174) 

0.005 

 

Table 38: Patients divided according to the presence or absence of metastatic spread. 
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These results demonstrated that the changes in homogentisate and phenylalanine peak intensity 

appeared to be independent of the presence of absence of lymph node involvement or metastatic 

disease spread. 

 

 

3.1.5 Discussion 

 

The results of this study have demonstrated that concentrations of phenylalanine and homogentisate 

are reduced in oesophago-gastric cancer patients relative to controls. The reduction in homogentisate 

concentration was more marked than that for phenylalanine. These changes were similar for both 

oesophageal and gastric cancer cases and seemed to be independent of whether patients had 

received neo-adjuvant chemotherapy. These changes appeared to occur in early stages of disease 

with a median normalised peak intensity for homogentisate of 0.0117 in T1/2 stage disease and 

0.0122 in T3/4 stage disease (Controls: 0.0162 Kruskal-Wallis test p=0.005). 

 

Malnutrition of the oesophago-gastric cancer patients may have been a contributing factor leading to 

reduced phenylalanine concentrations in these patients. Due to the obstructive nature of advanced 

oesophageal cancer up to 79% of patients develop a degree of malnutrition prior to diagnosis65,66. 

Malnourished patients also develop a hypermetabolic state with increased hepatic gluconeogenesis 

and protein catabolism. Phenylalanine is an essential amino acid which can only be obtained from the 

diet, and therefore blood concentrations could be influenced by reduced oral intake. However, the 

results for homogentisate cannot be explained by reduced dietary intake of amino acids alone as the 

entirety of the aromatic amino acid pathway was not down-regulated. Tyrosine concentrations showed 

no difference between the groups. Tyrosine is an upstream metabolite from homogentisate in 

aromatic amino acid breakdown indicating there was dysfunctional metabolism at some point in the 

breakdown pathway between these two metabolites. This dysregulation would explain the reduced 

homogentisate concentrations seen here, and normal tyrosine concentrations indicate that 

malnutrition cannot be the sole contributing factor to these findings. Another factor which indicates 

that the biological mechanism responsible for these changes is more complex than simply 

malnutrition is that homogentisate and phenylalanine appeared down-regulated in early stage 
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disease. At this stage of disease malnutrition would not necessarily have become a significant factor 

for these patients. However, there were limited numbers of patients in the early stage disease group 

(T1/2 disease – 11 patients; T3/4 disease – 38 patients) which makes it challenging to draw firm 

conclusions regarding changes in homogentisate concentration in the early stages of oesophago-

gastric cancer from these results.  

 

Phenylalanine hydroxylase activity is known to be dysfunctional in inflammation or malignancy45,46. 

This may provide a potential explanation for reduced phenylalanine concentrations identified here as 

this enzyme is responsible for conversion of phenylalanine to tyrosine. No detailed investigation of 

changes in activity of enzymes responsible for aromatic amino acid breakdown has been undertaken 

in oesophago-gastric cancer patients. Given the results demonstrated here the following sections 

have undertaken a detailed investigation of enzyme activity with a particular focus upon enzymes 

related to tyrosine and homogentisate metabolism. These specific enzymes are tyrosine 

aminotransferase (conversion of tyrosine to hydroxyphenylpyruvate), hydroxyphenylpyruvate 

dioxygenase (hydroxyphenylpyruvate to homogentisate) and homogentisate 1, 2 dioxygenase 

(homogentisate to maleylacetoacetate).  

 

In this study all results were normalised to sample haematocrit value using a previously described 

method142. The presence of red blood cells within the matrix significantly affects the 

spreading/imbibition kinetics of the blood sample upon the porous filter paper143,144. Increasing 

haematocrit concentrations have been shown to result in significantly increased concentrations of 

amino acids within blood spots145. This is believed to be because at low haematocrit the total blood 

volume needed to fill a given area is smaller than at high haematocrit, due to alterations in droplet 

spreading. The same study demonstrated that punches taken from the periphery of a blood spot have 

a higher concentration of amino acids than those taken centrally145. In the experiment presented here 

all punches were taken from the centre of the blood spot to account for this factor. 

 

It was attempted to correlate punch weight to haematocrit value to establish if this could be used as a 

surrogate for haematocrit. There was no clear correlation between these two factors. It has also been 

previously demonstrated that sample volume does not influence the weight of punched out disks146. 
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Therefore weight does not appear to be a useful measure of haematocrit, or sample volume in dried 

blood spot analysis. For these reasons all samples in this experiment were normalised to patient 

haematocrit value rather than punch weight. 

 

Limitations of this study include the fact that it was not possible to identify other intermediary 

metabolites of aromatic amino acid breakdown using nano-electrospray ionisation mass spectrometry. 

This means it was not possible to get direct information regarding the concentrations of metabolites 

immediately upstream (hydroxyphenylpyruvate) and downstream (maleylacetoacetate) from 

homogentisate. Alterations in the concentration of these metabolites may have helped to more clearly 

establish the trend in metabolite changes in this section of the aromatic amino acid breakdown 

pathway. The use of high resolution mass spectrometry means that it was possible to identify the 

metabolite which corresponds to the same m/z as homogentisate (167.0336 in negative ion mode) 

with great certainty. Due to the lack of chromatographic separation it was not possible to differentiate 

this from other compounds with the same chemical composition as homogentisate (C8H8O4) and 

therefore the same exact mass. It was planned to confirm compound identity using liquid-

chromatography mass spectrometry from plasma samples collected from the same cohort of patients 

(which were collected at the same time-point as dried blood spots). However, due to the difficulties 

with homogentisate measurement in plasma samples (described in Section 2.4) this was not possible.  

 

The control cohort did contain significantly younger patients compared to the cancer cohort (Median 

age controls 61; Cancer patients 70, MWU p =0.006). Although every effort was made to match 

control and cancer patients during sample collection this is likely a function of the fact that a large 

proportion of patients attending for upper gastrointestinal endoscopy are younger than the majority of 

those being diagnosed with upper gastrointestinal cancer. It was felt necessary to collect samples 

from endoscopy as it provided direct visualisation of the upper gastrointestinal tract (to confirm if any 

upper gastrointestinal disease was present) and also provided a convenient, ethically appropriate, 

time-point for sample collection as many patients would be having an intravenous cannula inserted 

prior to their endoscopy and would have fasted prior to the investigation. A larger proportion of the 

cancer cohort suffered with hypertension (likely to also be a function of their increased age) but the 

groups were otherwise well matched. 
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3.1.6 Conclusion 

 

This experiment has utilised dried blood spot analysis with nano-electrospray ionisation mass 

spectrometry to establish that phenylalanine and homogentisate concentrations are lower in 

oesophago-gastric cancer patients relative to controls. 

 

The results of this experiment were then utilised in the following sections to inform a targeted 

molecular investigation of the enzymes responsible for aromatic amino acid breakdown, with 

particular focus upon those directly responsible for homogentisate metabolism. 
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3.2 In Silico Analysis 

 

3.2.1 Objectives 

 

This section aimed to utilise publically available genome-wide gene profiling expression datasets to 

establish enzyme targets to account for changes in aromatic amino acid metabolism in oesophago-

gastric cancer patients. 

 

3.2.2 Introduction 

 

The previous experiment demonstrated differences in the concentrations of phenylalanine and 

homogentisate in dried blood spot samples from oesophago-gastric cancer patients compared to 

controls. This adds to previous evidence from other studies that have identified alterations in aromatic 

amino acid metabolism in oesophago-gastric cancer patients147. However, the biological mechanism 

responsible for these changes remains unclear. 

 

Prior to beginning targeted biological analysis of enzymes related to this pathway it is necessary to 

clearly define these biological targets, and establish if there is any difference in gene expression in 

currently available datasets. In silico analysis of genome-wide gene profiling datasets has been used 

to establish expression differences in the genes which regulate these enzymes responsible for 

aromatic amino acid breakdown. Specific enzymes of interest examined using in silico analysis were 

selected based upon the findings of the previous experiment which identified reduced homogentisate 

concentrations from the dried blood spot samples of oesophago-gastric cancer patients. Enzymes 

directly related to homogentisate metabolism include hydroxyphenylpyruvate dioxygenase 

(responsible for homogentisate production from hyrdroxyphenylpyruvate) and homogentisate 1,2 

dioxygenase (responsible for homogentisate breakdown).  
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3.2.3    Methods 

 

Publically available genome-wide gene profiling expression datasets for oesophago-gastric cancer 

patients were examined. Only datasets which included oesophageal or gastric adenocarcinoma tissue 

samples, with control samples consisting of equivalent healthy tissue were included. Three datasets 

were identified for oesophageal cancer patients148–150, and two for gastric cancer patients151,152. 

Expression profiling for each of the enzymes related to aromatic amino acid breakdown was 

evaluated in each dataset for adenocarcinoma and healthy tissues. Relative fold change was 

calculated for enzymes in each dataset. This would establish changes in enzyme expression in 

oesophageal and gastric adenocarcinoma within each dataset. Univariate statistical analysis was 

undertaken using SPSS v23 (IBM, Armonk, NY, USA). 

 

3.2.4 Results 

 

The oesophageal cancer datasets included a total of 104 oesophageal adenocarcinoma tissue 

samples and 53 normal oesophageal squamous epithelium samples. The gastric cancer datasets 

included a total of 75 gastric adenocarcinoma tissue samples, with matched areas of healthy gastric 

mucosa for each sample. 

 

Results of fold change and univariate comparison between the two groups for oesophageal datasets 

are shown below in table 39. Positive fold change indicates increased gene expression in cancer 

samples, and negative fold change indicates reduced gene expression in cancer compared to healthy 

tissues. 
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 Kim et al148 Wang et al149 Kimchi et al150 

 Fold 

Change 

MWU (p) Fold 

Change 

MWU (p) Fold 

Change 

MWU (p) 

PAH +0.01 0.010 +1.31 0.405 +1.62 0.130 

TAT +0.01 0.101 +1.13 0.851 +0.05 0.959 

HPD +0.05 0.014 +0.66 0.728 -0.33 0.105 

HGD +0.23 <0.001 +2.14 <0.001 +1.02 0.038 

MAAI -0.02 0.009 +3.42 <0.001 -0.42 0.328 

FAH +0.03 0.008 +70.64 0.294 +0.08 0.798 

 

Table 39: Fold change analysis (relative to normal squamous oesophageal mucosa) for oesophageal 

adenocarcinoma samples in each relevant dataset. 

 

The most consistent result for oesophageal cancer datasets was up-regulation of homogentisate 1,2 

dioxygenase in oesophageal adenocarcinoma samples relative to squamous mucosa. This up-

regulation was highly significant in two datasets (MWU p <0.001). Other results were more variable 

between each of the three datasets, and there was no clear pattern in gene expression for the other 

enzymes related to this pathway. 

 

Results of fold change and univariate statistical analysis for relevant pathway enzymes in gastric 

cancer datasets is shown below in table 40. 
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 Cheng et al152 Holbrook et al151 

 Fold 

Change 

MWU (p) Fold 

Change 

MWU (p) 

PAH +0.66 0.048 +0.53 0.021 

TAT -0.06 0.167 -0.08 0.726 

HPD -0.02 0.788 +0.20 0.705 

HGD -0.18 0.005 -0.15 0.221 

MAAI -0.08 0.001 -0.27 0.001 

FAH +0.01 0.979 +0.10 0.393 

 

Table 40: Fold change analysis (relative to normal gastric mucosa) for gastric adenocarcinoma 

samples in each relevant dataset. 

 

These results demonstrated that phenylalanine hydroxylase activity was up-regulated in gastric 

cancer samples in both datasets. Maleylacetoacetate isomerase was down-regulated significantly in 

both datasets (p<0.001). The change in homogentisate 1,2 dioxygenase in oesophageal cancer 

datasets appeared to be reversed with a trend towards down-regulation of this enzyme in gastric 

adenocarcinoma samples (p = 0.005 in one dataset). 

 

3.2.5 Discussion 

 

Analysis of these publically available gene expression datasets has demonstrated that homogentisate 

1,2 dioxygenase appears to be up-regulated in oesophageal adenocarcinoma samples relative to 

squamous oesophageal mucosa. This enzyme is responsible for homogentisate breakdown. Up-

regulation could lead to increased breakdown of homogentisate and provide a biological explanation 

for the reduced homogentisate concentrations identified in dried blood spot analysis of oesophageal 

adenocarcinoma patients in Section 3.1. 

 

The finding of homogentisate 1,2 dioxygenase up-regulation was not replicated in gastric cancer 

datasets where this enzyme appeared to be down-regulated. Phenylalanine hydroxylase appeared 
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up-regulated in these gastric adenocarcinoma samples, and maleylacetoacetate isomerase was 

down-regulated. 

 

3.2.6 Conclusion 

 

Up-regulation of homogentisate 1,2 dioxygenase may provide a biological explanation for reduced 

homogentisate concentrations found in dried blood spot analysis. This finding was not replicated in 

gastric cancer datasets, but significant changes to genes relating to other enzymes within this 

pathway were identified. These changes have been further investigated using quantitative polymerase 

chain reaction (qPCR) in Section 3.3, and correlated to immunohistochemistry in Section 3.4. 
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3.3 Quantitative PCR 

 

3.3.1 Objectives 

 

This experiment has utilised reverse transcription quantitative polymerase chain reaction (qPCR) to 

measure gene expression of enzymes related to aromatic amino acid metabolism in oesophageal 

cancer cells and oesophageal adenocarcinoma tissue samples. Enzyme activity in cancer tissues has 

been compared to that for adjacent normal oesophageal squamous mucosa. Gastric adenocarcinoma 

tissue samples have also been analysed to assess differences between oesophageal and gastric 

adenocarcinoma. 

 

3.3.2 Introduction 

  

As has been previously described in Section 1.6, aromatic amino acid metabolism is known to be 

dysfunctional in oesophago-gastric cancer147. However, the biological mechanism responsible for 

these changes remains unknown, and no targeted investigation of the enzymes regulating this 

metabolic pathway has been previously undertaken. Section 3.1 has identified that homogentisate 

and phenylalanine concentrations are reduced in the dried blood spots of oesophago-gastric cancer 

patients. Section 3.2 has used genome profiling datasets to provide a preliminary analysis of gene 

expression for relevant pathway enzymes. These results have identified potential molecular targets 

for dysfunctional aromatic amino acid metabolism, in particular homogentisate 1,2 dioxygenase in 

oesophageal adenocarcinoma. This enzyme is responsible for homogentisate breakdown and up-

regulation could provide an explanation for the reduced homogentisate concentrations identified in the 

dried blood spots of these patients. 

 

This experiment has utilised reverse-transcription qPCR to identify changes in the expression of 

enzymes responsible for the breakdown of aromatic amino acids. Reverse-transcription PCR works 

by initially converting RNA extracted from tissue samples into cDNA followed by exponential 

amplification in a PCR reaction. For qPCR, amplified DNA is fluorescently labelled to facilitate 

detection and quantification. The qPCR process consists of a series of temperature changes which 
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are repeated multiple times (thermal cycles). During each cycle initial denaturation of the cDNA 

double strand occurs at around 95°C. This is followed by primer annealing and cDNA extension. This 

process is repeated 30-50 times for completion of the PCR process. 

 

In this experimental section qPCR has been used to quantify gene expression of relevant pathway 

enzymes in squamous oesophageal cells (HET-1A) and oesophageal adenocarcinoma cell lines 

(OE33 and OE19). This technique was then used to quantify gene expression in oesophageal and 

gastric adenocarcinoma tissues relative to matched healthy mucosa samples. 

 

3.3.3 Methods 

 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196) 

 

Cell Line Samples 

The following commercially available cell lines were utilised for analysis: 

i. OE19 (oesophageal adenocarcinoma) 

ii. OE33 (oesophageal adenocarcinoma) 

iii. HET-1A (normal oesophageal squamous). 

Identity of all cell lines was independantly validated prior to analysis. Cells were grown for 72h to 90% 

confluence. Cells were then tripsinised and centrifuged to produce a cell pellet which was used for 

RNA extraction.  

 

Tissue Samples 

Tissue samples from 36 oesophageal adenocarcinoma patients and 16 gastric adenocarcinoma 

patients were collected from patients undergoing surgical resection of oesophago-gastric cancer. 

Matched samples of healthy tissue samples away from the area of the tumour (either squamous 

oesophageal mucosa or normal gastric mucosa) were collected from patients at the same time-point. 

Tissue samples were immediately frozen in liquid nitrogen and stored at -80°C prior to analysis. 
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H&E slides were produced from each tissue sample prior to sample preparation. Tissue types were 

confirmed with a Consultant Histopathologist prior to analysis. 

 

RNA Purification and cDNA synthesis 

Tissue samples or cell pellets were homogenised in TRIzol® (Thermo Fisher Scientific, Waltham, MA, 

USA) via manual homogenisation followed by being placed in a tissue homogeniser (Retsch, 

Dusseldorf, Germany) at 25 revolutions per second for 1 minute. Chloroform was then added and 

samples centrifuged. The supernatant was removed and RNA purified using the RNeasy kit (Qiagen, 

Hilden, Germany). cDNA was then produced from these samples using a reverse transcription kit 

(Qiagen, Hilden, Germany). 

 

cDNA samples were added to a 384-well plate with an appropriate mixture containing SYBR-green 

and primers for the relevant enzymes to be examined (Phenylalanine hydroxylase (PAH); Tyrosine 

aminotransferase (TAT); Hydroxyphenylpyruvate dioxygenase (HPD); Homogentisate 1,2 

dioxygenase (HGD); Maleylacetoacetate isomerase (MAAI); Fumarylacetoacetate hydrolase (FAH) - 

All Qiagen, Hilden, Germany). qPCR was performed using an Applied Biosystems 7900HT instrument 

(Applied Biosystems, Foster City, CAL, USA) to establish the cycle-time to reach the relevant 

threshold value. Inter-plate controls were analysed with all samples. The intitial thermal cycling 

programme consisted of 50°C for 2 minutes, followed by 10 minutes at 95°C to prepare primers. The 

thermal cycler then completed 40 cycles of 95°C for 15 seconds followed by 1 minute at 60°C. House-

keeper genes (GAPDH and HPRT1) were analysed for each sample and all results normalised to 

these threshold values.  

 

Results were expressed as fold change for cancer tissues or cell samples relative to the result for the 

matched healthy mucosa from the same patient or HET-1A cells. A fold change result above one 

represented up-regulation in cancer tissues and below one represented down-regulation. A 

siginificant fold change result is generally considered a fold change greater than 5 or below 0.2. 

Results from cancer and healthy mucosa were also analysed as expression per 1000 GAPDH to 

facilitate univariate statistical analysis using SPSS v23 (IBM, Armonk, NY, USA). 
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3.3.4 Results 

 

Cell Line Analysis 

Fold change in enzyme acitivity for OE33 and OE19 cell lines (relative to HET-1A cells) is shown 

below in table 41 and figure 51. Fold change of one indicates expression equivalent to that for     

HET-1A cells. Fold change above one indicates overexpression and below one indicates 

downregulation of expression. 

Enzyme OE33 Fold Change 

relative to HET1A 

OE19 Fold Change 

relative to HET1A 

PAH 1.67 0.33 

TAT 0.43 0.39 

HPD 0.0029 0.00081 

HGD 11.05 390.23 

MAAI 0.06 0.15 

FAH 0.78 0.18 

 

Table 41: Fold change for OE33 and OE19 cells relative to HET1A. 
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Figure 51: Fold change in OE33 (A) and OE19 (B) cell enzyme activity expressed relative to HET-1A 

cell enzyme activity. PAH – Phenylalanine hydroxylase; TAT – tyrosine aminotransferase; HPD – 4-

Hydroxyphenylpyruvate dioxygenase; HGD – Homogentisate 1,2 dioxygenase; MAAI – 

maleylacetoacetate isomerase; FAH – fumarylacetoacetate isomerase. 

 

These results demonstrate a large reduction in 4-hydroxyphenylpyruvate dioxygenase activity in both 

oesophageal cancer cells lines compared to the normal squamous cell line. This was an over 1000-

fold reduction in the OE19 cell line (fold change 0.0008). There was also a significant increase in 

homogentisate 1,2 dioxygenase activity in both oesophageal cancer cell lines relative to normal 
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oesophageal squamous cells (HET-1A) (Fold change 390.23 for OE19 cells and 11.05 in the OE33 

cells). 

 

Oesophageal Cancer Tissue Samples 

Tissue samples from 36 oesophageal adenocarcinoma patients were analysed and compared to 

results from matched healthy oesophageal squamous mucosa samples from the same patient.  

 

The median age of these patients was 64.5 and 75% were male. Thirty six percent (13/36) had T1/2 

stage disease and 64% (23/36) had stage T3/4 disease. Sixty-six percent had disease spread to 

lymph nodes. 

 

Results of fold change analysis are shown below in table 42.  

 

Enzyme Median Fold Change IQR 

PAH 17.74 3.05 – 103.48 

TAT 3.24 1.08 – 10.63 

HPD 0.42 0.052 – 3.14 

HGD 62.96 11.84 – 1860.95 

MAAI 0.70 0.32 – 1.05 

FAH 0.86 0.51 – 1.94 

 

Table 42: Details of qPCR fold-change results for oesophageal adenocarcinoma patients.  
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Figure 52: Boxplot of relative fold change for each enzyme. The green line represents a value of 1 

indicating expression of normal mucosa for that enzyme relative to which cancer sample fold change 

was calculated. 

 

These results have demonstrated a clear up-regulation in homogentisate 1,2 dioxygenase activity 

within oesophageal adenocarcinoma tissues (fold change 62.96). There was also an increase in 

phenylalanine hydroxylase activity in these tissues (fold change 17.74). There was a trend towards an 

increase in tyrosine aminotransferase activity (fold change 3.24) and decrease in 

hydroxyphenylpyruvate dioxygenase activity (fold change 0.42). 

 

Analysis of this data according to median expression per 1000 GAPDH (which facilitated univariate 

statistical analysis) is shown below in table 43. 
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Enzyme Normal oesophageal 

mucosa (Median copies 

/1000 GAPDH) 

Oesophageal 

adenocarcinoma (Median 

copies/1000 GAPDH) 

MWU 

PAH 0.02 (IQR 0.00 – 0.11) 0.17 (IQR 0.02 – 0.61) <0.0001 

TAT 0.61 (IQR 0.08 – 17.54)  3.05 (IQR 0.54 – 45.76) 0.032 

HPD 0.9 (IQR 0.02 – 0.24) 0.03 (IQR 0.01 – 0.18) 0.324 

HGD 0.06 (IQR 0.02 – 0.14) 5.72 (IQR 0.92 – 52.56) <0.0001 

MAAI 12.3 (IQR 7.89 – 28.71) 12.09 (IQR 6.81 – 27.62 0.770 

FAH 3.99 (IQR 1.32 – 5.85) 3.23 (IQR 1.81 – 6.62) 0.551 

 

Table 43: Normal oesophageal mucosa and oesophageal adenocarcinoma results presented as 

expression per 1000 GAPDH. 

 

These results confirmed that the up-regulation in homogentisate 1,2 dioxygenase activity was highly 

statistically significant (p<0.0001). Up-regulation of phenylalanine hydroxylase and tyrosine 

aminotransferase was also significant. 

 

Gastric Cancer Tissue Samples 

Tissue samples from 17 gastric adenocarcinoma patients were analysed along with matched healthy 

gastric mucosa for comparison. 

 

The median age was 71 and 41% were male (7/17). Twenty four percent (4/17) had T1/2 disease and 

71% (12/17) had stage T3/4 disease. Nine patients (53%) had lymph node involvement. 

 

Results of relative fold change in gastric adenocarcinoma tissues (compared to healthy gastric 

mucosa) for each enzyme are shown below in table 44. 
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Enzyme Median Fold Change IQR 

PAH 5.47 0.07 – 55.93 

TAT 0.97 0.60 – 13.40 

HPD 0.21  0.09 – 0.28 

HGD 0.32 0.13 – 0.70 

MAAI 0.29 0.17 – 0.59 

FAH 0.38 0.29 – 0.96 

 

Table 44: Relative fold change results for gastric adenocarcinoma tissue compared to healthy gastric 

mucosa. 

 

Figure 53: Boxplot of relative fold change for each enzyme related to aromatic amino acid breakdown. 

 

These results have demonstrated that hydroxyphenylpyruvate dioxygenase appears down-regulated 

in gastric cancer. There also appears to be a trend towards down-regulation of homogentisate 1,2 

dioxygenase (up-regulated in oesophageal adenocarcinoma), maleylacetoacetate isomerase and 

fumarylacetoacetate isomerase. 
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Results for gastric normal mucosa and adenocarcinoma tissues presented as median expression per 

1000 GAPDH are shown in table 45. 

 

Enzyme Normal gastric mucosa 

(Median/1000 GAPDH) 

Gastric adenocarcinoma 

(Median/1000 GAPDH) 

MWU 

PAH 0.21 (IQR 0.02 – 1.09) 0.33 (IQR 0.06 – 1.27) 0.474 

TAT 0.93 (IQR 0.71 – 2.81) 5.36 (IQR 0.69 – 16.57) 0.205 

HPD 0.40 (IQR 0.14 – 0.64) 0.07 (IQR 0.03 – 0.18) 0.049 

HGD 118.67 (IQR 80.88 – 191.71) 47.93 (IQR 17.85 – 92.72) 0.005 

MAAI 70.511 (IQR 42.22 – 92.21) 28.62 (IQR 11.37 – 37.66) <0.001 

FAH 9.36 (IQR 5.27 – 13.45) 4.31 (IQR 3.14 – 5.62) 0.004 

 

Table 45: Normal gastric mucosa and gastric adenocarcinoma results presented as expression per 

1000 GAPDH. 

 

These results demonstrate that although down-regulation of hydroxyphenylpyruvate dioxygenase 

activity was statistically significant, this was borderline (p = 0.049). There was statistically significant 

down-regulation of all enzymes downstream to homogentisate in this pathway (homogentisate 1,2 

dioxygenase, maleylacetoacetate isomerase and fumarylacetotacetate isomerase). 

 

Comparison of Homogentisate 1,2 Dioxygenase Activity in Oesophageal and Gastric Cancer 

Representative boxplots of homogentisate 1,2 dioxygenase activity in normal and cancer tissues for 

both oesophageal and gastric cancer are shown in figure 54. 
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Figure 54: Homogentisate 1,2 dioxygenase activity in oesophageal and gastric tissues demonstrated 

contrasting findings with up-regulation in oesophageal cancer and down-regulation in gastric cancer. 

 

3.3.5 Discussion 

 

Findings from qPCR of oesophageal cancer patients has confirmed results of in silico analysis with 

significant up-regulation of homogentisate 1,2 dioxygenase (fold change 62.96, MWU p<0.0001 when 

analysed per 1000 GAPDH). This correlated with findings in oesophageal cell lines where 

homogentisate 1,2 dioxygenase was up-regulated. This change in homogentisate 1,2 dioxygenase 

activity was reversed in gastric cancer patients where it was down-regulated (fold change 0.32, MWU 

p=0.049). This also mirrored the results predicted from in silico analysis.  

 

Other findings from oesophageal cancer patients included a significantly increased fold change for 

phenylalanine hydroxylase activity (fold change 17.74, MWU p <0.001). However, this result appeared 

to be largely driven by very low gene expression within normal tissues (only 0.02 per 1000 GAPDH, 

with lack of any amplification in many samples) and expression in adenocarcinoma tissues was also 

low (0.17 per 1000 GAPDH).  

 

Therefore this result must be interpreted cautiously. Tyrosine aminotransferase was also up-regulated 

in oesophageal cancer patients (fold change 3.24, MWU p = 0.032). 
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Results from gastric cancer patients demonstrated down-regulation of hydroxyphenylpyruvate 

dioxygenase. This enzyme is responsible for homogentisate production and provides a potential 

alternate explanation for reduced homogentisate in dried blood spot samples from these patients. 

Also of note is that there was down-regulation of all enzymes regulating aromatic amino acid 

breakdown downstream to homogentisate in gastric cancer patients. This may indicate a complete 

breakdown of the enzymatic pathway in this area. Unfortunately as it was not possible to measure any 

metabolites downstream to homogentisate using nano-electrospray ionisation mass spectrometry it is 

not possible to identify how these changes in enzyme expression relate to systemic concentrations of 

these metabolites. 

 

3.3.6 Conclusions 

 

This experiment has demonstrated significant changes in gene expression relating to enzymes which 

regulate aromatic amino acid breakdown in oesophageal and gastric cancer. Results have 

demonstrated up-regulation of the enzyme responsible for homogentisate breakdown (homogentisate 

1,2 dioxygenase) in oesophageal cancer patients. This enzyme was down-regulated in gastric cancer 

patients but the enzyme responsible for homogentisate production (hydroxyphenylpyruvate 

dioxygenase) was also down-regulated. This indicates there may be an alternative biological 

mechanism to explain the finding of reduced homogentisate in blood spot analysis for oesophageal 

and gastric cancer patients. 

 

 

 

  



155 
 

3.4 Immunohistochemistry 

 

3.4.1 Objectives 

 

Immunohistochemistry has been performed on oesophageal and gastric adenocarcinoma tissues for 

the relevant enzymes responsible for breakdown of aromatic amino acids in order to provide further 

information regarding the functional expression of these enzymes within tissues. This experiment 

aimed to cross-validate the findings of qPCR in Section 3.3. 

 

3.4.2 Introduction 

 

The previous experimental sections have established that homogentisate concentrations are reduced 

in dried blood spots of oesophago-gastric cancer patients, and have identified a potential biological 

mechanism to explain this finding in oesophageal and gastric cancer. 

 

In order to ascertain how these genetic changes affect protein expression in tissues it was necessary 

to cross-validate these findings using immunohistochemistry. This aimed to provide further insight into 

the biological mechanism responsible for dysfunctional aromatic amino acid metabolism in 

oesophageal and gastric cancer patients. 

 

3.4.3 Methods 

 

Local ethical approval was granted for this experiment through the Histopathology Department at St 

Mary’s Hospital, Imperial College London. 

 

Immunohistochemistry antibodies were obtained for each enzyme of interest (tyrosine 

aminotransferase (Rabbit monoclonal antibody), hydroxyphenylpyruvate dioxygenase (Rabbit 

monoclonal antibody), homogentisate 1,2 dioxygenase (Rabbit monoclonal antibody), and 

fumarylacetoacetate isomerase (Rabbit polyclonal antibody) (All Abcam, Cambridge, UK), 
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phenylalanine hydroxylase, (Rabbit polyclonal antibody; Sigma Aldrich, Gillingham, Dorset, UK) and  

maleylacetoacetate isomerase (Mouse monoclonal antibody; Santa Cruz Biotech, Dallas California).  

Suitability of each antibody was tested upon appropriate positive control samples (kidney or liver 

tissue samples depending on antibody). 

 

Hemotoxylin and eosin staining was performed for each section being used for immunohistochemistry 

staining and all slides were reviewed by a Consultant Histopathologist to confirm areas of cancer and 

healthy tissue. Areas of normal tissue within the same slide were used as controls for 

immunohistochemistry scoring.  

 

Following immunohistochemistry areas of cancer and normal tissue for each slide had an H-score 

calculated to give a total maximum score of 300153. This scoring method was performed by scoring 

areas of the slide according to staining intensity relating to 0 (negative), 1 (weak), 2 (intermediate) 

and 3 (strong staining). The average percentage area of each staining intensity was calculated and 

the following formula applied: 

 

IHA H-Score = (% of cells at intensity category 1x1) + (% of cells at intensity category 2 x 2) 

+ (% of cells at intensity category 3 x 3). 

 

An H-score of 0 – 300 was then obtained where 300 was equal to 100% of tumour cells staining 

strongly. 

 

3.4.4 Results 

The following sample numbers were analysed for each enzyme of interest: 

• Phenylalanine hydroxylase: n = 19 (14 oesophageal, 5 gastric). 

• Tyrosine aminotransferase: n = 37 (30 oesophageal, 7 gastric). 

• Hydroxyphenylpyruvate dioxygenase: n = 38 (30 oesophageal, 8 gastric). 

• Homogentisate 1,2 dioxygenase n =37 (29 oesophageal, 9 gastric). 

• Maleylacetoacetate isomerase n = 17 (8 oesophageal, 9 gastric). 

• Fumarylacetoacetate isomerase n = 17 (8 oesophageal, 9 gastric). 
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H-score results for oesophageal cases are shown in table 46: 

 

Enzyme Normal oesophageal 

mucosa (Median H-Score) 

Oesophageal 

adenocarcinoma (Median 

H-Score) 

MWU 

PAH 

(n=14) 

25 (IQR 0 – 105) 80 (IQR 22.5 – 120) 0.252 

TAT 

(n=30) 

42.5 (IQR 0 – 67.5) 177.5 (IQR 106.25 – 240) <0.001 

HPD 

(n=30) 

132.5 (IQR 100 – 185) 42.5 (IQR 25 – 73.75) <0.001 

HGD 

(n=29) 

0 (IQR 0) 100 (IQR 40 – 160) <0.001 

MAAI 

(n=8) 

140 (IQR 105 – 155) 175 (IQR 131 – 200) 0.281 

FAH 

(n=8) 

105 (57.5 – 130) 145 (50 – 165) 0.574 

 

Table 46: H-score assessment of each enzyme in normal oesophageal mucosa and oesophageal 

adenocarcinoma. 
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Gastric Cancer 

Gastric mucosa demonstrated large amounts of non-specific staining. This lead to intense staining 

that did not represent enzyme expression but rather non-specific staining. Results were therefore 

interpreted with great care, and in many slides there was no normal mucosa for comparison due to 

the large amount of non-specific staining. 

 

H-score results for gastric cancer cases are shown in table 47: 

Enzyme Normal gastric mucosa 

(Median H-Score) 

Gastric adenocarcinoma 

(Median H-Score) 

MWU 

PAH 

(n=5) 

15 (IQR 0 – 53.75) 0 (IQR 0 – 50) 0.905 

TAT 

(n=7) 

80 (IQR 75 – 85) 140 (IQR 117.5 – 185) 0.222 

HPD 

(n=8) 

90 (IQR 85 – 105) 30 (IQR 15 – 42.5) 0.024 

HGD 

(n=9) 

40 (IQR 15 – 105) 80 (IQR 0 – 160) 1 

MAAI 

(n=9) 

110 (IQR 100 – 140) 140 (IQR 120 – 200) 0.414 

FAH 

(n=9) 

80 (IQR 60 – 140) 175 (IQR 117.5 – 210) 0.482 

 

Table 47: H-Score assessment of each enzyme in normal gastric mucosa and gastric 

adenocarcinoma 

 

The only significant result in gastric cancer tissues was reduced expression of hydroxyphenylpyruvate 

dioxygenase in gastric cancer tissues relative to normal gastric mucosa (MWU p = 0.024). 
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3.5 Conclusions of Amino Acid Experimental Section 

 

These experiments have utilised dried blood spot analysis to identify metabolic changes related to 

aromatic amino acid breakdown in oesophago-gastric cancer patients. This information has guided a 

targeted molecular investigation of this metabolic pathway using qPCR and immunohistochemistry. 

This methodology of using metabolic data to inform an investigation of specific biological pathways 

has recently been suggested as a novel use for metabonomic data which may provide greater insight 

into mechanisms of disease155. 

 

A summary of the findings of this experimental section in oesophageal and gastric cancer is 

presented in figure 60 and 61: 
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These overall findings provide alternate potential explanations for reduced homogentisate 

concentrations in oesophageal and gastric cancer patients (Median normalised homogentisate peak 

intensity: Control – 0.0162; Oesophageal cancer – 0.0126; Gastric cancer – 0.0106; Kruskal Wallis 

Test p=0.004). 

 

In oesophageal cancer patients it seems that up-regulation of homogentisate 1,2 dioxygenase is likely 

to be the greatest contributing factor leading to reduced homogentisate concentrations. This enzyme 

is responsible for homogentisate breakdown and was up-regulated in both qPCR (Fold change 62.96, 

MWU p<0.001) and immunohistochemistry (H-score 100 in cancer samples vs 0 in normal 

oesophageal mucosa (MWU p<0.001)). Although this appears to be the strongest contributing factor 

to reduced homogentisate concentrations in these patients, down-regulation of 

hydroxyphenylpyruvate dioxygenase may also play a role. This enzyme is responsible for 

homogentisate production. There was a trend towards down-regulation of this enzyme on qPCR (fold 

change 0.42) but this was not significant. However, immunohistochemistry revealed strong down-

regulation of this enzyme in oesophageal cancer tissues (median H-score in normal oesophageal 

mucosa was 132.5 compared to 42.5 in adenocarcinoma tissues (MWU p <0.0001). Therefore the 

biological mechanism responsible for reduced homogentisate concentrations in dried blood spot 

analysis appears to be multi-factorial. There are multiple relevant changes to the section of this 

metabolic pathway relating to homogentisate production and breakdown in oesophageal cancer 

patients. 

 

In gastric cancer patients, homogentisate 1,2 dioxygenase was down-regulated in qPCR analysis. 

Therefore, it does not seem that increased breakdown of homogentisate by this enzyme is 

responsible for the finding of reduced homogentisate in gastric cancer as is the case in oesophageal 

cancer. However, the enzyme responsible for homogentisate production (hydroxyphenylpyruvate 

dioxygenase) was down regulated in qPCR (Fold change 0.21; MWU p=0.049), and 

immunohistochemistry for these gastric cancer patients (H-Score: Cancer - 30; Control - 90; MWU 

p=0.024). This indicates that reduced production of homogentisate from hydroxyphenylpyruvate is 

likely the predominant factor influencing reduced homogentisate concentrations in gastric cancer. 

qPCR also demonstrated significant down-regulation of homogentisate 1,2 dioxygenase, 
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maleylacetoacetate isomerase and fumarylacetoacetate hydrolase, which may indicate complete 

dysregulation of this metabolic pathway downstream to homogentisate. However, these findings were 

not cross-validated with immunohistochemistry. 

 

In addition to reduced homogentisate concentrations, dried blood spot analysis also identified reduced 

concentrations of phenylalanine (Median normalised phenylalanine peak intensity: Control – 0.837; 

Cancer – 0.698; MWU p=0.009). The enzyme responsible for conversion of phenylalanine to tyrosine 

(phenylalanine hydroxylase) was up-regulated in qPCR for oesophageal adenocarcinoma patients 

(fold change 17.74, MWU p <0.001). However, it was felt this result was likely due to complete 

absence of enzyme activity in normal oesophageal tissues, and this enzyme was not found to be 

significantly upregulated using immunohistochemistry (Median H-score: Squamous oesophageal 

mucosa – 25; Oesophageal adenocarcinoma – 80; MWU p=0.252). This indicates that there is no 

clear enzymatic explanation for reduced phenylalanine concentrations in oesophago-gastric cancer. 

 

The primary aim of this experimental section was to establish whether changes in amino acid 

metabolism (in particular tyrosine) could be related to increased phenol production identified in the 

exhaled breath and urine of oesophago-gastric cancer patients25,26. This primarily relates to direct 

conversion of tyrosine to phenol via the action of tyrosine phenol lyase42. There was no significant 

increase in tyrosine concentrations in dried blood spot analysis (median normalised tyrosine peak 

intensity: Control - 1.287; Cancer – 1.167; MWU p=0.355). Increased tyrosine concentrations would 

have potentially led to more tyrosine being released into the gastric content to be acted upon by 

tyrosine phenol-lyase to produce phenol. However, this does not necessarily indicate that the two 

pathways are not related. Oesophageal cancer patients demonstrated significant up-regulation of 

tyrosine aminotransferase in qPCR (Fold change 3.24, MWU p=0.032) and immunohistochemistry 

(Median H-score: Squamous oesophageal mucosa – 42.5; Oesophageal adenocarcinoma – 177.5 

(MWU p<0.001). This enzyme converts tyrosine to hydroxyphenylpyruvate and increased activity of 

this would lead to increased quantities of tyrosine entering this metabolic pathway of tyrosine 

breakdown. Given that there was no difference in tyrosine concentration between cancer and control 

groups (rather than reduced tyrosine as would be expected with increased tyrosine aminotransferase 
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activity), this may indicate that there is surplus tyrosine which may also be released by the tumour into 

the gastrointestinal tract and acted upon by tyrosine phenol lyase to produce phenol. 

 

The relationship between phenol metabolism and tyrosine breakdown has been investigated further in 

the next experimental section. 
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CHAPTER 4 - PHENOL METABOLISM IN 

OESOPHAGO-GASTRIC CANCER 
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4.1 Urine GC-MS 

 

4.1.1 Objective 

 

This experiment aimed to establish changes in urinary phenol and cresol concentration in relation to 

oesophago-gastric cancer. 

 

4.1.2 Introduction 

 

Phenol and cresol have previously been proposed as urinary markers of gastrointestinal 

cancer26,67,84,85. Previous studies investigating oesophago-gastric cancer have identified that phenol 

concentrations were significantly lower within the urine of oesophago-gastric cancer patients when 

measured using SIFT-MS26. Urinary phenol has also been investigated as a marker of breast cancer, 

renal cell carcinoma and other malignant conditions34,85,156. 

None of these previous studies has taken dehydration status into account when presenting results. It 

has been established that it is necessary to normalise all compound concentrations to urinary 

concentration in order to account for patient dehydration status86,155. This factor may have a significant 

influence upon measured VOC concentration. 

This experiment planned to cross-validate the previous findings which demonstrated reduced urinary 

phenol concentrations in oesophago-gastric cancer patients26. This experiment has utilised the 

headspace SPME GC-MS method for phenol quantification developed in Sections 2.1 and 2.2. This 

analytical technique provided more robust compound identification (over SIFT-MS) via the use of 

chromatographic separation. This also enabled isomeric differentiation of cresols and ethylphenols to 

establish which isomers of these compounds are present within urine. All results were normalised to 

urinary creatinine in order to account for patient dehydration status. 
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4.1.3 Methods 

 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196; Tissue bank approval number R14118). 

 

Urine samples were collected from 52 patients with oesophago-gastric cancer and 52 controls. 

Controls included 25 patients with upper gastrointestinal symptoms who had a normal or benign 

disease of the upper gastrointestinal tract at endoscopy. The control group also included 27 self-

reported healthy volunteers who had no upper gastro-intestinal symptoms. All patients were fasted for 

a minimum of 6 hours prior to sample collection. All subjects were asked to provide a mid-stream urine 

sample collected into a sterile 60ml universal container. 

 

Three millilitres of each sample was separated for urinary creatinine measurement prior to GC-MS 

sample preparation. This allowed results to be normalised to urinary creatinine to account for 

dehydration status of patients. 

 

As urinary phenol is bound to glucuronic acid and sulfate all samples underwent deconjugation prior to 

analysis. Five millilitres of urine was added to a 20ml SPME vial with screw cap and PTFE septum 

(Chromacol, Welwyn Garden City, UK) and was acidified with 80µL concentrated hydrochloric acid (to 

buffer to pH 2). D6 phenol was added as isotope labelled standard (concentration 1µg/ml – Sigma 

Aldrich, Gillingham, Dorset, UK), along with 0.4g of sodium chloride. These urine samples were 

placed in sealed vials and heated to 90°C for 90 minutes for deconjugation. Vials were allowed to cool 

and remained sealed until analysis. 

 

Analysis was undertaken using the GC-MS method described in Section 2.1 and the following SPME 

parameters which were optimised in Section 2.2: Extraction temperature: 60°C; Equilibration time: 10 

minutes; SPME extraction time: 60 minutes. All samples were analysed as technical triplicates. 

 

Calibration curves were produced using standard solutions of phenol, p-cresol, m-cresol, 2-

ethylphenol, 3-ethylphenol, 4-ethylphenol (All Sigma Aldrich, Gillingham, Dorset, UK) at varying 
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concentrations (0.1µg/ml, 0.25µg/ml, 0.5µg/ml, 1µg/ml, 2µg/ml, 5µg/ml, 10µg/ml, 20µg/ml) all 

containing 1µg/ml D6 phenol. Quality control samples consisted of the 1µg/ml calibration point which 

was analysed at various time points during sample analysis. 

 

Data analysis was performed using Turbomass® (Perkin Elmer, Seer Green, BUCKS, UK) for mass 

spectrum analysis and peak integration. Quantification was performed by calculating the ratio of 

compound peak area to that of internal standard in each sample. Calibration curve slope calculations 

were then used to provide the concentration of each compound. Univariate statistical analysis was 

performed using SPSS v23 (IBM, Armonk, NY, USA). Binary logistic regression was utilised in order 

to produce Receiver Operating Characteristic (ROC) curves also using SPSS v23 (IBM, Armonk, NY, 

USA).  

 

4.1.4 Results 

 

Patient Demographics 

Patient demographics are shown in table 48: 
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 Control (n=52) Cancer (n=52) Chi-Squared 

(p) 

 Overall 

Control  

(n=52) 

Positive 

Control  

(n=25) 

Healthy 

Volunteer  

(n=27) 

Cancer (n=52) Overall 

Control 

Group vs 

Cancer 

Age (Median) 34 (27-77) 54 (27-77) 30 (27 – 65) 62 (47-79) <0.001 (MWU) 

Male  33 (63%) 15 (60%) 18 (67%) 40 (77%) 0.181 

Caucasian 37 (71%) 14 (56%) 23 (85%) 45 (87%) 0.088 

PPI Use 10 (19%) 10 (40%) 0 (0%) 33 (63%) <0.001 

Aspirin Use 2 (4%) 2 (8%) 0 (0%) 1 (2%) 0.547 

Hypertension 9 (17%) 8 (32%) 1 (4%) 9 (17%) 0.965 

Diabetes  4 (8%) 4 (16%) 0 (0%) 4 (8%) 0.978 

Statin Use 4 (8%) 3 (12%) 1 (4%) 8 (15%) 0.233 

Non-Smoker 47 (90%) 20 (80%) 27 (100%) 22 (42%) <0.001 

Alcohol under 

21 units per 

week 

49 (94%) 22 (88%) 27 (100%) 41 (79%) 0.014 

ASA 1 or 2 49 (94%) 22 (88%) 27 (100%) 42 (81%) 0.024 

 

Table 48: Demographic details for patients included in urinary analysis. 

 

These results demonstrated some significant differences between the control and cancer cohorts. The 

control group patients were significantly younger, largely due to the younger age of the healthy 

volunteers. The positive control and cancer cohorts were more evenly matched for age (Median age 

in positive control cohort – 54; Cancer cohort – 62). There was significantly less use of proton pump 

inhibitors (PPI) in the control cohort. This was largely due to the healthy volunteers comprising 

asymptomatic patients who were not taking PPI to control upper gastrointestinal symptoms. The 

positive control and cancer cohorts both had greater rates of PPI use (40% and 63% respectively). 

There were significantly more smokers in the cancer cohort and a greater proportion of these patients 
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drank more than 21 units of alcohol per week. There were more patients who were ASA 1 or 2 in the 

control group but again results were similar between the cancer and positive control cohorts (88% of 

positive control group ASA 1/2 compared to 81% in cancer cohort). 

 

Urinary concentration 

Median urinary creatinine across all samples was 12.8mmol/L. Urinary creatinine ranged from 

1.9mmol/L to 34.8mmol/L. Each creatinine concentration was converted to grams of creatinine per 

litre using the known molecular weight of creatinine (113.12). This calculation allowed for results to be 

expressed as milligrams of phenol/cresol per gram of creatinine (mg/g). 

 

Overall Analysis 

Phenol was identified in all patient urine samples that were analysed. P-cresol was identified above 

the limit of detection in 101/104 samples. No other cresols or ethylphenols were identified above the 

limit of detection. Results for phenol and p-cresol concentration in control and cancer patients are 

shown below in table 49:  

 

 Control (n= 52)  

(mg/g creatinine) 

Cancer (n = 52 ) 

(mg/g creatinine) 

Mann Whitney 

U Test 

Phenol 0.42 (IQR 0.27 – 1.30) 0.90 (IQR 0.39 – 2.22) 0.033 

p-Cresol 2.29 (IQR 0.98 – 9.19) 4.59 (IQR 3.05 – 10.47) 0.024 

 

Table 49: Phenol and p-cresol concentrations in control and cancer patient cohorts.Results expressed 

as milligrams of phenol or p-cresol per gram (mg/g) of creatinine. 
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Figure 62: Urinary phenol and p-cresol in control and cancer cohorts. 

 

Median concentration within the control cohort was 0.42mg/g creatinine (IQR 0.27 to 1.30). Phenol 

concentration was significantly higher within the cancer cohort (0.90mg/g creatinine (IQR 0.39 to 2.22) 

(MWU 0.033). p-Cresol was also significantly elevated within the cancer cohort (4.59mg/g creatinine 

(IQR 3.05 – 10.47)) compared to the control cohort (2.29 mg/g creatinine (IQR 0.98 – 9.19) (MWU 

0.024). However, when positive control patients (with benign disease of the upper gastrointestinal 

tract) were compared directly to the cancer cohort no significant difference in phenol or p-cresol 

concentration was identified (Phenol – Positive Controls 0.84mg/g creatinine; Cancer 0.89mg/g 

creatinine (MWU = 0.626); p-Cresol – Positive Controls 4.46 mg /g creatinine, Cancer 4.57mg/g 

creatinine (MWU = 0.279). However, phenol and p-cresol concentrations were particularly low in the 

asymptomatic healthy volunteer patients (Phenol concentration 0.33mg/g creatinine (MWU vs cancer 

cohort p=0.004); p-Cresol concentration 2.03mg/g creatinine (MWU vs cancer cohort p=0.006)). 

When asymptomatic healthy volunteer patients were compared directly to cancer patients and those 

with benign disease of the upper gastrointestinal tract, these differences remained significant as 

shown in table 50. 
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 Healthy Volunteer 

(n= 27)  

(mg/g creatinine) 

Benign Controls 

(n = 25)  

(mg/g creatinine) 

Cancer 

(n=52)     

(mg/g creatinine) 

Kruskal 

Wallis      

Test 

Phenol 0.33 (IQR 0.22 – 

0.63) 

0.84 (IQR 0.34 – 

1.58) 

0.90 (IQR 0.39 – 

2.22) 

0.011 

p-Cresol 2.03 (IQR 0.97 – 

5.30) 

4.45 (IQR 1.28 – 

10.34) 

4.59 (IQR 3.05 – 

10.47) 

0.034 

 

Table 50: Comparison of phenol and p-cresol concentration in healthy volunteers, symptomatic 

benign controls and cancer patients. 

 

Effect of Tumour Site (Oesophageal Versus Gastric) 

Median concentrations of phenol were significantly higher in gastric cancer samples (2.07mg/g 

creatinine) compared to both oesophageal cancer patients (0.87mg/g creatinine) and the overall 

control group (0.42mg/g creatinine) (Kruskal Wallis Test 0.044). Concentrations of p-cresol were also 

significantly elevated in the gastric cancer group (p-cresol concentrations (all mg/g creatinine: Gastric 

cancer – 6.38; Oesophageal cancer 4.10; All controls 2.29 (Kruskal Wallis Test 0.035). 
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 Control  

(n= 52)  

(mg/g creatinine) 

Oesophageal  

(n = 36 )  

(mg/g creatinine) 

Gastric  

(n=16)     

(mg/g creatinine) 

Kruskal 

Wallis      

Test 

Phenol 0.42  

(IQR 0.27 – 1.30) 

0.87  

(IQR 0.42 – 1.96) 

2.07  

(IQR 0.31 – 5.04) 

0.044 

p-Cresol 2.29  

(IQR 0.98 – 9.19) 

4.10 

(IQR 1.85 - 8.97) 

6.38  

(IQR 3.35 – 13.57) 

0.035 

 

Table 51: Results divided by disease type. 

C o n tro
l

O
e s o p h a g e a l

G
a s tr i

c
0

2

4

6

8

1 0

P
h

e
n

o
l 

C
o

n
c

e
n

tr
a

ti
o

n
(m

g
/g

 C
re

a
ti

n
in

e
)

U r in a r y  P h e n o l b y  D is e a s e  T y p e

C o n tro
l

O
e s o p h a g e a l

G
a s tr i

c
0

5

1 0

1 5

2 0

2 5

P
h

e
n

o
l 

C
o

n
c

e
n

tr
a

ti
o

n
(m

g
/g

 C
re

a
ti

n
in

e
)

U r in a ry  p -C re s o l b y  D is e a s e  T y p e

 

Figure 63: Urinary phenol and p-cresol concentrations in oesophageal and gastric cancer patients 

separately. 

 

When gastric cancer patients only were compared to the positive control group alone there was no 

significant elevation of phenol or p-cresol (Phenol concentration – Positive controls 0.84mg/g 

creatinine; Gastric cancer 2.07 mg/g creatinine (MWU p = 0.292); p-cresol concentration – Positive 

controls 4.46mg/g creatinine; Gastric cancer 6.38 mg/g creatinine (MWU p = 0.100)). 
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Effect of Neoadjuvant Chemotherapy 

Of the cancer cohort 25 patients had not received any neoadjuvant chemotherapy prior to sample 

collection, whereas 28 patients had received chemotherapy. Use of chemotherapy did not appear to 

significantly affect concentrations of phenol or p-cresol as shown in table 52. 

 

 Pre-Chemo  

(n = 25 )  

(mg/g creatinine) 

Post Chemo  

(n=27)     

(mg/g creatinine) 

MWU (p) 

Phenol 0.57  

(IQR 0.39 – 2.18) 

0.96  

(IQR 0.40 – 2.33) 

0.656 

p-Cresol 6.38  

(IQR 3.17 – 10.47) 

4.09  

(IQR 2.74 – 10.45) 

0.487 

 

Table 52: Urinary phenol and p-cresol concentration subdivided according to whether patients had 

received neo-adjuvant chemotherapy. 
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Figure 64: Results for neoadjuvant naïve patients (Pre-Chemo) compared to those who had 

completed chemotherapy and control patients. 
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Effect of Disease Stage 

 

Dividing patients according to whether they had early stage (T1/2 n=9) or late stage disease (T3/4 

n=44) showed no significant difference between these groups as demonstrated in table 53: 

 

 T1/2 

(n = 9 )  

(mg/g creatinine) 

T3/4 

(n=43)     

(mg/g creatinine) 

MWU 

Phenol 0.50 

(IQR 0.44 – 1.50) 

0.90  

(IQR 0.35 – 2.23) 

0.943 

p-Cresol 6.91  

(IQR 3.05 – 10.49) 

4.56  

(IQR 3.01 – 9.92) 

0.460 

 

Table 53: Results divided according to tumour stage. 
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Figure 65:  Results divided by tumour stage. 

 

Thirty-five patients within the cancer cohort had lymph node involvement at the time of sampling, and 

18 patients had no nodal involvement. There was no significant difference in phenol or p-cresol 

concentration between these two groups as demonstrated in table 54. 
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 No Nodal 

Involvement 

(n = 18 )  

(mg/g creatinine) 

Nodal 

Involvement 

(n=34)     

(mg/g creatinine) 

MWU 

Phenol 1.14  

(IQR 0.37 – 4.51) 

0.88  

(IQR 0.40 – 2.02) 

0.388 

p-Cresol 4.48  

(IQR 2.94 – 12.52) 

4.59  

(IQR 3.14 – 9.92) 

0.881 

 

Table 54: Results sub-divided according to nodal involvement. 

Urinary Phenol and p-Cresol as a Diagnostic Test 

To assess the suitability of urinary phenol and p-cresol analysis as a combined diagnostic test of 

oesophago-gastric cancer, binary logistic regression was undertaken and receiver operating 

characteristics (ROC) curves calculated. ROC curves are demonstrated in figure 66. Oesophago-

gastric cancer cases were compared to all controls (A) and to healthy volunteers only (B). 

 

 

Figure 66: ROC curves for oesophago-gastric cancer patients versus all controls (A – Area under 

curve 0.687) and against healthy volunteers only (B – Area under curve 0.755). 
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In general a good test is considered to have an area under the ROC curve of at least 0.8. When 

oesophago-gastric cancer patients were compared to all controls, the area under the ROC curve was 

only 0.687. When oesophago-gastric cancer cases were compared to healthy volunteers only, the 

area under the ROC curve rose to 0.755. This gave a sensitivity of 86.8% but specificity of only 

57.1%. When healthy volunteers were compared to cancer patients and benign controls (combined as 

one ‘symptomatic group’) the area under the ROC curve was 0.734. 

 

4.1.5 Discussion 

 

This experiment has established that phenol and p-cresol concentrations are significantly elevated in 

the urine of oesophago-gastric cancer patients relative to controls (median phenol concentration 

0.90mg/g creatinine in cancer patients versus 0.42mg/g creatinine in controls (MWU p = 0.033); 

Median p-cresol concentration 4.59mg/g creatinine in cancer cohort versus 2.29mg/g creatinine in 

controls (MWU 0.024)). Phenol and p-cresol concentrations were significantly higher in gastric cancer 

patients compared to the oesophageal cancer cases and controls. Urinary phenol and p-cresol 

concentration were not affected by use of neoadjuvant chemotherapy, disease stage or nodal 

involvement.  

 

This result of increased urinary phenol in cancer patients conflicts with previous studies that have 

demonstrated that phenol concentration was decreased within the urine of oesophago-gastric cancer 

patients26. In the present study urinary concentration was accounted for by normalising all results to 

urinary creatinine concentration and expressing concentrations of compounds as milligrams per gram 

(mg/g) of creatinine. Patient dehydration status could significantly affect urinary concentration, and 

concentration of volatile compounds was dependent upon this factor. Therefore, the difference in the 

findings between this experiment and previous studies is believed to be due to the effect of 

normalisation of results to urinary creatinine. 

 

Although this study demonstrated significant differences between cancer and control patients this 

appeared to be in large part due to low concentrations of phenol and p-cresol in the healthy volunteer 

group (Median phenol concentration 0.33mg/g creatinine (0.90mg/g creatinine in cancer group (MWU 
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p=0.004)) ; p-Cresol concentration 2.03mg/g creatinine (4.59mg/g creatinine in cancer cohort (MWU 

p=0.006))). This group contained a significantly younger population who did not have any symptoms 

of upper gastrointestinal disease. Because positive control samples were collected at the time of 

upper gastrointestinal endoscopy these patients had some form of upper gastrointestinal symptoms or 

disease which had led to the need for endoscopy. There was no significant difference between the 

urinary phenol and p-cresol concentrations of the positive control and cancer groups. Therefore 

urinary phenol and p-cresol analysis does not seem able to differentiate between patients with benign 

diseases of the upper gastrointestinal tract and those with oesophago-gastric cancer. When urinary 

phenol and p-cresol were used in a binary logistic regression model these compounds were not able 

to accurately discriminate between oesophago-gastric cancer patients and controls (area under the 

ROC curve 0.687).  

 

In univariate analysis there did appear to be a significant difference between healthy volunteers and 

those suffering with oesophago-gastric cancer or other benign conditions of the upper gastrointestinal 

tract. When oesophago-gastric cancer patients were compared to healthy volunteers in a binary 

logistic regression model diagnostic accuracy improved (area under the ROC curve 0.755) although 

this still failed to reach the criteria to be considered a ‘good test’ (area under the ROC curve 0.8). The 

area under the ROC curve was similar when benign and malignant disease were combined as one 

‘symptomatic group’ (0.734). This indicates that although concentration of these compounds may be 

significantly different between cancer patients and healthy volunteers they cannot necessarily be used 

alone as a diagnostic test in urine analysis. However, these compounds may be more useful as part 

of a panel of other compounds in order form a diagnostic discrimination model to identify the presence 

of either benign or malignant disease of the upper gastrointestinal tract. Phenol and cresol were 

previously utilised in such a manner when they were included as part of a diagnostic model of 

oesophago-gastric cancer using exhaled breath25. They were utilised alongside ten other volatile 

organic compounds (pentanoic acid, hexanoic acid, ethyl phenol, butanal, pentanal, hexanal, 

hepatanal, octanal, nonanal and decanal) to produce a diagnostic model with an area under the ROC 

curve of over 0.925. Therefore it may be possible to utilise urinary phenol and p-cresol analysis as part 

of a diagnostic discrimination model comprising a panel of compounds capable of identifying those 

patients requiring upper gastrointestinal endoscopy for diagnosis of benign or malignant disease.  
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Although there was no significant effect of disease stage upon urinary phenol or p-cresol 

concentration this may have been related to the small number of patients with early stage disease. 

Only 9 patients (17%) in this analysis had early stage disease (T1/T2) at the time of presentation. This 

is typical of patients with oesophago-gastric cancer who tend to present with late stage disease3. 

Further evaluation of phenol and p-cresol in the early stages of disease may help to establish its 

usefulness as a biomarker of early-stage disease or changes in urinary concentration of these 

compounds with increasing disease burden. 

 

4.1.6 Conclusion 

 

This experiment has demonstrated that urinary phenol and p-cresol concentrations are elevated in 

oesophago-gastric cancer patients relative to healthy volunteers. There was no significant difference 

between cancer patients and positive controls that had been referred for upper gastrointestinal 

endoscopy.  
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4.2 Plasma GC-MS 

 

4.2.1 Objective 

 

This experiment aimed to establish the presence of phenol and p-cresol within plasma samples, and 

whether concentrations of these compounds are significantly elevated in oesophago-gastric cancer 

patients. 

 

4.2.2 Introduction 

 

The previous section has established that when corrected for patient dehydration status urinary 

concentrations of phenol and p-cresol appear to be elevated in oesophago-gastric cancer patients 

relative to healthy volunteers. It has also been previously demonstrated using SIFT-MS that phenol 

and cresol are present at increased concentrations within the exhaled breath of these patients25,36. 

This highlights the potential of these compounds as non-invasive biomarkers of this disease in 

exhaled breath or urine. However, if phenol or p-cresol are produced within the tumour or surrounding 

microenvironment it is necessary for these compounds to be transported via the blood to the lungs or 

kidneys for excretion157. As part of establishing the biological mechanism responsible for the 

production of these compounds it is necessary to identify whether they are being transported within 

the systemic circulation as this would be necessary to explain their appearance in exhaled breath or 

urine. 

 

This section has analysed phenol and p-cresol concentrations within plasma samples in order to 

establish whether these compounds are being transported within the systemic circulation. It also 

aimed to ascertain whether concentrations of these compounds are elevated within the plasma of 

oesophago-gastric cancer patients. This was undertaken using the plasma preparation and solid-

phase extraction method developed for direct injection GC-MS in Section 2.3, as well as the GC-MS 

method developed in Section 2.1. As phenol and p-cresol are typically transported in the blood  

conjugated to glucuronic acid or sulphate, plasma samples underwent deconjugation prior to 

analysis110.  
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4.2.3 Methods 

 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196; Tissue bank approval number R15065). 

 

Blood samples were collected from 29 histologically confirmed cancer cases (15 oesophageal and 14 

gastric) and 15 healthy control samples (diagnosed with healthy or benign disease of the upper 

gastrointestinal tract at upper gastrointestinal endoscopy). All patients were starved for a minimum of 

six-hours prior to sample collection. Whole blood was collected into EDTA tubes and centrifuged at 

2500g for 10 minutes. The supernatant plasma was collected and stored at -80°C prior to analysis.  

 

As phenol and p-cresol are typically transported in the blood conjugated to glucuronic acid or 

sulphate, plasma samples required deconjugation prior to analysis110. One millilitre of plasma was 

incubated with 20µl beta-glucuronidase from Helix pomatia (Sigma Aldrich, Gillingham, Dorset, UK) at 

37°C for 30 minutes (Please see Section 2.3 for optimisation of plasma deconjugation). 

 

De-proteinisation occurred by adding 400µl of deconjugated plasma to 1200µl of HPLC grade 

methanol Sigma Aldrich, Gillingham, Dorset, UK) and centrifuging at 18000g for 15 minutes at 4°C. 

990µl of this sample was then collected for analysis and 10µl of D6 Phenol (Concentration 100µg/ml) 

added to give a final internal standard concentration of 1µg/ml. These samples then underwent solid 

phase extraction according to the protocol developed in Section 2.3. One millilitre of methanolic 

plasma extract was diluted with 3ml 0.05M hydrochloric acid and 46ml of HPLC grade water (both 

Sigma Aldrich, Gillingham, Dorset, UK). Solid phase extraction tubes (BondElut PPL – Agilent 

Technologies, Santa Clara, CA, USA) were conditioned with dichloromethane, methanol, and water 

with 0.05M hydrochloric acid prior to loading of samples. The wash step consisted of 3ml of 5% 

methanol followed by compound elution with 3ml of acetone. Acetone elutes were evaporated to 1ml 

under nitrogen prior to analysis on GC-MS using the previously described direct injection method for 

phenol measurement (Sections 2.1 and 2.3). All samples were analysed as technical triplicates. 
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Calibration curves were produced using standard solutions of phenol at various concentrations 

(0.01µg/ml, 0.025µg/ml, 0.05µg/ml, 0.1µg/ml, 0.25µg/ml, 0.5µg/ml, 1µg/ml, 2µg/ml) all containing 

1µg/ml of Phenol D6 as internal standard. Quality control samples consisted of the 1µg/ml calibration 

point which was analysed at various time points during sample analysis. 

 

Data analysis was performed using Turbomass® (Perkin Elmer, Seer Green, BUCKS, UK) for mass 

spectrum analysis and peak integration. Quantification was performed by calculating the ratio of 

compound peak area to that of internal standard in each sample. Calibration curve slope calculations 

were then used to provide concentration of each compound. Univariate statistical analysis was 

performed using SPSS v23 (IBM, Armonk, NY, USA) 

 

4.2.4 Results 

Patient demographics 

Patient demographics are shown in table 55. 
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 Control 

(n=15) 

Cancer (n=29) Chi-Squared 

(p) 

 Control 

(n=15) 

Oesophageal 

(n=15) 

Gastric 

(n=14) 

Overall 

(n=29) 

Control vs 

Overall 

Cancer 

Age (Median) 62 (38-77) 68 (48-80) 71.5 (34-86) 71 (34-86) 0.110 (MWU) 

Male  8 (53%) 11 (73%) 9 (64%) 20 (69%) 0.307 

Caucasian 11 (73%) 14 (93%) 8 (57%) 22 (76%) 0.854 

PPI Use 8 (53%) 9 (60%) 8 (57%) 17 (59%) 0.737 

Aspirin Use 3 (20%) 2 (13%) 2 (14%) 4 (14%) 0.594 

Hypertension 4 (27%) 4 (27%) 8 (57%) 12 (41%) 0.336 

Diabetes  0  1 (7%) 3 (21%) 4 (14%) 0.131 

Statin Use 2 (13%) 4 (27%) 6 (43%) 10 (34%) 0.135 

Non-Smoker 10 (67%) 7 (47%) 8 (57%) 15 (52%) 0.343 

Alcohol under 

21 units per 

week 

12 (80%) 14 (93%) 13 (93%) 27 (93%) 0.194 

ASA 1 or 2 12 (80%) 10 (67%) 9 (64%) 19 (66%) 0.318 

 

Table 55: Demographic details of control and cancer patients undergoing plasma analysis. 

 

The control and cancer cohorts were well matched with no significant differences between the 

demographics of the two groups. 

 

Phenol Concentration 

 

Total phenol concentration was significantly elevated in oesophago-gastric cancer cases relative to 

controls (Cancer cohort - 0.051µg/ml (0.024 – 0.086); Control cohort - 0.034µg/ml (0.014 – 0.061) 

(MWU p=0.021). Dividing the cancer cohort into two cohorts (oesophageal and gastric) revealed that 
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4.2.5 Discussion 

 

This experiment has demonstrated that phenol is present within the plasma of oesophago-gastric 

cancer patients and controls. Plasma p-cresol levels were below the limit of detection in all samples. 

 

Phenol concentration was increased within the plasma of oesophago-gastric cancer patients relative 

to controls (Cancer cohort - 0.051µg/ml (0.024 – 0.086); Control cohort - 0.034µg/ml (0.014 – 0.061) 

(MWU p=0.021)). This discovery provides evidence that phenol is being transported within the 

systemic circulation of these patients, and is at higher concentrations than that identified within the 

plasma of control patients. This finding provides a potential mechanism for transport of phenol from 

the tumour microenvironment to the kidneys or lungs for excretion in urine or exhaled breath. In order 

to explain the previous findings of elevated concentrations of phenol within urine (Section 4.1) and 

exhaled breath of oesophago-gastric patients in a previous study25, it is necessary for phenol to be 

transported within the blood in this manner. This result supports the hypothesis that phenol produced 

locally at the site of the tumour can be transported within the circulation for excretion by the lungs or 

kidneys. 

 

4.2.6 Conclusion 

 

This experiment has established that plasma phenol concentrations are significantly elevated in 

oesophageal and gastric cancer cases relative to controls. This finding provides a potential 

mechanism for transport of this compound within the systemic circulation from the tumour site to the 

lungs or kidneys for excretion.  
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4.3 Tissue GC-MS 

 

4.3.1 Objective 

 

This experiment aimed to establish phenol concentrations within gastric cancer tissues and identify 

any differences between cancer and healthy tissue. 

 

4.3.2 Introduction 

 

The previous section has established that phenol and p-cresol are elevated within the urine of 

oesophago-gastric cancer cases, and these compounds are known to be elevated in exhaled breath 

of these patients25. Section 4.2 has provided evidence of increased blood phenol concentrations in 

these patients providing a potential transport mechanism from the area of the tumour itself to the 

kidneys or lungs for excretion. However, it is yet to be established whether oesophago-gastric 

adenocarcinoma tissues produce increased quantities of phenol relative to normal mucosa. The 

conversion of tyrosine to phenol is modulated by bacteria42. Therefore it is most likely that this 

compound would be identified within gastric cancer tissues which may be in direct contact with 

bacteria within gastric juice which is known to contain a diverse range of bacterial species158. 

 

This section has measured phenol concentrations within gastric cancer tissue samples and normal 

stomach mucosa in order to establish if phenol concentrations are increased within gastric cancer 

tissues. Previous studies measuring volatile compounds from stomach tissues have utilised large 

tissue weights (up to 2g)114. The available sample set contained much smaller tissue samples (10-

30µg). Therefore rather than using HS-SPME analysis as in previous studies a specific method was 

developed in Section 2.3 for tissue homogenisation, solid phase extraction, and direct liquid injection 

GC-MS for phenol analysis. This method has been utilised in this experiment. 
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4.3.3 Methods 

 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196; Tissue bank approval number R15065). 

 

Tissue samples from 5 gastric cancer patients were collected immediately following gastrectomy. 

Gastric cancer tissue and healthy matched mucosa (at least 10cm away from the area of the tumour) 

were collected from each patient and immediately placed in liquid nitrogen then stored at -80°C prior 

to analysis. 

 

Before sample processing H&E slides were produced from each sample and tissue types confirmed 

with a Consultant Histopathologist. 

 

During sample preparation tissue samples were weighed and then placed in liquid nitrogen within a 

mortar and a pestle used to powder the tissue. Powdered samples were placed into a 2ml vial and 

suspended in 1ml HPLC grade methanol (Sigma Aldrich, Gillingham, Dorset, UK). A ball-bearing was 

inserted and tissue homogenisation completed using a tissue homogeniser (Retsch, Dusseldorf, 

Germany – 30 cycles per second for 1 minute). Samples were centrifuged and the supernatant 

removed. A 1µg/ml spike of phenol D6 was then inserted to each sample as internal standard. 

Samples then underwent solid-phase extraction (as described in Section 2.3) to produce eluted 

compounds suspended in 1ml of acetone. Analysis was performed using the direct liquid injection 

GC-MS method described in Section 2.1 and 2.3. All samples were analysed as analytical triplicates. 

 

Calibration curves were created using standard solutions of phenol, p-cresol, m-cresol, 2-ethylphenol, 

3-ethylphenol, 4-ethylphenol (All Sigma Aldrich, Gillingham, Dorset, UK) at varying concentrations 

(0.005µg/ml 0.01µg/ml, 0.025 µg/ml, 0.05µg/ml, 0.1µg/ml, 0.25µg/ml, 0.5µg/ml, 1µg/ml, and 2µg/ml) in 

acetone. All calibration points contained 1µg/ml D6 phenol. Quality control samples consisted of the 

1µg/ml calibration point which was analysed at various time points during sample analysis. 

 



192 
 

Data analysis was performed using Turbomass® (Perkin Elmer, Seer Green, BUCKS, UK) for mass 

spectrum analysis and peak integration. Quantification was performed by calculating the ratio of 

compound peak area to that of internal standard in each sample. Calibration curves slope calculations 

were then used to provide concentration of each compound. Univariate statistical analysis was 

performed using SPSS v23 (IBM, Armonk, NY, USA). 

 

4.3.4 Results 

 

Median patient age was 50 (range 33 to 67). All patients had T3/4 gastric cancer and four patients 

had nodal involvement. Two patients were using proton pump inhibitors at the time of sampling. 

 

Sample weights were low with a median weight of 10µg in the cancer cohort (range 8 to 13µg) and 

median weight of 15µg in the control group (8 to 25µg). 

 

Phenol was identified above the limit of detection in all normal stomach samples and 4 out of 5 gastric 

cancer samples. Median concentration of phenol was 0.023µg/ml in the cancer samples (range 0.013 

to 0.031µg/ml). The concentration in the normal gastric mucosa was similar (Median 0.021µg/ml, 

range 0.011 to 0.035µg/ml). Following correction for sample weight results demonstrated that the 

median concentration of phenol in cancer samples (Median 0.15µg phenol per µg of tissue (range 

0.11 – 0.28)), was not significantly different to that of normal tissue samples (Median 0.31µg phenol 

per µg tissue (range 0.11 – 0.88) (MWU = 0.548)). 

 

4.3.5 Discussion 

 

Although phenol was identified above the limit of quantification in the majority of samples analysed (9 

out of 10), concentrations were close to the limit of quantification with all between 0.010µg/ml and 

0.035µg/ml. This may be caused by loss of this volatile compound during sample preparation. All 

possible precautions were taken to prevent loss of volatiles with all tissue powdered within liquid 

nitrogen prior to homogenisation in methanol. It is also possible that the low concentrations recovered 

were due to the small tissue sample weights. During tissue collection it was not possible to collect 
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larger sample weights as it was imperative that tissue sampling for research purposes did not impact 

upon the histopathology examination of the patient’s resected surgical specimen which would 

potentially  affect their clinical management. Therefore, larger tissue samples could not be collected.  

 

These results have demonstrated no difference in phenol concentration between gastric cancer 

tissues and matched normal gastric mucosa from the same patients. This may indicate that 

conversion of tyrosine to phenol does not occur within the area of the tumour itself. It may well be that 

this reaction is occurring in an adjacent environment such as gastric juice where the bacteria present 

could be responsible for production of this compound.  

 

4.3.6 Conclusion 

 

Although this experiment has identified the presence of phenol within tissue samples no difference in 

phenol concentration has been identified in gastric cancer tissues samples compared to healthy 

gastric mucosa. This may indicate that conversion of tyrosine to phenol is occurring within an area 

other than the tumour itself, and gastric juice has been  investigated in the next section to establish if 

this reaction is occurring within this biological matrix. 
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4.4 Gastric Content Analysis 

 

4.4.1 Objective 

 

This experiment aimed to establish whether phenol concentrations are increased within the gastric 

content of gastric cancer cases. Phenol concentrations have been correlated with tyrosine 

concentration in the same samples to establish if there is a relationship between the concentrations of 

these two compounds. 

 

4.4.2 Introduction 

 

Previous sections have established that phenol was identified at increased concentrations in the urine 

and plasma of oesophago-gastric cancer patients relative to controls. This corresponds to findings of 

previous studies where increased phenol concentrations formed part of a diagnostic model for 

oesophago-gastric cancer in exhaled breath25.  

 

Although phenol concentrations appear to be systemically elevated in these patients the mechanism 

of production of this compound remains unclear. Phenol can be produced from tyrosine via the action 

of the bacterial enzyme tyrosine phenol lyase42. Phenol was not identified as being significantly 

elevated within gastric cancer tissues samples. However, as the conversion of tyrosine to phenol is 

reliant upon the action of bacteria, it may be more likely that this compound would be seen within 

gastric juice rather than cancer tissues. Previous studies analysing gastric juice have established that 

phenol is the volatile organic compound which appears most frequently in gastric content samples 

collected from oesophago-gastric cancer patients159. Methyl-phenol (cresol) has also been previously 

demonstrated to be at significantly increased concentrations in the gastric juice of oesophago-gastric 

cancer patients relative to controls35.  

 

Tyrosine concentrations are known to be increased within the gastric juice of gastric cancer 

patients39,40. This potentially indicates that tyrosine released from a gastric tumour could be converted 
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to phenol within the stomach (via the action of bacteria within gastric content) leading to phenol 

production. 

 

This experiment has measured concentrations of phenol within gastric content samples from gastric 

cancer patients and controls. Tyrosine concentrations have been measured in the same samples to 

establish if there is a correlation between tyrosine and phenol concentrations within gastric content. 

 

4.4.3 Methods 

 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196; Tissue bank approval number R14118). 

 

Sample Collection 

All samples were collected from patients undergoing upper gastrointestinal endoscopy (OGD) with all 

patients being fasted for a minimum of six hours prior to collection (as per standard protocol for this 

investigation). Patients undergoing assessment of a known gastric adenocarcinoma were allocated to 

the cancer cohort. Those undergoing this test for investigation of upper gastrointestinal symptoms that 

were found to have a normal upper gastrointestinal tract or benign disease of the upper 

gastrointestinal tract were allocated to the control cohort. 

 

During this procedure the endoscope is passed through the mouth into the oesophagus and then 

through to the stomach. At this point it is possible to collect any gastric content present through a 

suction channel into a sterile, disposable suction jar (Covidien, Minneapolis, MN, USA). This 

collection was performed prior to any washing being performed from the endoscope. Samples 

collected into the suction jar were transferred to a Nalgene vial (ThermoScientific, Waltham, MA, 

USA) and stored at -80°C prior to analysis. 

 

Buffering of pH 

Samples were thawed and starting pH measured using a pH meter (Hanna Instruments Ltd, Leighton 

Buzzard, UK). All samples were then buffered to pH 2 by addition of hydrochloric acid or ammonium 
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hydroxide to each sample. To ensure equal dilution of all samples an equivalent total volume was 

added to each sample with the remainder consisting of HPLC grade water (Sigma Aldrich, Gillingham, 

Dorset, UK). Following buffering 1ml aliquots of each sample were taken for LC-MS analysis, and the 

remainder used for HS-SPME GC-MS analysis. 

 

 

GC-MS Analysis 

Samples for GC-MS analysis were divided into 5ml aliquots in 20ml glass vials with magnetic caps 

and PTFE septum (Chromacol, Welwyn Garden City, HERTS, UK). Four-hundred micrograms of 

sodium chloride was added to each sample as per Section 2.2. Isotope labelled D6 phenol (Sigma 

Aldrich, Gillingham, Dorset, UK) was added as internal standard (Final concentration of D6 phenol 

0.5µg/ml). Vials were sealed and samples underwent HS-SPME GC-MS analysis as detailed in 

Sections 2.1 and 2.2. All samples were analysed as technical triplicates. 

 

Calibration curves were produced using standard solutions of phenol, p-cresol, m-cresol, 2-

ethylphenol, 3-ethylphenol, 4-ethylphenol (All Sigma Aldrich, Gillingham, Dorset, UK) at varying 

concentrations (0.01µg/ml, 0.025 µg/ml, 0.05µg/ml, 0.1µg/ml, 0.25µg/ml, 0.5µg/ml, 1µg/ml, 2µg/ml, 

5µg/ml, 10µg/ml, 20µg/ml) all containing 0.5µg/ml D6 phenol. Quality control samples consisted of the 

1µg/ml calibration point which was analysed at various time points during sample analysis. 

 

LC-MS Analysis 

Gastric content sample preparation for LC-MS was undertaken as per Section 2.4. All samples were 

analysed as technical triplicates. 250µl Of gastric juice was mixed with 750µl methanol and 10µg of 

D4 tyrosine added as internal standard (Sigma Aldrich, Gillingham, Dorset, UK). Samples were then 

centrifuged at 18000g for 10 minutes. 200µl Of supernatant was removed and evaporated to dryness 

and reconstituted in 1000µl HPLC grade water. This five-time dilution was performed to prevent the 

chromatography column and detector becoming overloaded with tyrosine and gave a final internal 

standard concentration of 2µg/ml. Samples were thoroughly mixed and centrifuged prior to analysis 

using the LC-MS method for tyrosine quantification detailed in Section 2.4. Calibration curves were 

built using tyrosine standards at various concentrations (0.05µg/ml, 0.1µg/ml, 0.5µg/ml, 1µg/ml, 
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2µg/ml, 5µg/ml, 10µg/ml, 20µg/ml, and 50µg/ml) each with 2µg/ml of D4 tyrosine as internal standard. 

Quality control samples consisted of the 2µg/ml calibration point which was analysed at various time 

points during sample analysis. 

 

Data Analysis 

GC-MS data analysis was performed using Turbomass® (Perkin Elmer, Seer Green, BUCKS, UK) for 

mass spectrum analysis and peak integration. LC-MS data analysis was performed using MassLynx® 

(Waters, Milford, MA, USA). For both GC-MS and LC-MS data quantification was performed by 

calculating the ratio of compound peak area to that of internal standard in each sample. Calibration 

curves slope calculations were then used to provide the concentration of each compound. Univariate 

statistical analysis was performed using SPSS v23 (IBM, Armonk, NY, USA) 

 

4.4.4 Results 

 

Gastric content samples were collected from 15 gastric cancer patients, and 14 controls with normal 

upper gastrointestinal tract or benign disease of the upper gastrointestinal tract. Of the gastric cancer 

cases the majority of cases had advanced disease with 14/15 having T-Stage T3/T4 disease and 

13/15 having lymph node involvement. Demographic details for each group are shown below in table 

57.  
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 Control 

(n=14) 

Cancer    

(n=15) 

Chi-Squared 

(p) 

Age (Median) 55.5 (35 – 86) 66 (34 – 78) 0.505 (MWU) 

Male  7 (50%) 12 (80%) 0.089 

Caucasian 9 (64%) 6 (40%) 0.191 

PPI Use 7 (50%) 11 (73%) 0.196 

Aspirin Use 0 1 (7%) 0.326 

Hypertension 2 (14%) 4 (27%) 0.411 

Diabetes  1 (7%) 5 (33%) 0.082 

Statin Use 1 (7%) 1 (7%) 0.960 

Non-Smoker 3 (21%) 5 (33%) 0.474 

Alcohol under 

21 units per 

week 

12 (86%) 9 (60%) 0.122 

ASA 1 or 2 11 (79%) 10 (67%) 0.474 

 

Table 57: Patient details with no significant demographic differences between the control and cancer 

patient groups. 

 

There was no significant difference in pH of samples between the cancer (median pH 4.1, range 1.44 

– 7.88) and the control groups (median pH 4.43, range 1.79 – 7.28). 

 

Phenol was successfully identified above the limit of quantification in all 29 samples being analysed. 

The median phenol concentration in the cancer cohort was 0.06µg/ml and within the control cohort 

this was 0.03µg/ml (MWU p = 0.201). Although the difference in phenol concentration between the 

two groups was not significant there was a much greater range in phenol concentration in the cancer 

group compared to controls (0.01 – 3.06µg/ml and 0.01 – 0.073µg/ml respectively) (Figure 68). Those 

patients with an entirely normal upper gastrointestinal tract (n=7) had the same median phenol 

concentration as patients with benign upper gastrointestinal disease (n=7) (both 0.03µg/ml). There 
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was no significant difference in phenol concentration between the normal group and cancer cohort 

(MWU p=0.395).  

 

Figure 68: Boxplot showing no difference in median phenol concentration in cancer and control 

samples. 

 

P-cresol was below the limit of detection in all samples. No other phenolic compounds were identified 

in these samples. 

 

LC-MS Analysis of Tyrosine in Gastric Content 

Tyrosine was identified above the limit of quantification in 24 out of 28 samples. One sample 

contained tyrosine well above tested dynamic range – Concentration 157µg/ml (upper tested limit of 

dynamic range 50µg/ml). This sample (from a gastric cancer patient) also contained highest phenol 

concentration from all samples tested (3.06µg/ml) 

 

When this sample removed from analysis (as it was above dynamic range for tyrosine quantification) 

there was no clear relationship between phenol and tyrosine concentration. Figure 69 A & B shows 

the correlation between tyrosine and phenol concentration when this sample is included (Figure 69A) 

and excluded (Figure 69B). 
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Figure 69: A: When all samples were included there appeared to be a weak correlation between 

tyrosine and phenol concentration. B: When the sample beyond the dynamic range of tyrosine LC-MS 

method was excluded this relationship was lost. There appeared to be no clear correlation between 

tyrosine and phenol concentration. 
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Samples were also analysed to compare tyrosine concentrations in gastric juice of cancer and control 

patients. Tyrosine was identified above the limit of quantification in all cancer samples. Tyrosine was 

below the limit of quantification in 4 out of 14 of the control group samples. Median concentration of 

tyrosine in the control group (4.56µg/ml (IQR 0.07 – 11.55µg/ml) was similar to that in the gastric 

cancer patients (3.11µg/ml (IQR 1.42 – 19.05µg/ml)) (MWU 0.354). 

 

4.4.5 Discussion 

 

In this cohort of patients it has been possible to consistently identify the presence of phenol within 

gastric content of both healthy patients and those with gastric cancer. Although there was no 

significant difference in phenol concentration between cancer cases and controls, the presence of 

phenol within gastric content raises the possibility of bacterial interaction with tyrosine within the 

stomach being responsible for phenol production in both healthy and diseased states.  

 

A potential limitation of gastric content analysis is that the formulation of this bio-fluid is non-uniform 

and it is comprised of contributions from swallowed saliva, gastric secretions and reflux of fluid from 

the small intestine. This potential difference in the biological makeup of gastric content between 

patients is evidenced by the differences in starting pH for the samples analysed in this series (range 

cancer cases 1.44 – 7.88; control cases 1.79 – 7.28). In analysis of other biofluids such as urine it is 

possible to normalise metabolite concentrations to a standard biological measure (usually urinary 

creatinine with metabolite concentrations reported as concentration per gram of creatinine as in 

Section 4.1). This is not possible in gastric content analysis as no such uniform standardisation 

measure exists. The potential biological differences in sample make-up mean that interpretation of 

absolute concentrations of volatile metabolites must be undertaken with great care. This can cause 

particular difficulties when interpreting subtle differences in concentrations where the exact make-up 

of the sample may significantly influence results. It is currently not possible to circumvent the 

differences in biological makeup of this sample matrix and therefore interpretation of volatile 

concentrations between patients is challenging. 
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One potential methodology to circumvent these issues with sample makeup is to correlate compound 

concentrations with those of other metabolites within the same sample. This was attempted in this 

experiment to correlate tyrosine and phenol concentrations within the same gastric juice samples. 

Based upon samples within the tested dynamic range of these methods there was no clear correlation 

between tyrosine and phenol concentrations. This indicates that although both of these compounds 

are present within gastric juice their metabolism may not be directly related. However, many of the 

samples analysed contained very low concentrations of phenol which were close to the limit of 

detection of this GC-MS method (All samples above limit of quantification, but 22/29 samples had a 

phenol concentration below 0.1µg/ml). Due to this it may be difficult to definitively establish that 

phenol concentration is not correlated to that of tyrosine within gastric content based upon these 

results alone. One sample which contained very high concentration of tyrosine (157µg/ml) also 

contained the highest concentration of phenol in this series (3.06µg/ml). This may indicate that phenol 

production may only occur in the presence of very high tyrosine concentrations within the stomach. 

However, as this was the only sample with concentrations of either compound within these ranges it is 

not possible to draw any firm conclusions from this single sample. 

 

In this cohort of patients the tyrosine concentration in gastric juice of gastric cancer patients was 

similar to that of control patients (Cancer cohort - 3.11µg/ml; Control cohort - 4.56µg/ml; MWU = 

0.354). In previous studies the concentration of tyrosine within the gastric juice of control patients was 

similar to that identified in the current analysis (Control group in Deng et al. 3.8µg/ml39). However, this 

study by Deng et al. identified much higher concentrations of tyrosine within the gastric content of 

gastric cancer patients (Advanced gastric cancer patients – 18.3µg/ml; Early gastric cancer patients 

19.4µg/ml39) than those seen in the present analysis (Median 3.11µg/ml (IQR 1.42 – 19.05µg/ml)). 

Based on the results of this small cohort of cancer patients in the current study (n=15) it is not 

possible to explain these differences. 

 

Previous studies have identified that phenol is the most common volatile compound identified in 

gastric content samples from oesophago-gastric cancer patients159. This finding was re-enforced by 

the current results where phenol was identified in all patient samples (both healthy and control). 

However, it was not possible to identify p-cresol above the limit of detection in any of the samples 
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analysed in the current study. No other phenolic compounds (cresols or ethylphenols) were identified 

in any of the samples analysed. Previous studies of gastric juice using SIFT-MS have identified 

cresols (methylphenols) at higher concentrations in the gastric juice of gastric cancer patients relative 

to controls35. Due to the lack of isomeric differentiation with SIFT-MS it was not possible to establish 

which isomer of cresol was responsible for this difference. However, in the present analysis all cresols 

were below the limit of detection in all samples. 

 

Gastric content is a challenging biofluid for analysis as it is not possible to standardise results to a 

uniform biological marker. Due to the variation in sample make-up quantitative analysis of results from 

individual samples is potentially flawed. Therefore this biological surrogate may be more accurately 

utilised for compound identification rather than absolute quantification. Therefore the fact that phenol 

and tyrosine were demonstrated to exist simultaneously within this biofluid is potentially of great 

interest and the potential for phenol to be produced from tyrosine within gastric content has been 

further investigated in the following sections. 

 

4.4.6 Conclusion 

 

Phenol and tyrosine were consistently identified within gastric content in both healthy and gastric 

cancer patients. There was no significant difference in either phenol or tyrosine concentration 

between these two groups. There was no clear correlation between the concentrations of these two 

compounds within these samples. However, due to the potential variation in the biological make-up of 

gastric juice samples, accurate quantitative analysis is challenging. Therefore, the identification of 

phenol and tyrosine within this biofluid is a significant finding and the relationship between these two 

compounds has been further investigated in the following sections. 
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4.5  Enrichment of Gastric Juice with Deuterated Tyrosine 

 

4.5.1 Objective 

 

This experiment aimed to establish if addition of deuterium-labelled tyrosine to gastric juice leads to 

the formation of equivalently deuterium-labelled phenol.  

 

4.5.2 Introduction 

 

The previous experiment has demonstrated the presence of phenol within gastric content samples. It 

is known that bacteria are responsible for production of phenol within the colon via fermentation of 

tyrosine by the enzyme tyrosine phenol lyase42. Gastric juice is known to contain a diverse range of 

bacteria158, but it is unknown whether this reaction occurs within the stomach. The presence of phenol 

within gastric content may indicate that this compound is being produced from tyrosine within gastric 

juice. Previous research has demonstrated increased concentrations of tyrosine within stomach 

content of gastric cancer patients39,40. Although these results were not reproduced in the previous 

section, tyrosine has consistently been identified within gastric juice. Bacteria which are known to 

convert tyrosine to phenol include Fusobacteria37,38, Clostridium91, and Escherichia99. Each of these 

bacteria have been identified within the stomach at a genus level95–98, indicating the potential of 

stomach bacteria to convert tyrosine to phenol. 

 

Tyrosine labelled with four deuteriums has a molecular weight which is four international units heavier 

than tyrosine. When the deuteriums are attached to the benzene ring conversion of this deuterium-

labelled tyrosine by tyrosine phenol lyase would produce deuterium-labelled phenol as exemplified in 

figure 70.  
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Samples to be D4 tyrosine enriched had 2ml of the D4 tyrosine solution added to the 3ml of gastric 

content.  Samples in the ‘unenriched’ cohort had 2ml of HPLC grade water added to them. All 

samples were incubated at 37°C for 24 hours. Samples had 0.4g of sodium chloride and 1µg/ml of D6 

phenol (both Sigma Aldrich, Gillingham, Dorset, UK) added as internal standard immediately prior to 

analysis.  

 

Samples were analysed using the targeted phenol HS-SPME GC-MS method as detailed in Section 

2.1 and 2.2. The m/z for D4-phenol (98) was added to the selective ion recording mass spectrometry 

method. SPME extraction was performed for 60 minutes at 60°C, and the injector temperature was 

220°C. All samples were analysed as technical triplicates. 

 

Calibration curves were produced using standard solutions of phenol (m/z 94) at various 

concentrations (0.01µg/ml, 0.025µg/ml, 0.05µg/ml, 0.1µg/ml, 0.25µg/ml, 0.5µg/ml, 1µg/ml, 2µg/ml) all 

containing 1µg/ml of Phenol D6 as internal standard. Quality control samples consisted of the 1µg/ml 

calibration point which was analysed at various time points during sample analysis. 

 

Data analysis was performed using Turbomass® (Perkin Elmer, Seer Green, BUCKS, UK) for mass 

spectrum analysis and peak integration. Quantification was performed by calculating the ratio of 

compound peak area to that of internal standard in each sample. Calibration curves slope calculations 

were then used to provide concentration of each compound. Univariate statistical analysis was 

performed using SPSS v23 (IBM, Armonk, NY, USA) 

 

4.5.4 Results 

There was no evidence of any D4 phenol within any of the unenriched samples (see figure 71). D4 

phenol (as indicated by the presence of a peak for m/z 98 at the same retention time as phenol) was 

visible in all enriched samples (see figure 71). D4 phenol was above the limit of quantification in all 

enriched samples. 
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Patient Un-enriched D4 

Phenol Concentration 

(µg/ml) 

Enriched D4 Phenol 

Concentration (µg/ml) 

1 Below LOD 0.0130 +/- 0.0001 

2 Below LOD 0.0168 +/- 0.0001 

3 Below LOD 0.0223 +/- 0.0005 

4 Below LOD 0.0180 +/- 0.0006 

5 Below LOD 0.0173 +/- 0.0001 

6 Below LOD 0.0207 +/- 0.0002 

7 Below LOD 0.0366 +/- 0.0107 

8 Below LOD 0.0237 +/- 0.0007 

9 Below LOD 0.0212 +/- 0.0004 

10 Below LOD 0.0208 +/- 0.0004 

11 Below LOD 0.0194 +/- 0.0001 

12 Below LOD 0.0209 +/- 0.0001 

 

Table 58: Details of D4 phenol production from D4 tyrosine in each patient. D4 phenol was below the 

limit of detection (LOD) for all unenriched samples but visible in all samples enriched with D4 tyrosine. 

 

4.5.5 Discussion 

 

Unenriched samples have demonstrated no evidence of the 98 m/z ion at the known retention time for 

phenol. In samples enriched with D4 tyrosine this peak was present at 10.44 minutes when scanning 

for m/z 98. This indicates that this ion was being produced from D4 labelled tyrosine within gastric 

content. This m/z and retention time corresponds to that expected for D4 labelled phenol. Therefore it 

appears that D4-labelled phenol is being produced within gastric content samples enriched with D4-

labelled tyrosine. As phenol-producing bacteria are known to exist within the stomach95–98, it seems 

probable that these bacteria are responsible for this production of D4-labelled phenol from D4-labelled 
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tyrosine. However, based upon these results it is not possible to definitively establish whether this 

conversion is due to bacterial activity within gastric juice.  

 

4.4.6 Conclusion 

 

These results have demonstrated that D4-phenol was absent in unenriched gastric content samples 

but was identified in all sample enriched with D4-tyrosine. This provides proof-of-principle evidence 

that tyrosine could be being converted to phenol within gastric juice. However, more evidence is 

necessary to establish the presence of phenol-producing bacteria within the stomach. The next 

section has investigated the presence of phenol-producing bacteria within gastric samples. 
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4.6  Identification of Phenol-Producing Bacteria within the Stomach. 

 

4.6.1 Objectives 

 

This experiment aimed to utilise 16S bacterial sequencing of stomach tissues to identify the presence 

of bacteria which potentially contain the tyrosine phenol-lyase gene. 

 

4.6.2 Introduction 

 

The role of the colonic microbiota in phenol production from tyrosine has long been established42. It 

has long been established that bacterial colonisation of the stomach by the organism Helicobacter 

Pylori is linked to gastric cancer risk 94. Beyond the presence of this organism it has been 

demonstrated that the stomach microbiome is dominated by organisms from the bacterial phyla of 

Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes95,96,98. Bacteria which are known to 

contain the tyrosine phenol-lyase enzyme include Fusobacteria37,38, Clostridium91, and Escherichia99. 

Each of these bacteria have been identified within the stomach at a genus level95–98,  This increasing 

knowledge of bacterial presence within the stomach may provide a potential mechanism of phenol 

production in these patients via bacterial action upon tyrosine found within the gastric juice of cancer 

patients39,40.  The bacterial constitution of the stomach can also vary in the presence of gastric 

cancer97. This variation could contribute towards increased phenol production in oesophago-gastric 

cancer patients as has been demonstrated in urine (Section 4.1), plasma (Section 4.2) and exhaled 

breath25. 

 

This section has utilised 16S bacterial sequencing to identify the presence of bacteria within the 

stomach which contain the tyrosine phenol-lyase gene, and therefore have the potential to convert 

tyrosine to phenol within the stomach. 
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4.6.3 Methods 

 

Local ethics committee approval was obtained for this experiment (ICHTB HTA Licence: 12275; REC 

Wales Approval: 12/WA/0196; Tissue bank approval number R15097). 

 

Samples were collected from Helicobacter Pylori negative patients undergoing surgical resection of 

gastric adenocarcinoma. Tissue samples were collected from gastric adenocarcinoma and matched 

healthy mucosa from the same patients (collected at least 10cm away from the tumour). Samples 

were immediately placed in liquid nitrogen and stored at -80°C prior to analysis. 

 

During DNA extraction tissue samples were processed using the PowerLyzer© PowerSoil DNA 

Isolation kit (MoBio Laboratories, Qiagen, Hilden, Germany). Tissue samples were weighed and 

placed in a homogenisation tube with buffering solutions. Homogenisation was performed using the 

PowerLyzer© bead beater (Qiagen, Hilden, Germany) at 8000rpm for three minutes. Samples were 

then centrifuged at 14,000g for 10 minutes to pellet cell debris. The supernatant was transferred to a 

micro-centrifuge tube and protein precipitation solution added and incubated at 20°C for 10 minutes. 

Samples were centrifuged again at 14,000g for 10 minutes. The supernatant was added to binding 

matrix and incubated for 5 minutes then transferred to a SPINTM filter and centrifuged at 14,000g for 

five minutes. This process was repeated twice. Buffer was then added to the SPINTM filter and 

centrifuged. The SPINTM tube was dried at room temperature for 10 minutes. Elution buffer was then 

added to the SPINTM filter and incubated at 55°C for five minutes. The sample was then centrifuged at 

14,000g for 2 minutes to elute DNA. 

 

Successfully extracted DNA then underwent real time quantitative PCR to amplify the 16S gene 

followed by metataxonomic analysis on the Illumina MiSeq platform (San Diego, CA, USA). Data 

analysis was undertaken with Mothur (University of Michigan, available from http://www.mothur.org/). 

All samples with a final sequence number below 1000 were excluded from further analysis. Bacteria 

which have the potential to contain the tyrosine phenol-lyase gene were identified using the KEGG 

dataset37,38 and other available literature. 

 

http://www.mothur.org/
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4.6.4 Results 

 

Eleven samples had sequence numbers over 1000 (6 cancer samples, and 5 samples of matched 

healthy stomach mucosa). The median patient age was 65 (Range 50-81). Two patients had a history 

of using proton pump inhibitors. All patients had advanced disease stages either with T3/4 disease or 

nodal involvement.  

 

Consistent with previous studies the dominant bacterial phyla within the stomach were Firmicutes and 

Bacteroidetes. Genus level analysis revealed the presence of a number of bacteria which are known 

to contain the tyrosine phenol-lyase enzyme (Fusobacteria, Clostridium, and Escherichia). All eleven 

samples contained one or more type of phenol-producing bacteria. Clostridium was present in all 

samples, Escherichia in six samples (55%), and Fusobacteria in five (45%). The median percentage 

of bacteria which potentially contained the tyrosine phenol-lyase gene was 4.87% (range 2.17% to 

7.46%). There was no difference in the median percentage of tyrosine phenol lyase containing 

bacteria in gastric cancer samples (3.96%) and healthy mucosa (4.87%, MWU p =1). 

 

4.6.5 Discussion 

 

This experiment has provided evidence that bacteria containing the tyrosine phenol lyase gene are 

present within the stomach microbiome. These included Clostridium, Escherichia and Fusobacteria. 

The presence of these bacteria within the stomach microbial community indicates that there is the 

potential for tyrosine to be converted to phenol within the stomach via bacterial action. Both phenol 

and tyrosine have been demonstrated to be present within gastric content samples in Section 4.4. 

The presence of tyrosine provides a potential substrate for these bacteria to act upon to produce 

phenol within gastric juice. This reaction was demonstrated to be occurring within gastric juice in 

Section 4.5 where D4-labelled tyrosine was being converted to equivalently D4-labelled phenol. The 

identification of bacteria with the potential to facilitate this reaction (which contain the tyrosine phenol-

lyase gene) has provided the necessary evidence to establish that stomach bacteria have the 

potential to modulate the conversion of tyrosine to phenol within the stomach. 
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This conversion of tyrosine to phenol within the stomach is reliant upon the gastric microbiome 

including bacteria which contain the tyrosine phenol-lyase gene. In the small set of patients included 

in the present analysis, all eleven patient samples contained one or more phenol-producing bacteria. 

However, the composition of the gastric microbiome can be influenced by a number of factors and 

specifically changes in pH are known to influence the gastric microbiota160. Patients with symptoms of 

upper gastrointestinal disease are commonly prescribed proton pump inhibitors to reduce acid 

secretion. These medications increase stomach pH and have been associated with greater microbial 

diversity within the stomach161,162. Gastric cancer patients have also been shown to have a higher 

stomach pH than healthy controls (6.6 vs 2.9, MWU p <0.001)163. Cultures from patients with gastric 

cancer harbour higher numbers of micro-organisms and more anaerobic bacteria (e.g.:Clostridia and 

Bacteroidetes) than those from normal mucosa160. In canines, proton pump inhibitor use leads to an 

increased relative abundance of Fusobacteria164. These results may indicate that rises in intra-gastric 

pH may lead to an increase in phenol producing bacteria within the stomach. Although no significant 

differences between proportions of phenol-producing bacteria were demonstrated in the present 

study, the number of patient samples analysed was small, and larger studies would be necessary to 

draw more definitive conclusions regarding changes in bacterial make-up relating to gastric cancer. 

 

This study has demonstrated the presence of bacteria which contain the tyrosine phenol lyase gene 

within a small set of gastric cancer samples and matched normal mucosa. This provides further 

evidence that the stomach microbiome has the potential to convert tyrosine to phenol in addition to 

the results of Section 4.5 where deuterium-labelled tyrosine was converted to deuterium-labelled 

phenol. The action of these bacteria may be responsible for the production of phenol within the gastric 

content which was demonstrated in Section 4.4. However, based on these results alone it is only 

possible to state that these bacteria appear to be present within the stomach. Although they contain 

the relevant gene, and have the potential to facilitate this reaction, it is not possible to definitively 

establish that they are biologically active. 
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4.6.6 Conclusions 

 

This experiment has demonstrated the presence of Clostridia, Escherichia and Fusobacteria within 

the stomach microbiome. All of these bacteria contain the tyrosine phenol-lyase gene and have the 

potential to convert tyrosine to phenol within the stomach. 
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4.7  Conclusions of Phenol Experimental Section 

 

This section of experiments has established the presence of bacteria containing the tyrosine phenol 

lyase gene within the stomach. This indicates that the bacteria within the stomach have the potential 

to convert tyrosine to phenol. This explains the results of Section 4.5 which indicated that deuterium- 

labelled tyrosine was converted to phenol within gastric juice. The presence of phenol within gastric 

juice was confirmed although this did not appear to be correlated to tyrosine concentration. Once 

produced within the stomach phenol appears to be transported within the systemic circulation due to 

the fact that plasma concentrations of phenol were increased in oesophago-gastric cancer patients 

relative to control patients. Phenol within the systemic circulation can then transported to the kidneys 

or lungs for excretion. Phenol was identified at increased concentrations within the urine of 

oesophago-gastric cancer patients relative to asymptomatic healthy volunteers, and has previously 

been validated as a non-invasive marker of oesophago-gastric cancer in exhaled breath25. 

 

The present analysis has provided a global profile of phenol production, transport and excretion 

throughout the body in healthy patients and those suffering with oesophago-gastric cancer. This helps 

to further our understanding of phenol production in this disease, and provides a biological 

explanation for the increased concentrations of phenol identified in urine as part of the current work, 

and also within exhaled breath25. Although p-cresol was identified to be elevated within the urine of 

oesophago-gastric cancer patients this compound was not identified above the limit of detection in 

other biofluids of oesophago-gastric cancer or healthy patients. 
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CHAPTER 5 - SUMMARY, CONCLUSIONS AND 

FUTURE WORK 
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This thesis has undertaken a systematic investigation of phenylalanine and tyrosine metabolism in 

oesophago-gastric cancer. It has also investigated how this metabolic pathway may relate to phenol 

production in these patients. 

 

Homogentisate metabolism has been demonstrated to be dysfunctional within oesophago-gastric 

cancer patients. There was a systemic reduction in homogentisate concentrations within dried blood 

spot samples of oesophago-gastric cancer patients and controls. Corresponding changes in enzyme 

expression have been demonstrated to explain these differences using qPCR and 

immunohistochemistry. Specifically, homogentisate 1,2 dioxygenase (the enzyme responsible for 

homogentisate breakdown) was upregulated in oesophageal adenocarcinoma tissues, whilst 

hydroxyphenylpyruvate dioxygenase (responsible for converting hydroxyphenylpyruvate to 

homogentisate) was downregulated in gastric cancer.  

 

It will be necessary for future work to validate the metabolic effect of the identified changes in enzyme 

expression in order to establish if these changes directly lead to reduced systemic concentrations of 

homogentisate. This work package would initially involve analysing metabolic changes in cultures of 

oesophageal and gastric cancer cells. Although the stability of homogentisate within cell culture 

medium would need to be assessed, spiking of cell culture medium with large concentrations of 

homogentisate would potentially circumvent the issues identified in the present analysis of patient 

plasma samples where homogentisate concentrations were below the limit of detection due to 

compound stability. It could be possible to use LC-MS to identify changes in homogentisate 

concentration in these different cell types. It would be anticipated that when oesophageal cancer cells 

(where homogentisate 1,2 dioxygenase is upregulated relative to normal oesophageal cells) are 

allowed to metabolise added homogentisate for a defined period of time, lower final concentrations of 

homogentisate would be seen relative to normal oesophageal cells treated under the same 

conditions. In gastric cancer cells (where homogentisate 1,2 dioxygenase was not upregulated) there 

is unlikely to be any differences in homogentisate concentration between normal and cancer cells 

when this compound is added to cell cultures. However, spiking gastric cancer cells with 

hydroxyphenylpyruvate would not lead to increased homogentisate production as it would in normal 

stomach mucosal cells (due to reduced activity of hydroxyphenylpyruvate dioxygenase activity in 
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gastric cancer cells). Following these initial assessments in cell-cultures, perturbation experiments 

could be used to ‘knock in’ or knock out’ these relevant genes and assess functional response. This 

would involve assessing cell proliferation and behaviour following perturbation of the genes related to 

function of these enzymes. Animal models could also be utilised to assess the effect of these 

perturbed cell lines upon overall tumour metabolism. Mice models that are homogentisate 1,2 

dioxygenase (HGD) deficient have previously been produced for assessment of alkaptonuria62. Use of 

these HGD-deficient mice would prevent any breakdown of homogentisate which may occur 

systemically either in the liver or kidneys. If a flank oesophageal tumour were given to these HGD-

deficient mice this could be used to establish the contribution of the tumour alone to overall 

homogentisate metabolism. This could be compared to HGD-deficient control mice (without flank 

tumours), as well as ‘wild-type’ mice (not HGD deficient) with and without oesophageal flank tumours. 

This would establish the differences in overall systemic metabolism of homogentisate relating to the 

tumour itself and whether there are generalised changes in systemic metabolism of homogentisate 

relating to the presence of oesophageal tumours. This body of work would aim to further our 

understanding of how aromatic amino acid (and specifically homogentisate) metabolism is disturbed 

in oesophago-gastric cancer.  

 

Future work will also need to assess function of enzymes related to homogentisate metabolism within 

areas Barrett’s Oesophagus as this is a premalignant condition leading to the development on 

oesophageal adenocarcinoma. This would establish whether the changes seen in enzyme activity are 

a graduated change with a step-wise relationship of increasing alterations in activity of homogentisate 

1,2 dioxygenase related to cancer development. 

 

This work investigating homogentisate metabolism may lead to the development of novel non-

invasive biomarkers for early detection of disease. In addition this work could lead to the future 

development of therapies which are able to target specific sections of this metabolic pathway for 

treatment of oesophageal or gastric cancer. A recent review has highlighted the need for identification 

of more effective and less toxic therapies for oesophageal cancer165, and given the findings of this 

project these enzymes may represent one potential future therapeutic target. 
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The present work has also identified increased concentrations of phenol and p-cresol within the urine 

of oesophago-gastric cancer patients. Although phenol and p-cresol concentrations were significantly 

different between asymptomatic healthy volunteers and patients with oesophago-gastric cancer, these 

results did not reach the relevant threshold for a ‘good test’ in binary logistic regression modelling. 

Therefore should urine be used as a potential non-invasive test for diagnosis of oesophago-gastric 

cancer it would not be possible to use phenol and p-cresol alone for diagnosis. These compounds 

would need to be used as part of a panel of other compounds in order to improve diagnostic 

accuracy. Aldehydes and fatty acids have previously been used as part of a diagnostic model for this 

disease in urine26, and it may be possible to combine these compounds to improve sensitivity and 

specificity of this test. Large scale clinical validation studies of urinary analysis for diagnosis of 

oesophago-gastric cancer using a panel of biomarkers (including phenol, p-cresol, aldehyde and fatty 

acids) are necessary in order to establish the effectiveness of this potential diagnostic test.   

 

The presence of increased phenol concentrations within plasma has provided a transport mechanism 

by which phenol may be transferred within the systemic circulation to the lungs or kidneys for 

excretion. This discovery has been critical for the validation of exhaled breath or urine analysis for 

phenol concentration in the diagnosis of oesophago-gastric cancer. Once these compounds are 

produced in the area local to the tumour they must be transported in the systemic circulation for 

excretion by the lungs or kidneys. Identifying phenol at increased concentration within plasma 

samples has provided validity for this hypothesis that volatile compounds can be transported to 

distant parts of the body for excretion, where they can then be detected in exhaled breath or urine. 

Future studies should look to explore the relationship between concentrations of phenolic compounds 

in breath, urine and plasma samples taken at the same timepoint from an individual patient. This 

would establish the transfusion gradient of these compounds between the systemic circulation, lungs 

and kidneys. 

 

This work has also established the presence of phenol-producing bacteria within the stomach, and 

identified that tyrosine appears to be converted to phenol within gastric juice. To definitively establish 

the presence and functional action of the tyrosine phenol-lyase gene within the stomach it will be 

necessary to develop an assay to measure this enzyme. This could be performed using qPCR for this 
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enzyme in stomach tissues samples or gastric juice. However, this technique is challenging as the 

genetic sequence of this enzyme is not well-preserved across bacterial phylum and different genera. 

This means a single qPCR primer cannot be built to incorporate all forms of this gene in different 

bacteria. Another potential approach may be to attempt to isolate or purify the tyrosine phenol-lyase 

protein, and determine the primary amino acid sequence of the enzyme to help identify the 

responsible microbe for production of this enzyme.  It will be possible to apply these approaches to 

stomach tissue samples as well as gastric juice samples. This would establish whether the effect of 

tyrosine phenol-lyase is greatest within the stomach mucosal tissues or gastric juice itself. 

 

Previous evidence has identified increased concentrations of tyrosine within gastric content39,40. 

Although these results were not reproduced in the present study, increased release of tyrosine into 

gastric content from the tumour would provide a potential source of this compound for tyrosine 

phenol-lyase to act upon within gastric juice. This would provide a potential explanation for the 

increased concentrations of phenol identified within plasma and urine as part of this work, and 

previous changes identified within exhaled breath25. In order to definitively establish whether tyrosine 

is being actively released from the tumour into the intraluminal gastrointestinal tract it would be 

necessary to ‘track’ tyrosine from the tumour and map it’s course through the body. Radio-labelled 

amino acids have previously been developed and utilise the concept that tumours demonstrate 

increased uptake of amino acids due to changes in the transporter mechanism166,167. These markers 

are widely used in assessment of neurological tumours168–171, but have also been demonstrated to be 

useful in assessment of prostate cancer172, neuroendocrine tumours173, and secondary liver 

metastases174. The utilisation of radiolabelled tyrosine markers with cross-sectional imaging such as 

computerised tomography (CT) would provide the ability to map tyrosine uptake by the tumour and 

subsequently identify its final course and whether this compound is shed into the intra-luminal 

gastrointestinal tract. 

 

The overall aim of this work was to establish the mechanism responsible for phenol production in 

oesophago-gastric cancer patients and how this is linked to aromatic amino acid metabolism. It has 

been possible to use results of high-resolution mass spectrometry to inform a targeted molecular 

investigation of dysfunctional aromatic amino acid metabolism in oesophago-gastric cancer. This has 
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identified dysregulation of the enzymes responsible for aromatic amino acid breakdown. It was also 

possible to identify the presence of phenol-producing bacteria within the stomach, and demonstrate 

that tyrosine was being converted to phenol within gastric juice. A global profile of phenol 

concentration within multiple body compartments was also provided, with elevated concentrations of 

phenol within urine and plasma samples of oesophago-gastric cancer patients. 

 

This work has helped to establish the potential mechanism responsible for phenol production in 

oesophago-gastric cancer. In doing so it has been possible to: 

• Provide biological validation for the use of phenol as a marker of oesophago-gastric cancer 

in exhaled breath. By establishing the validity of this compound as a non-invasive marker of 

this disease this work will assist the introduction of exhaled breath testing into clinical 

practice for assessment of oesophago-gastric cancer risk. 

• Provide an insight into the mechanisms responsible for dysfunctional aromatic amino acid 

metabolism in oesophago-gastric cancer. This work could potentially lead to the development 

of novel therapeutic targets for this disease in the future. 

 

In summary, this work has identified specific sections of the aromatic amino acid breakdown pathway 

that are dysfunctional in oesophageal and gastric cancer patients. Tyrosine appears to be converted 

to phenol by bacteria within the stomach, and this compound is then transported within the blood to 

be excreted in urine or exhaled breath. This work provides greater insight into phenol production in 

the context of oesophago-gastric cancer and gives a biological explanation for the use of phenol as a 

non-invasive marker of this disease. Use of non-invasive biomarkers for early diagnosis of 

oesophago-gastric cancer will help facilitate diagnosis of this condition in early stages of disease. This 

will increase the number of patients who can be treated with curative intent and thereby improve 

survival. 
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APPENDIX 2: SUPPLEMENTARY TABLE 

 

Time Flow rate  A (%) 

(Water) 

B (%) 

(Acetonitrile) 

0 0.3 3 97 

2 0.3 3 97 

5 0.3 50 50 

7 0.3 50 50 

7.1 0.3 3 97 

9 0.3 3 97 

 

Supplementary Table 1: Mobile phase gradient details for assessment of HILIC column.  
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