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Abstract 

Bilirubin is an endogenous molecule that is formed from the degradation of haem when 

senescent red blood cells have been transported to the liver, kidneys and spleen. Since its 

discovery, it has been thought of as a waste product that required excretion upon degradation 

due to accumulation leading to detrimental health conditions such as neonatal 

hyperbilirubinaemia and kernicterus. As such, the primary research focus on bilirubin has 

been on developing treatment protocols for reducing elevated levels of bilirubin, as well as 

optimising and developing more sensitive, robust and streamlined methods of measuring 

serum and urine bilirubin levels. However, there has since been a change in focus whereby 

recent research has demonstrated the antioxidative activity of bilirubin and has led to the 

postulation that it also has a physiological role as a protective cellular antioxidant, producing 

bilirubin oxidation by-products as a result of scavenging reactive oxygen and nitrogen 

species.  

 

There is a need for identifying and clarifying this developing area of research that also 

suggests that bilirubin oxidation end products could be associated with a variety of health 

conditions. This study commenced with a scoping review to distinguish the different types of 

bilirubin oxidation end products in the literature, for the purpose of conducting further 

detailed literature reviews, identifying gaps and informing the direction of experimental work 

for the thesis. The scoping review identified two pyrrole-containing oxidative by-products of 

bilirubin as biotripyrrins, biopyrrins, or bilirubin oxidative metabolites (BOMs) and bilirubin 

oxidation products (BOXes). A third pyrrole-containing compound was identified that has 

been associated with mental illness and oxidative stress, with speculation on its origin. Due to 

the structural similarities shared with this compound and BOMs and BOXes, it was 

considered important for further literature review. Two broad themes emerged from the 

scoping review as a focus for the subsequent reviews on the three groups of pyrrole 

compounds: (i) elucidation, characterisation and chemical synthesis of bilirubin oxidation end 

products, (ii) and proposed clinical application or pathophysiology for the bilirubin oxidative 

end products, including both human and animal studies. 

 

It was found that BOMs were serendipitously discovered when researchers were developing 

an enzyme-linked immunosorbent assay (ELISA) to detect total and unconjugated bilirubin. 

This led to the characterisation of these bilirubin metabolites that were hypothesised to result 
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from conditions of oxidative stress. A number of clinical studies reported elevated levels of 

these metabolites for a wide variety of unrelated health conditions, particularly for 

cardiovascular and mental health conditions.  

 

The findings from the literature review conducted on BOXes identified that these oxidised 

forms of bilirubin have been speculated as a causative agent of vasospasm in patients 

suffering from subarachnoid haemorrhage (SAH). There has been a focus on identifying the 

causes of vasospasm in patients with SAH due to the condition being described as clinically 

frustrating and challenging to manage. Initial reports on BOXes identified these compounds 

in the cerebral spinal fluid (CSF) of SAH patients and researchers were able to characterise 

compounds related to bilirubin albeit at poor yields. A few reports that have investigated 

these compounds in in vitro and in vivo models corroborated the earlier findings however the 

low yields acquired from initial methods of synthesis reflected the lack of reports on the 

mode of action of BOXes. Recent publications have provided insight into the syntheses of 

these compounds at relatively high yields.  

 

The final literature review was conducted on urine pyrroles that have been the subject of 

considerable controversy, primarily relating to their chemical structure, as well as their role in 

mental health, which is not recognised or accepted by mainstream medicine. Urine pyrroles 

were originally identified in the 1960’s in patients with schizophrenia due to the purple 

colour observed when their urine samples reacted positively to Ehrlich’s reagent hence the 

name ‘Mauve factor’. Considerable efforts in identifying the compounds through qualitative 

and semiquantitative methods showed that the compounds were highly unstable hindering the 

characterisation and methods of syntheses. Due to their unstable nature, misidentifications 

were frequently reported in the literature, and together with their undetermined 

pathophysiological origin, compounded the controversy. Despite the unclear nature of the 

exact biochemical mechanisms of urine pyrroles, contemporary treatment and diagnosis of 

‘pyrrole disorder’ or ‘pyroluria’ is gaining popularity, highlighting the importance of 

identifying the exact chemical structures as well as investigating the pathophysiology behind 

this elusive condition. 

 

The literature reviews provided the impetus for the direction of the experimental work. A 

number of intermediate compounds were derived from a series of photooxidation reactions 

using 2,4-dimethyl-3-ethyl-pyrrole. This provided insight into the solvent conditions required 
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for these intermediates to be isolated, with preliminary results showing close structural 

similarities to compounds shown in reports originally investigating urine pyrroles and more 

recently in the characterisation of BOXes. Further, two intermediate compounds that 

previously have not been reported in the literature were synthesised through the 

photooxidation reactions. Both compounds followed similar methods of preparation and 

subsequent work-up with the distinction being the time of irradiation under ultraviolet light 

when in the presence of hydrogen peroxide (H2O2). One compound was irradiated for a 

period of over 96 hours before undergoing organic solvent work-up after being quenched 

with sodium hydrogen (NaOH) whereas the other novel compound was irradiated for a period 

of 48-72 hours. It was found that differing times in irradiation could provide insight into the 

dynamic system of these sensitive photooxidation reactions. Despite rigorous efforts in work-

up and purification, the exploratory experiments in this study have shown that the compounds 

will readily interconvert into different compounds. This in turn directed the proceeding 

review and experimental work investigating the reactivity of the chemical trap para-

dimethylaminobenzaldehyde, colloquially known as Ehrlich’s reagent, since a suitable 

chemical trapping agent would likely be needed for these highly reactive compounds. 

 

The literature reviews revealed that specifically for BOM research, there were a lack of 

reports pertaining the baseline reference ranges when utilising the ELISA biopyrrin kits. 

Establishing reference ranges may allow for accurate comparisons with established clinical 

markers that could validate BOMs as a robust clinical tool. The findings from the literature 

review on BOXes literature review showed that a continuation of research to establish 

whether these compounds are the cause or result of vasospasm in patients with SAH could 

allow for future therapeutic development. The long history on urine pyrroles and its 

withstanding controversy shows a need for further research specifically determining whether 

zinc and vitamin B6 are able to form complexes with urines pyrroles. Finally, further 

experimental work will help clarify and understand the mechanisms relating to pyrrole-

containing molecules for the investigation of other chemical trapping agents. Overall, this is 

the first study to identify and provide an in-depth review of bilirubin oxidation end products 

and their relationship to human health. The results collated from the scoping review, 

literature reviews and experimental work may provide a useful starting point to continue the 

early work on urine pyrroles from the 1970’s and support the developing research that is 

currently emerging for BOM and BOX compounds. Bilirubin oxidation end products may 

emerge as the missing link in the pathophysiology of a number of chronic health conditions.  
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Chapter 1. Introduction and thesis overview 

1.1 Significance 

Haems are a group of complex molecules that are quintessential to the normal functioning of 

the human body. Arguably, haem facilitates the most important role in the human body, in 

that it serves as a prosthetic to carry oxygen in haemoglobin (Hb).1 Despite its importance, 

haems must undergo degradation when erythrocytes become senescent, where they are 

readily degraded by macrophages and undergo subsequent phagocytosis.2 Bilirubin is one of 

the products formed during the haem degradation cycle and has traditionally been thought of 

as a waste product that required excretion. Elevated levels of bilirubin can occur and give rise 

to deleterious health conditions due to their toxicity such as hyperbilirubinaemia and 

kernicterus.3-5  

 

As such, the primary research focus on bilirubin has been on developing appropriate 

treatment protocols for reducing elevated levels of bilirubin, as well as optimising and 

developing more sensitive, robust and streamlined methods of measuring serum and urine 

bilirubin levels.6-8 However more recently, there has been a shift in research focus whereby 

recent reports have demonstrated the antioxidative activity of bilirubin and led to the 

hypothesis that it also has a physiological role as a protective cellular antioxidant9-11 

producing bilirubin oxidation by-products as a result of scavenging reactive oxygen and 

nitrogen species. There is a growing interest in these readily excreted by-products of bilirubin 

that have been reported to be elevated in a number of unrelated health condition. There is a 

need for identifying and clarifying this developing area of research suggesting that bilirubin 

oxidation end products could be associated with a variety of health conditions. By conducting 

studies in exploring these interesting group of compounds may provider a deeper 

understanding of the implicated illnesses.  
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1.2 Aim and objectives 

The primary aim of this research study was to conduct extensive literature reviews of 

bilirubin oxidation end products and conduct a series of exploratory experimental work to 

provide an insight into this developing area of research. The objectives included: 

1. A scoping review to distinguish the different types of bilirubin oxidation end products 

in the literature, for the purpose of conducting further detailed literature reviews, 

identifying gaps and informing the direction of experimental work. 

2. A literature review incorporating chronological analysis on the characterisation, 

chemical synthesis and proposed clinical application or pathophysiology of biopyrrins 

or biotripyrrins (BOMs). 

3. A literature review incorporating chronological analysis on the characterisation, 

chemical synthesis and proposed clinical application or pathophysiology of bilirubin 

oxidation products (BOXes) 

4. A literature review incorporating chronological analysis on the characterisation, 

chemical synthesis and proposed clinical application or pathophysiology of a pyrrole-

containing molecule that shares structural similarities to BOMs and BOXes that is 

otherwise known as urine pyrroles, ‘Mauve factor’ or ‘HPL’. 

5. Preliminary experimental work on a pyrrole compound to explore the chemistry and 

solvent conditions required in the production of photooxidised intermediates and end 

products. 

6. Review and preliminary experimental work investigating the reactivity of the 

chemical trap para-dimethylaminobenzaldehyde with pyrrolic compounds. 

 

1.3 Overview of the thesis 

Due to the interdisciplinary nature of the research project, the previously mentioned 

objectives will be presented as individual chapters, which will include the introduction and 

significance, methodology, results with discussion and conclusion and future directions. The 

chapter outline is as follows: 

• Chapter 1 highlights the significance of the study and includes the aims and overview 

of the thesis. 

• Chapter 2 provides an overview of haem formation and degradation, bilirubin, 

reactive oxygen and nitrogen species. 
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• Chapter 3 presents the findings on the scoping review conducted to identify the 

different types of bilirubin oxidation end products. 

• Chapters 4 to 6 presents the findings on the chronological literature reviews on 

BOMs, BOXes and urine pyrroles, respectively. 

• Chapter 7 presents the findings from the exploratory experimental study on the 

photooxidised intermediates and end products of a pyrrole compound utilising 

varying solvent conditions and methods of extraction.  

• Chapter 8 presents the findings from the review and preliminary experimental study 

conducted on the reactivity of the chemical trap para-dimethylaminobenzaldehyde 

with pyrrolic compounds. 

• Chapter 9 is the final chapter that provides the conclusions to the thesis and future 

directions for further research in the area. 
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Chapter 2. Background on bilirubin, reactive oxygen and nitrogen 

species and oxidative stress 

2.1 Introduction and significance 

Bilirubin is an endogenous molecule that is formed from the degradation of Hb when 

senescent red blood cells have been transported to the liver, kidneys and spleen.2, 12 Bilirubin 

has been initially thought of as a waste product that required excretion upon degradation as 

accumulation of this degraded molecule is considered deleterious due to its toxicity and can 

give rise to conditions such as neonatal hyperbilirubinaemia and kernicterus.3-5 However 

more recently, there is emerging research that bilirubin is not limited to being a waste 

product, but may have an important role in oxidative stress.9-11 

 

As such, this chapter explores the literature on bilirubin and its physiological role in the 

human body, its structural features and chemistry, as well as methods on how bilirubin is 

measured. This chapter also includes a brief overview on reactive oxygen and nitrogen 

species and oxidative stress and the subsequent effect it has on bilirubin. 

 

2.2 Haem formation and degradation pathways 

Haems are a group of complex molecules that are important to the function of the human 

body. One of the most important functions is the ability to serve as the prosthetic to carry 

oxygen in Hb.1 Formation of haem in biological systems is an important pathway that is 

required in all humans. Four major groups of haem exist, with haem B being the most 

common. Haem B is responsible for the transport of oxygen throughout the body, storage of 

oxygen, electron transport and oxygenation.1 Figure 2.1 presents Hb in a three-dimensional 

(3D) schematic with the haem B groups that are intertwined in the Hb structure highlighted in 

the insert. The 3D Hb structure was rendered in ChemDoodle 3D (v 6.1.0, iChemLabs LLC) 

and protein data was taken from Mazzarella et al.13 ChemDoodle (v 11.1.0, iChemLabs LLC) 

was used for 2D chemical drawing.  
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Erythrocytes in adults have an average lifespan of about 120 days after they are released from 

bone marrow.15 When undergoing degradation, senescent erythrocytes containing Hb haem 

are transported to the liver, kidneys and in particular the spleen, as haem oxygenase (HO) 

activity is highest in the spleen.12 Hb haem ultimately undergoes degradation in the 

mononuclear phagocyte system, also known as the reticuloendothelial system, and 80% of 

bilirubin production is accountable from that system.12, 16 

 

The rate-limiting step in haem degradation is activation by haem oxygenase-1 (HO-1), which 

has emerged as an enzyme of interest due to its ubiquitous nature in mammals. While there 

are a number of health conditions related to deficiencies in the haem formation pathway, 

which result in porphyrias,17 there are no commonly established health conditions related to 

haem degradation, with recent literature only reporting two case studies of HO-1 

deficiency.18, 19 As such, this enzyme is considered to have a quintessential function in human 

physiology. The expression of HO-1 can be upregulated through cellular stress and pro-

oxidative stimuli such as ultraviolet (UV) light20, 21 and hydrogen peroxide (H2O2).
20, 22  

 

The induction of HO cleaves haem releasing haem iron and producing water (H2O), carbon 

monoxide (CO) and forming biliverdin. Biliverdin is reduced to bilirubin and it is formed in a 

hydrophobic state. The unconjugated bilirubin is circulated in the serum to form a 1:1 

complex with albumin, that is then absorbed by the hepatic parenchyma tissues. 

Subsequently, bilirubin is conjugated by uridine 5’-diphospho-glucuronosyltransfrase (UDP-

glucuronosyltransferase) in the liver to yield a more water-soluble compound that is then 

excreted into the bile ducts and passes into the small intestine to be transported further down 

to the large intestines. Faecal flora in the large intestines further break down conjugated 

bilirubin to form the urobilinogens and stercobilins that are eventually excreted in the 

faeces.2, 12 The haem degradation pathway is represented diagrammatically in Scheme 2.2.2, 12  
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Scheme 2.2 Haem degradation pathway 

Abbreviations: HO: haem oxygenase; CO: carbon monoxide; H2O: water; Fe3+: Iron (III), NAD(P)H: nicotinamide adenine dinucleotide 

phosphate; UDP: uridine diphosphate; UBG: urobilinogen.
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leading to hyperbilirubinemia and subsequently to jaundice. If left untreated, jaundice can 

potentiate into bilirubin-induced encephalopathy or kernicterus.28  

 

2.4.2 The diazo-dye method for the determination of bilirubin 

Initial methods of estimating bilirubin measurements were based on measuring its oxidation 

product, biliverdin or an assessment of the icteric index (comparing the colour of test serum 

sample with a set of standardised colours).7 The development of the initial assay for 

measuring bilirubin in human matrix was found by Ehrlich in 1883, which is achieved by 

treating bilirubin with a diazo reagent to subsequently form a coloured pigment. Serum 

bilirubin measurements developed by van den Bergh and Muller29 in 1918 determined that 

bilirubin in serum reacted with Ehrlich’s diazo reagent (diazotised sulphanilic acid) upon 

addition of alcohol. This also led to the discovery of ‘direct’ or conjugated (Figure 2.6) and 

‘indirect’ or unconjugated bilirubin. Serum that reacts without the addition of alcohol is 

termed conjugated whereas the form that reacts only in the presence of alcohol is referred as 

unconjugated bilirubin.29 Unconjugated bilirubin readily forms a complex with albumin that 

is then absorbed to the liver. Bilirubin is then conjugated by the action of the enzyme UDP-

glucuronosyltransferase to yield a more water-soluble compound and the method described 

above detects either conjugated or unconjugated bilirubin.2, 12, 29 

 

Figure 2.4 Conjugated bilirubin diglucuronide showing attached glucuronide groups 

 

The diazo coupling reaction with bilirubin begins with the diazo reagent attacking the central 

methene group to form two dipyrroles and in turn two azobilirubins. Depending on the serum 

acquired, the azobilirubin formed may be either conjugated or unconjugated or both. The 



12 

 

conditions of the reaction must be monitored consistently as the different bilirubin fractions 

are pH dependent. Under acidic pH conditions, the reaction with conjugated bilirubin 

completes very rapidly however, with unconjugated bilirubin, the rate of reaction is shown to 

be highly pH dependent. As such, the rate of reaction of unconjugated bilirubin can be 

accounted for with the use of number of compounds to accelerate the rate of diazotisation.8 

The diazo method of serum bilirubin determination is shown in Scheme 2.3 below, adapted 

from Ngashangva et al.8 

Scheme 2.3 Diazo method of serum bilirubin determination 

 

The principles of the original van den Bergh method is widely adopted to this day. There 

have been major modifications in the method to account for inconsistent values due to 

interfering agents (turbidity, Hb, indicant, metal ions and pharmaceuticals such as L-Dopa) as 

well as the large number of variables when performing this assay. As such, a standard 

methodology is practiced that is based upon the work of Jendrassik and Grof in 1938.30 This 

is achieved by reacting bilirubin with diazotised sulphanilic acid under acidic pH in the 
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presence of caffeine and sodium benzoate (to release bound bilirubin) with alkaline tartrate 

being subsequently added to raise the pH for the absorbance measurement (this also reduces 

interference caused by Hb).8 This modified method is recommended as an assay of choice for 

total bilirubin estimation.31 

 

2.4.3 Spectrophotometric methods for the determination of bilirubin 

Spectrophotometric methods for the determination of bilirubin were developed as an 

enhancement on early dye methods. The methods differ depending on whether the 

absorbance is measured with or without pre-dilution of the serum with a buffer solution as 

well as the wavelengths of the absorbance measurements.32 Further, albeit that the differing 

bilirubin species as well as the interfering compounds have a range of overlapping 

absorbances, utilising no more than two wavelengths has been shown to offer minimal 

practical advantage. As such, two absorbances at the peak and blank wavelengths are 

typically used.   

 

For samples that are measured with a pre-dilution, a buffer solution is needed. As such, 

multiple combinations of buffer solutions and wavelengths have been compared, and 

researchers have found that a dilution in tetraborate buffer (with a concentration of 100 

mmol/L) was needed to produce a suitable pH and ionic strength for the absorbance 

measurements.6, 32 Wavelengths at 466 nm (bilirubin peak) and 522 nm (blank peak) were 

determined to be optimal for the spectrophotometric determination of bilirubin.32 This 

method of measurement developed by Hertz et al.32 has been widely used for determining 

neonatal serum bilirubin. However, due to the other forms of bilirubin present in older 

children and adults, this method is limited to neonates. As such, a new method determining 

Thtotal bilirubin levels was developed that overcomes the limitations stated previously.33 

  

2.4.4 Recent developments of bilirubin measurement 

Total serum bilirubin measurements remain as the gold standard method to assess 

hyperbilirubinemia in neonates. However due to problems relating to its invasiveness and 

cost, transcutaneous bilirubinometers have gradually replaced the more empirical methods 

that have been traditionally used. Transcutaneous bilirubinometry (TcB) utilises light instead 

of needles that allows for easy measurements of serum bilirubin levels. These meter-based 
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models are now readily available in birth centres and in the outpatient department due to its 

simple operation, cheaper costs and rapid measurement.8 

 

2.5 Reactive oxygen species, free radicals and oxidation of bilirubin 

Free radicals are defined as an atom or molecule with a single unpaired electron. Examples 

include nitric oxide (·NO), superoxide (O2·
-), hydroxyl radicals (·OH) and lipid peroxyls 

(LOO·).34 Typically, cells will utilise oxygen to produce energy in the form of adenosine 

triphosphate (ATP) and water without producing toxic by-products or activated oxygen 

species. However, reactive oxygen species (ROS) can form as by-products of this cellular 

aerobic metabolism during oxidative phosphorylation due to leakage of electrons from 

electron carriers and enzymes in the mitochondria.34-37 Other endogenous sources of ROS 

include the cytochrome P450 enzyme system,38, 39 exercise  or localised tissue damage.40, 41 

ROS can also be formed via stimulation from exogenous sources including pollutants, heavy 

metals, tobacco smoke, xenobiotics or radiation.42 

 

Despite the deleterious effects this may present, ROS are also required for protection against 

pathogens. For example, phagocytes (neutrophils, monocytes, eosinophils) are able to kill 

invading pathogens through the generation of antimicrobial oxidants such as superoxide or 

superoxide derived oxidants during respiratory burst or enhanced oxygen consumption.34, 43 

Reactive nitrogen species (RNS) are also a requirement for normal physiological function. 

While nitric oxide is a free radical gas, it is an essential molecule that activates soluble 

guanylyl cyclase that is responsible for smooth muscle relaxation.34 The reactive oxygen and 

nitrogen species found physiologically are shown in Figure 2.5.34 
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Figure 2.5 Schematic displaying the successive formation of reactive oxygen and nitrogen 

species. 

 

The human body has a number of mechanisms to detoxify these species and maintain what is 

termed redox balance.44 Oxidative stress occurs when these mechanisms become 

overwhelmed by reactive oxygen and nitrogen species, and tissues including proteins, lipids 

and DNA are damaged by the free radicals. These antioxidant mechanisms are summarised in 

Figure 2.6.42 
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Chapter 3. Scoping review of bilirubin oxidation end products 

3.1 Introduction and significance 

Bilirubin oxidation end products have not been identified in the literature as a single, 

cohesive group of chemical entities, however recent research is emerging that suggests that 

these compounds are related to a number of health conditions and are clinically significant. 

The aim of this chapter was to conduct a scoping review to distinguish the different types of 

bilirubin oxidation end products in the literature, for the purpose of conducting further 

detailed literature reviews, identifying gaps and informing the direction of experimental work 

for the thesis. 

 

3.2 Methodology 

Evidence-based practice relies on robust, synthesised summaries of ‘all’ evidence within a 

particular domain to assist clinicians in making informed decisions and in treating patients to 

the best of their ability.47 The ‘gold standard’ in reviews is the systematic review, preferably 

including a meta-analysis of the data, as exemplified in Cochrane reviews, with included 

studies limited to randomised clinical trials (RCTs).48 As the research on bilirubin oxidation 

end products is emerging, with few clinical studies, a systematic review on this topic would 

not be feasible. A scoping review methodology was therefore chosen, as described by Grant 

and Booth’s typology of reviews for health information.47 A scoping review is a preliminary 

assessment of the potential size and scope of available research literature in a specific area, 

with the aims of identifying the nature and extent of research evidence, and usually includes 

ongoing research or research in progress.47 There is no formal quality assessment of the 

included literature in scoping reviews, and they are often used to identify areas for further 

viable reviews, and thus well suited to the aims of this chapter. 

 

In order to capture the range and scope of information available, search terms incorporated 

were very broad, as it was recognised that specific medical subject heading (MeSH) terms 

were potentially not yet defined for some areas. The search was not limited by date or study 

type, including both human (clinical and in vitro) and animal studies, in addition to any 

studies on the elucidation, characterisation and chemical synthesis of bilirubin oxidation end 

products. Abstracts of conference proceedings and higher degree research theses were also 

consulted, and reference lists of relevant articles were also searched.  
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3.3 Findings from the scoping review and future study direction 

The scoping review identified two pyrrole-containing oxidative by-products of bilirubin in 

the literature. BOMs were referred to as bilirubin oxidative metabolites, biotripyrrins or 

biopyrrins and BOXes were consistently referred to as bilirubin oxidation products or BOX 

compounds. A third pyrrole-containing molecule was identified that has been associated with 

oxidative stress and much speculation about its origin exists, including that of an ‘aberrant 

haem pathway’. Given the above association with oxidative stress and haem, and the 

structural similarity with BOMs and BOXes, it was considered important for further literature 

review. The findings of the scoping review, including the scope of literature available, scope 

of characterisation/elucidation and related health conditions are summarised in Table 3.1 

below. 

 

The review identified across all three compounds of interest that research was developing, 

with further research needed to determine the precise chemical entities involved and their 

proposed pathophysiology. The review also identified a number of relevant papers published 

prior to the 1960’s. This would have implications on access to literature that has not been 

digitised by journal publishing companies. Older literature that was published prior to the 

establishment of the International Union of Pure and Applied Chemistry (IUPAC) guidelines 

to standardise chemical nomenclature also referred to chemical structures using non-IUPAC 

naming conventions. Specifically, the first edition of Nomenclature of Organic Chemistry 

(commonly referred to as the Blue Book) was published in 1979.49 Search terms would need 

to be expanded to incorporate any alternate naming conventions, where chemical entities are 

referred to by a variety of currently non-standardised formats. For example, there was much 

controversy over the exact chemical structure of the urine pyrrole, with a number of chemical 

entities implied including, hydroxyhaemopyrrolin-2-one (HPL), kryptopyrrole, ‘Mauve 

factor’ and haemopyrrole. 

 

Two key themes were identified as essential inclusion criteria for the subsequent literature 

reviews: 

• Elucidation, characterisation and chemical synthesis of bilirubin oxidation end 

products 

• Proposed clinical application or pathophysiology for the bilirubin oxidative end 

products, including both human (clinical and in vitro) and animal studies 
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The MeSH scope note for literature reviews states that literature review “can cover a wide 

range of subject matter at various levels of completeness and comprehensiveness based on 

analyses of literature that may include research findings”.50 Grant and Booth47 have detailed a 

typology of different review types and their associated methodologies. Of these review types, 

literature reviews, also previously referred to as narrative reviews, seek to identify what has 

been accomplished previously, to allow for consolidation, to build on previous work, to avoid 

duplication and to identify omissions or gaps.47 They are typically narrative and may or may 

not include comprehensive (systematic) searching and quality assessment as defined by 

official reporting guidelines, for example CONSORT guidelines for systematic reviews of 

RCTs.48 Analysis may therefore be chronological, conceptual or thematic. The scoping 

review identified across all three areas that the research tended to follow a trend of new 

research building on or challenging previous research over time. In addition, much of the 

recent research was continuing, with chemical structures and pathophysiology not yet 

conclusive. For these reasons, a literature review incorporating chronological analysis was 

chosen, as opposed to, for example, thematic or conceptual analysis, for each of the 

respective literature reviews outlined in subsequent Chapters 4, 5 and 6 of the thesis. 
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Urine pyrroles 

(Mauve factor, HPL, 

kryptopyrrole) 

Mental health conditions  A number of early studies published in the 

1950’s, with limited current research 

 

In vivo studies exploring the effects of 

urine pyrroles 

 

Publications relating to assay development 

on measurement of urine pyrroles in 

patients and control subjects 

  

Older qualitative techniques 

including preparative thin layer 

chromatography (PTLC) before 

quantitative techniques were 

available 

 

Preparative gas chromatography-

mass spectrometry (GC-MS) for 

examination of extracts of interest 

 

Nuclear magnetic resonance (NMR) 

spectroscopy for structure 

elucidation for structure elucidation 

 

Ultraviolet-visible (UV-VIS) 

spectroscopy for assay development 

and identification of compounds of 

interest from extract mixtures 

Literature review 

incorporating 

chronological analysis 
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Chapter 4. Bilirubin oxidative metabolites (BOMs) 

4.1 Introduction and significance 

Biotripyrrins, biopyrrins or BOMs are a group of molecules that have been proposed to be a 

fragment of bilirubin under conditions of oxidative stress. Discovered in 1994, Yamaguchi 

and colleagues51 were able to isolate two compounds of interest that have since been 

implicated in a variety of health conditions among different disciplines. This review on 

BOMs details their discovery and its potential role in human health. The clinical significance 

and potential pathophysiology of biopyrrins is presented, including information on the 

methods researchers used to identify and characterise these bilirubin metabolites.   

 

4.2 Methodology 

A literature review was conducted based on the framework of Grant and Booth,47 

incorporating chronological analysis to identify (i) proposed clinical application or 

pathophysiology for BOMs, including both human (clinical and in vitro) and animal studies, 

and (ii) elucidation, characterisation and chemical syntheses of BOMs. The following 

databases were consulted to identify relevant literature: PubMed, PubChem, Google Scholar, 

Medline and Embase. Abstracts of conference proceedings and higher degree research theses 

were also consulted, and reference lists of relevant articles were also searched. The search 

was not limited by date or study type. 

 

MeSH and non-MeSH terms used during the search for literature were as follows: bilirubin 

oxidative metabolites, BOM, biopyrrins, biotripyrrins, biotripyrrin-a, (Z,Z)-2-[[3-(2-

carboxyethyl)-5-[(3-ethenyl-1,5-dihydro-4-methyl-5-oxo-2H-pyrrol-2-ylidene)methyl]-4-

methyl-1H-pyrrol-2-yl]methylene]-2,5-dihydro-4-methyl-5-oxo-1H-Pyrrole-3-propanoate, 

(Z,Z)-2-[[3-(2-carboxyethyl)-5-[(3-ethenyl-1,5-dihydro-4-methyl-5-oxo-2H-pyrrol-2-

ylidene)methyl]-4-methyl-1H-pyrrol-2-yl]methylene]-2,5-dihydro-4-methyl-5-oxo-1H-

Pyrrole-3-propanoic acid, 1,14,15,17-tetrahydro-2,7,13-trimethyl-1,14- dioxo-3-vinyl-16H-

tripyrrin-8,12-dipropionate, 1,14,15,17-tetrahydro-2,7,13-trimethyl-1,14- dioxo-3-vinyl-16H-

tripyrrin-8,12-dipropionic acid, biotripyrrin-b, 1,14,15,17-tetrahydro-3,7,13-trimethyl-1,14-

dioxo-2-vinyl-16H-tripyrrin-8,12-dipropionic acid, 3-[2-((3-(2-carboxyethyl)-4-methyl-5-[(3-

methyl-5-oxo-4-vinyl-1,5-dihydro-2H-pyrrol-2-ylidene)methyl]-1H-pyrrol-2-yl)methylene)-

4-methyl-5-oxo-2,5-dihydro-1H-pyrrol-3-yl]propanoic acid, 3-[2-((3-(2-carboxyethyl)-5-[(3-
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methyl-5-oxo-4-vinyl-1,5-dihydro-2H-pyrrol-2-ylidene)methyl]-4-methyl-1H-pyrrol-2-

yl)methylidene)-4-methyl-5-oxo-2,5-dihydro-1H-pyrrol-3-yl]propanoic acid.  

 

The results of the findings are discussed with special emphasis on the two key themes 

identified above, using a chronological approach beginning with the discovery and proposed 

pathophysiology of BOMs, followed by their elucidation and characterisation and clinical 

significance. 

 

4.3 Discovery and proposed pathophysiology  

These group of molecules were initially characterised from reaction with anti-bilirubin 

monoclonal antibodies to quantitatively measure total, conjugated and unconjugated 

bilirubin.51 In 1994, Yamaguchi et al.51 deduced that the bilirubin metabolites reacted 

negatively to the diazo reaction and reacted only to the anti-bilirubin monoclonal antibody 

(24G7). Out of the seven components reactive to the antibody, two compounds were isolated 

from human urine and the chemical structures were elucidated.51 Originally, Yamaguchi and 

colleagues prepared an enzyme-linked immunosorbent assay (ELISA) with the intention of 

finding a more efficient and specific method to measure serum bilirubin and its conjugates.52 

Two antibodies were developed (24G7 and 5M2) and it was found that the 24G7 antibody 

recognised non-bilirubin compounds as well as bilirubin in serum from patients that had 

recently experienced a laparotomy.53 They hypothesised that the non-bilirubin compounds 

were derived from bilirubin by reaction with reactive oxygen species.  

 

Yamaguchi et al.51 referred to these compounds as biotripyrrins, and are proposed to be a 

result of bilirubin scavenging reactive oxygen species. Reactive oxygen species induce haem 

oxygenase-1 (HO-1) which in turn induces the haem degradation pathway. Following the 

formation of bilirubin, reactive oxygen species are quenched by this endogenous antioxidant. 

This results in the formation of biotripyrrins as depicted in Figure 4.1 (adapted from 

Yamamoto et al.54).  
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Figure 4.1 Proposed mechanism of biopyrrin formation 

 

4.4 Elucidation of bilirubin oxidative metabolites 

Studies by Yamaguchi et al.51 have elucidated BOMs by preparing human urine by 

lyophilisation and dilution with 5% acetic acid. The resulting solution was then extracted 

with n-butanol and subsequently washed with 5% acetic acid. After evaporation of the crude 

organic phase, the resulting specimens were obtained through separation on a Sep-Pak C18 

ENV (Millipore) that provided seven fractions to be prepared for HPLC. It was found that 

from the seven fractions, the fraction of interest (i.e. that with the highest mass) was found in 

the 5th fraction, with HPLC revealing two compounds of interest. 

 

The HPLC elution profile of fraction 5 showed two distinct peaks at wavelengths 254 nm and 

436 nm which were labelled as Substance X1 and Substance X2. These two substances 

subsequently were labelled as biotripyrrin-a and biotripyrrin-b respectively. As the HPLC 

data and UV-Vis spectra showed similar behaviour, it was suggested that they were closely 

related. Further, based on the retention times of the two compounds (from HPLC), the 

compounds are more polar than bilirubin IXα and biliverdin IXα. As such, the authors 

suggested and concluded that the compounds would contain strong polar groups such as 

carboxylic acid moieties and possess no intramolecular hydrogen bonds. 

 

The structures of X1 and X2 were elucidated by spectroscopic analysis namely high-

resolution fast-atom bombardment mass spectrometry (HR-FAB-MS) as well as nuclear 

magnetic resonance (NMR) spectroscopy. The two elucidated structures are represented in 

Figures 2.1 and 2.2 below.  
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Figure 4.2 (a) Biotripyrrin-a and (b) biotripyrrin-b 
Biotripyrrin-a: (Z,Z)-2-[[3-(2-carboxyethyl)-5-[(3-ethenyl-1,5-dihydro-4-methyl-5-oxo-2H-pyrrol-2-

ylidene)methyl]-4-methyl-1H-pyrrol-2-yl]methylene]-2,5-dihydro-4-methyl-5-oxo-1H-Pyrrole-3-propanoate; 

Biotripyrrin-b: 3-[(2E)-2-][3-(2-carboxyethyl)-5-[[(2E)-4-ethenyl-3-methyl-5-oxo-2,5-dihydro-1H-pyrrol-2-

ylidene]methyl]ca-4-methyl-1H-pyrrol-2-yl]methylidene]-4-methyl-5-oxo-2,5-dihydro-1H-pyrrol-3-

yl]propanoic acid 

 

4.5 Clinical significance 

Since the discovery of and characterisation of biopyrrins, a number of studies have been 

conducted using the ELISA assay developed by Yamaguchi et al in 1994 to investigate the 

role of BOMs across a variety of unrelated health conditions. There has been emerging 

evidence suggesting that these markers can serve as a ‘real-time’ oxidative stress marker to 

indicate the redox state of the body.55 Briefly, biopyrrins are typically measured by taking 

urine samples and employing the 24G7 biopyrrin ELISA kit. The concentration of urinary 

biopyrrins are corrected to account for urinary creatinine levels. Corrections are made with 

urinary creatinine to consider the physiology of creatinine formation and clearance, the 

varying biological factors affecting creatinine physiology as well as the application as a 

proxy for urinary dilution levels that vary between individuals.56, 57 A summary of the 

characteristics of animal and human studies using the ELISA assay is shown Table 4.1 

below, grouped chronologically, according to the related clinical condition.   

(a) (b) 
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Tissue biopyrrins expressed in heart at 24 

hrs but not 8 hrs, pulmonary tissue 

expressed at both 8 and 24 hrs. 

Toyama et al. 

(2013)63 

Atrial fibrillation  Case series study ELISA Biopyrrins measured in AF after therapy 

showed significant decreases when 

compared with before. 

Yamamoto et al. 

(2017)54 

Off-pump coronary 

artery bypass grafting 

Case series study ELISA After surgery, patients showed a transient 

increased in biopyrrins 4-12 hrs post-

operation and a prolonged increase 24-32 

hrs post operation. 

Yamamoto et al. 

(2018)64 

Coronary artery bypass 

grafting 

Case series study ELISA Biopyrrin levels transiently increased 

immediately after surgery followed by 

another increase 24 hrs after. 

Mental health related conditions 

Yamaguchi et al. 

(2002)65 

Psychological stress  Controlled clinical study ELISA Biopyrrin levels across 3 groups under 

varying levels of psychosocial stress found 

significant differences. 

Miyaoka et al. 

(2005)66 

Schizophrenia and 

depression  

Controlled clinical study ELISA Significantly higher levels of biopyrrins 

found in schizophrenic and depressed 

patients compared with controls. 

 

Mean biopyrrin levels in schizophrenia 

higher than of depressed patients. 

Miyaoka et al. 

(2015)67 

Chronic schizophrenia Controlled clinical study ELISA Mean biopyrrin levels in patients 

significantly higher compared with controls. 

 

Significant correlations with duration of 

illness and with BPRS scores in 

schizophrenic group. 

Luan et al. (2015)68 Parkinson’s disease  Controlled clinical study ELISA 

Semi-quantitative 

metabolic profiling 

Semi-quantitative metabolic profiling found 

biopyrrin levels were significantly increased 

in idiopathic Parkinson’s disease patients 

compared with controls. 

 



28 

 

ELISA also showed significantly increased 

levels of biopyrrins in idiopathic 

Parkinson’s disease patients compared with 

controls. 

Novio et al. (2012)69 Anxiolytics in 

psychological stress  

Animal model study ELISA Treatment with alprazolam to stressed mice 

was found to significantly decrease 

biopyrrins at different doses compared with 

placebo rat models. 

Other health conditions 

Kozaki et al. (1999)70 Surgical stress  Case series study ELISA Subjects were split into major and minor 

operation groups. 

 

Only major operation group found 

significant increase in biopyrrins. 

Tsujinaka et al. 

(1998)71 

Surgical stress Case series study ELISA Esophagectomy patients that developed 

sepsis had significantly higher biopyrrins 

levels compared to who did not develop 

sepsis complications 

Otani et al. (2001)72 Sepsis  Case series study ELISA Significantly higher levels of biopyrrins in 

septic patients vs. controls. 

 

Significant correlations between biopyrrins 

and clinical inflammatory markers. 

Ito et al. (2010)73 Asthma  Controlled clinical study ELISA Biopyrrins were significantly elevated in 

asthmatics compared with healthy subjects. 

 

Moderate/severe persitant > 

intermittent/mild persistent for biopyrrin 

levels. 

Bakry et al. (2016)74 Psoriasis  Controlled clinical study ELISA Highly significant different between 

controls and patient groups. 

Significant positive correlation between 

levels of biopyrrins and age, psoriasis area 

and severity index score. 
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Shibama et al. 

(2019)75 

Atopic dermatitis  Controlled clinical study ELISA 

Immunohistochemical 

staining 

Levels of novel urinary biopyrrin dipyrrole-

monopyrrole-aldehyde was higher in atopic 

dermatitis patients compared with healthy 

controls and increased with disease severity. 

 

Immunohistochemical analyses found 

biopyrrins were strongly expressed in atopic 

dermatitis lesions. 

Studies in healthy individuals 

Matsuzaki et al. 

(2014)76 

Pregnancy  Prospective cohort study ELISA Significant increases in biopyrrins and 

CoQ10 during pregnancy (with peak levels 

during 3rd trimester). 

Hirai et al. (2010)77 Ultramarathon running  Observational study ELISA Biopyrrins significantly increased during 

each intermittent urine sampling (0 hr, 16 

hrs, 24 hrs). 

 

Significant correlation between serum 

bilirubin and urinary biopyrrin levels. 

Tada et al. (2020)55 No condition/disease 

state  

Observational study ELISA Healthy young adult participants provided 

urine samples in order to establish a 

reference range for biopyrrins. 

 

The study found that the urinary biopyrrin 

levels among the students was 1.21±0.61 

U/g·Cr. 

 

Biopyrrin level differences were found 

between school years suggesting varying 

degree of stress. 
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cellular death known as ischaemia-reperfusion injury.34 This seemingly corroborates an 

earlier finding in 1996 by Yamaguchi et al.,84 in which a murine model described the 

importance of bilirubin as an antioxidant in an ischaemia-reperfusion model of the liver. The 

reported findings after ischaemia-reperfusion therapy described an increased production of 

biopyrrins, an increased level of HO-1 mRNA in the rat liver, as well as a decreased amount 

of reduced glutathione (GSH) indicating the consumption of antioxidants.84 

 

Biopyrrins have also been studied in acute myocardial infarction patients and their 

application in reperfusion therapy investigated.59 Shimomura et al.59 examined the 

relationship between oxidative stress and cardiac events in patients with acute myocardial 

infarction (AMI). Two other groups namely patients with stable angina pectoris (SAP) and 

control subjects were recruited to observe the difference between the AMI patient group. 

Before performing reperfusion therapy, the urinary biopyrrin levels (adjusted to creatinine) 

was found to be significantly higher (p = 0.0003) in the AMI patient group (4.24 ± 0.49) 

compared to the other groups (SAP: 2.45 ± 0.15 and controls: 2.31 ± 0.16). Results were 

reported as mean ± standard error of mean.  

 

More importantly, it was found that the reperfusion procedure significantly increased the 

levels of biopyrrins peaking 4 hours after the procedure compared to before the procedure 

(8.21 ± 0.96 vs. 4.24 ± 0.49; p=0.0001). The significant difference between the three groups 

suggests that patients with AMI are prone to greater oxidative stress even before reperfusion 

therapy. Further, the surge in biopyrrin levels 4 hours after the procedure indicates the 

recruitment of bilirubin as an antioxidant to scavenge the increase of reactive oxygen species. 

The evidence shows that this finding also corroborates the earlier finding of Yamaguchi et 

al.84 mentioned previously.  

 

There have been reports suggesting that bilirubin oxidation under the conditions of RNS may 

share a relationship with acute cardiac allograft rejections.61 Yamamoto et al. in 2007 

reported that it may predict the progression of the allograft rejection in conjunction with a 

marker of myocardial tissue damage marker, serum troponin-T.85 By utilising urinary 

biopyrrin measurements, authors were able to provide insight into allograft rejection. It was 

found that urinary biopyrrin levels were rapidly increased before detection of myocardial 

tissue damage (through measurement of serum troponin-T). This finding could possibly 





33 

 

electrophysiological and structural substrate in the atria leading to the perpetuation of the 

condition.89, 90  

 

The study conducted by Toyama et al.63 recruited 36 patients with persistent AF before 

therapy and measured urinary biopyrrin levels before and after the procedures. Changes 

observed in urinary biopyrrin levels were significantly lower after undergoing cardioversion 

and catheter ablation. Before cardioversion therapy (n = 15), the levels of urinary biopyrrins 

were 3.3 ± 2.5 mU/mg (biopyrrin/creatinine). After therapy, readings fell by 28.7% (1.8 ± 1.6 

mU/mg) showing a significant change (p=0.0129). Similarly, before catheter ablation therapy 

(n = 21), the levels of urinary biopyrrins were 2.8 ± 1.2 mU/mg and showed a 37.2% 

decrease in biopyrrin levels after therapy (1.6 ± 0.5 mU/mg; p<0.001).  

 

More recent advances in analysing urinary biopyrrin levels and cardiovascular related 

conditions were reported by Yamamoto et al.54 The study was published in 2017 and 

emulated the biphasic pattern of bilirubin oxidation from an earlier publication in 2008 by the 

same authors.62 Yamamoto et al.54 presented data suggesting that patients who underwent 

off-pump coronary artery bypass grafting (OPCABG), showed a transient increase in 

biopyrrins 4-12 hours post operation and subsequently followed a prolonged increase 24-32 

hours post operation.54 Patients were split into effort angina pectoris (EAP) (n = 11) and 

unstable angina pectoris (UAP) (n = 7) groups. With that in mind, patients who underwent 

operations in the UAP group had significantly higher level of biopyrrins compared with the 

EAP group. This was also reflective of the simultaneous increase of RNS indicating that 

patients with UAP were susceptible to a higher degree of oxidative damage. This finding was 

adapted and repeated in patients who underwent coronary artery bypass surgery conducted by 

the same authors.64 

 

The current literature available on biopyrrins in relation to cardiovascular diseases represents 

a promising outlook on future studies, indicating that biopyrrins serves as an important 

measurement tool to particularly observe a “snapshot” for the prognosis of cardiac 

pathologies.  
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4.5.2 Mental health conditions 

Oxidative stress is increasingly being associated as a potential causative or contributing 

factor in psychiatric disorders and mental illnesses.91, 92 Although the pathogenesis of 

psychiatric disorders is still not properly elucidated, there have been increasing studies 

suggesting that it is related to oxidative stress.  

 

The first reported study investigating bilirubin metabolites and its association with 

psychological stress was conducted by Yamaguchi et al.65 in 2002. Participants (n = 60) 

involved in the study were split into three groups that were subjected to a varied amount of 

psychosocial stress. Group 1 (n = 9) were subjects who were required to not attend a 

conference, indicating a low or no level of psychosocial stress (control group). Group 2 (n = 

19) participants were required to attend the conference but did not deliver an oral 

presentation. And finally group 3 (n = 32) consisted of subjects who were required to deliver 

a speech to members of the conference and executives of their company. As such, it was 

assumed that group 3 were subjected to the highest degree of psychosocial stress. All 

participants were required to complete a subjective stress score test measured on a Likert 

scale indicating the level of stress on the day of the conference. The urinary biopyrrin 

measurements were adjusted to normalise the mean value of the control group represented as 

1.0.  

 

It was found that there was a significant difference between group 3 (relative value = 1.7) of 

that in group 2 (relative value = 1.5; p<0.05), as well as group 1 (relative value = 1.0; 

p<0.01). A significant difference was also observed between groups 1 and 2 (p<0.05). The 

Likert scale stress measurement tool found a significant positive correlation when compared 

with urinary biopyrrin levels (p<0.01). These findings suggest that emotional stimuli may 

increase the bilirubin oxidative metabolites in urine and could potentially be a useful marker 

of psychological stress. Psychosocial stress was also studied in murine models and found that 

biopyrrins also increased when exposed to varying conditions of social environments.93 

 

The study conducted by Yamaguchi et al.,65 led to an increased interest in studying 

biopyrrins in relation to specific psychiatric conditions. In 2005, Miyaoka et al.66 postulated 

that patients diagnosed with either schizophrenia or depression may show an increased level 

of urinary biopyrrins compared to controls. Acute schizophrenic patients (n = 15) and 

depressed patients (n = 10) diagnosed according to the American Psychiatric Association 
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levels were significantly higher in comparison to patients that did not develop sepsis post-

operation.71, 72 

 

Kozaki et al.70 findings in 1999 quote that measurements of mRNA or enzyme activity would 

need to be carried out in order to accurately determine whether induction of the haem 

oxygenase enzyme happens at the early phase of oxidative stress. This was originally 

confirmed in 1996 by Yamaguchi et al.84 mentioned previously whereby murine models of 

liver ischaemia-reperfusion therapy demonstrated that serum measurements of haem 

oxygenase mRNA showed an increased production upon oxidative stress stimulus.84   

 

Biopyrrins have been studied in certain immune related disorders such as psoriasis, atopic 

dermatitis and asthma.73-75, 99 The aetiologies of these conditions are complex and unclear 

with possible causes spanning from genetic predispositions to environmental influences.100-102 

In the case of psoriasis, it was found that urinary biopyrrin levels were significantly higher 

between subjects with psoriasis and control subjects. The psoriasis area and severity index 

score (PASI) was also found to be positively correlated (r = 0.99, p<0.001) in that the 

increase in PASI score showed a positive increase in biopyrrin levels.74 In the case for 

asthma, Ito et al.73 in 2010 found that there was no significant correlation between age and 

urinary biopyrrins when compared with asthmatics and controls. Diagnosis of asthma was 

based on the assessment of severity according to the Global Initiative for Asthma (GIA) and 

were categorised under four groups (intermittent, mild persistent, moderate persistent, and 

severe persistent). The authors found significant elevation across all groups when compared 

with healthy controls, and that urinary biopyrrins were significantly higher in the moderate 

and severe persistent compared with the other two groups.73 The study on atopic dermatitis 

(AD) and urinary biopyrrins was conducted by Shibama et al.75 in 2019. Researchers also 

measured biopyrrins in AD skin lesions through immunohistochemical staining and were able 

to identify a novel biopyrrin that was proposed to be formed from the degradation in the 

atopic lesions of AD patients.75 

 

4.5.4 Studies on biopyrrins in healthy individuals 

Biopyrrins have also been investigated on healthy individuals such as pregnant women76 and 

healthy subjects participating in exercise.77 There have also been efforts into establishing 
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baseline reference ranges of urinary biopyrrins in order to depict a more accurate range of 

this urinary biomarker.55  

 

In the study for pregnancy, Matsuzaki et al.76 in 2014 found that there was a relationship 

between the measurement of urinary biopyrrin and the counterbalancing levels of Coeznyme 

Q (CoQ10). Specifically, authors found that urinary biopyrrins continued to increase up until 

the third trimester and decreased one month after postpartum. This relationship also appeared 

to follow similarly with serum CoQ10, in that, the levels continued to increase and decreased 

shortly after postpartum.76 Urinary biopyrrins have been measured in subjects that 

participated in 24-hour ultramarathon running and was assessed intermittently during the run 

(0 hr, 16 hr, 24 hr).77 Hirai et al.77 in 2010, reported that urinary biopyrrins levels 

significantly increased during each of the intermittent sampling that also reflected an increase 

in serum bilirubin levels. Authors suggested that the significant correlation between the levels 

of serum bilirubin and urinary biopyrrin levels could be explained by the antioxidative 

defence system that could counteract the oxidative stress generated from ultramarathon 

running. 

 

4.6 Conclusions and future directions 

Bilirubin oxidative metabolites (BOMs), biotripyrrins or biopyrrins have been identified as a 

group of molecules that have been proposed to be a fragment of bilirubin under conditions of 

oxidative stress. This group of compounds was discovered during a development of an 

ELISA assay to provide a more efficacious method of measuring bilirubin. Since their initial 

discovery, these compounds have been implicated in a variety of health conditions among 

different disciplines. It was also found that there is a growing idea that biopyrrins may serve 

as a potential biomarker for oxidative stress.  

 

Future directions of this area of research would be to conduct larger scale, multicentre studies 

in order to establish more robust relationships of biopyrrins in these unrelated health 

conditions. Furthermore, there have been a number of studies showing comparisons of 

urinary biopyrrins against already established diagnostic markers used in relation to the 

health condition. It was found that biopyrrin levels become elevated prior to observing an 

increase in these clinical markers, potentially indicating the importance of using it as a tool 

for improving prognosis in patients due to early detection of the condition. 
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Chapter 5. Bilirubin oxidation products (BOXes)  

5.1 Introduction and significance 

Bilirubin oxidation products (BOXes) and haem by-products have been found in the CSF of 

subarachnoid haemorrhage (SAH) patients after developing delayed cerebral vasospasm.103 

Their possible role and vasoconstrictive activity is to this day speculative however, there is 

growing evidence suggesting that BOXes may be directly or indirectly involved in 

vasospasm after SAH.103-108 More recent studies are notable in reporting newly characterised 

structures that are similar in chemical structure.109-114 This review includes the discovery of 

BOXes, findings in in vitro and in vivo studies, as well as the recent publications reporting 

newly characterised structures.  

 

5.2 Methodology 

A literature review was conducted based on the framework of Grant and Booth,47 

incorporating chronological analysis to identify (i) proposed clinical application or 

pathophysiology for BOXes, including both human (clinical and in vitro) and animal studies, 

and (ii) elucidation, characterisation and chemical syntheses of BOXes. The following 

databases were consulted to identify relevant literature: PubMed, PubChem, Google Scholar, 

Medline and Embase. Abstracts of conference proceedings and higher degree research theses 

were also consulted, and reference lists of relevant articles were also searched. The search 

was not limited by date or study type. 

 

MeSH and non-MeSH terms used during the search for literature were as follows: Bilirubin 

oxidation products, BOX A, BOX B, (Z)-BOX A, (Z)-BOX B, 4-methyl-5-oxo-3-vinyl-(1,5-

dihydropyrrol-2-ylidene)acetamide, (3-Vinyl-4-methyl-5-oxo-1,5-dihydro-2H-pyrrole-2-

ylidene)acetamide, 2-(3-ethenyl-1,5-dihydro-4-methyl-5-oxo-2H-pyrrol-2-ylidene)-

Acetamide, 2-[(2Z)-3-ethenyl-4-methyl-5-oxo-2,5-dihydro-1H-pyrrol-2-ylidene]acetamide, 

3-methyl-5-oxo-4-vinyl- (1,5-dihydropyrrol-2-ylidene)acetamide, 3-methyl-5-oxo-4-vinyl-

(1,5-dihydropyrrol-2-ylidene) acetamide, (3-Methyl-4-vinyl-5-oxo-1,5-dihydro-2H-pyrrole-

2-ylidene)acetamide, 2-(4-ethenyl-1,5-dihydro-3-methyl-5-oxo-2H-pyrrol-2-ylidene)-

Acetamide, 2-[(2Z)-4-ethenyl-3-methyl-5-oxo-2,5-dihydro-1H-pyrrol-2-ylidene]acetamide.  
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The results of the findings are discussed with special emphasis on the two key themes 

identified above, using a chronological approach beginning with the discovery and proposed 

pathophysiology of BOXes, followed by their elucidation and synthesis, and clinical 

significance.  

 

5.3 Discovery and proposed pathophysiology 

Oxidised forms of bilirubin otherwise referred to as bilirubin oxidation products (BOXes) 

have been long speculated as a causative agent of vasospasm that occurs after SAH. SAH is 

described as a clinically frustrating condition, as the search for the substances responsible for 

the delayed onset of vasospasm leads to further complications such as stroke. Two classes of 

compounds exist that could produce delayed vasospasm after SAH. Firstly, compounds that 

are found in blood or metabolites of the compounds in blood and secondly, compounds that 

are regulated/induced as a consequence of blood outside of the blood vessels.107 Hb has been 

implicated as a causative factor of SAH-induced, delayed vasospasm in literature as it is 

present in high concentrations around blood vessels after SAH. Since it also has the ability to 

scavenge nitric oxide, a potent vessel vasoconstrictor, it has led to the notion that Hb is a 

vasoactive compound.115, 116 However, one caveat of placing Hb as the compound responsible 

for delayed vasospasm is the significant difference in the time course of delayed vasospasm 

and levels of Hb.107, 117 It has been established that levels of Hb in CSF is low when delayed 

vasospasm is occurring at the maximal rate. For these reasons, oxidised forms of bilirubin 

otherwise referred to as BOXes have long been speculated as a causative agent of vasospasm 

that occurs after SAH. 

 

This has led to the possibility of metabolites of Hb, namely metabolites of haem or globin 

being a likely candidate for eliciting delayed vasospasm in SAH patients (due to the time 

required to form). As such, metabolites of bilirubin, formed after the degradation of haem 

have been strongly implicated as the vasoactive compound in CSF of SAH patients. Efforts to 

elucidate these compounds was originally conducted by Kranc et al.103 in 2000. The authors 

hypothesised that under pathological conditions of severe oxidative stress following SAH, 

degradation of bilirubin and biliverdin may occur to produce compounds causing vasospasm.  
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The mechanism which Kranc et al.103 proposed is shown in Scheme 5.1 below. It was 

speculated that addition of H2O2 to bilirubin would lead to an attack at C4 or C16 (the 

methylene carbon on either terminal end of bilirubin) to give the peroxide compound. This in 

turn leads to rearrangement and hydrolysis of the bipyrrole compound leading to BOX A or 

BOX B. Similarly, formation of peroxides at the C4 or C16 methylene carbons following the 

same principle can also lead to 4-methyl-3-vinylmaleimide, also referred to as 

methylvinylmaleimide (MVM). Authors proposed that this process would be possibly 

occurring during haem degradation and oxidation. Scheme 5.1 is adapted from Kranc et al.103 
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Scheme 5.2 PDP A1/A2 and PDP B1/B2 degrading to BOX A and BOX B with 1% H2O2 

respectively 

 

5.4.3 Syntheses of BOX A and BOX B 

The initial method describing the synthesis of BOXes was conducted by Kranc et al.103 in 

2000 utilising bilirubin and H2O2 to characterise the degraded products. These oxidised 

compounds have also been achieved by the means of enzymatic methods namely utilising 

uncoupled CYP1A5120 or cytochrome oxidase.121 However, the limitations of the enzymatic 

models are that it falls short of yielding a sufficient quantity for biological testing. This can 

also be applied to the initial methods of synthesis, in that authors reported only a fraction of 

compounds (<5%) readily available for purification.103  
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As such, synthetic methods have been developed for products BOX A and BOX B.110, 111 

Authors have reported that the compounds are able to isomerise between the Z (higher 

priority groups on opposite side of double bond) and E (higher priority groups on the same 

side of double bond) conformations at the exocyclic C=C double bond. The total synthesis 

for BOX A was not based on oxidative degradation of BR. This was achieved by starting 

with commercially available citraconic anhydride purification of the isomer methyl (Z)-(3-

bromo-4-methyl-5-oxofuran-2(5H)-ylidene)ethanoate from the minor component methyl (Z)-

4-bromo-3-methyl-5-oxofuran-2(5H)-ylidene)-ethanoate). A four or six step synthetic 

pathway yields Z-BOX A allowing for a moderate yield of the compound. The synthesis of Z-

BOX B follows a similar method, with the isomer (Z)-(4-bromo-3-methyl-5-oxofuran-2(5H)-

ylidene)ethanoate yielding an amide functional group from a three-step conversion.  

 

The synthetic models also provided insight into the limitations of the methods from the 

authors of the original characterisation of BOXes. In 2013, through crystal structure 

determinations and Nuclear Overhauser effect (NOE) experiments, Klopfleisch et al.110 

clarified that the isomerism between the E/Z conformation on BOX A is based on the steric 

repulsion and formation of intramolecular hydrogen bonding between the nitrogen pyrrole 

and oxygen on the amide moiety. This has also shown that this pyrrole derivative favours the 

Z-isomer. Further, irradiation with a light source such as a xenon lamp led to a mixture of the 

Z/E isomers that were readily separated by liquid chromatographic methods.110  

 

5.4.4 Syntheses of BOX C and BOX D 

Building on the PDPs research, Ritter et al.114 were able to show that following on from that 

pathway (refer Scheme 5.2), a similar BOX compound namely Z-BOX C was able to be 

characterised. This was achieved using a method modified from previous studies, whereby a 

10% H2O2 reaction with bilirubin for 24 hours produced the novel compound.103, 109, 113 

Purification was achieved by separating BOXes A and B by performing a CHCl3 extraction 

on the crude bilirubin oxidation mixture suspended in acetonitrile and water (20/80% v/v). 

The water phase of the CHCl3 extraction was further processed by using solid phase 

extraction (SPE). As such, the aqueous phase contained the compound of interest and was 

able to be characterised by NMR (Figure 5.3). Z-BOX C was also able to be quantified in 

human bile samples, obtained from patients that had recently undergone a 

cholecystectomy.114 The authors mention that repeat measurements of the same samples 
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5.5 Clinical significance 

The seminal publication from Kranc et al.103 in 2000 on bilirubin oxidation degradation 

products provided key evidence that these compounds exist in the CSF of SAH patients. 

Apart from synthesising the compounds that were potentially the causative agent for 

vasospasm in SAH patients, the authors conducted a case control study to identify significant 

differences between SAH patients and control patients. CSF from SAH and controls (patients 

with obstructive hydrocephalus) was collected and was added to porcine carotid arteries. A 

significant difference in oxygen consumption and tension development was observed, in 

which CSF from SAH patients showed a 3.6-fold increase in oxygen consumption and 82% 

increase of maximal tension being observed in the arteries compared to controls. This was 

similarly observed in the crude extracts of oxidised bilirubin that contained the BOX 

compounds.103 Interestingly, a bolus dose (100 fold) of either the crude oxidised bilirubin 

mixture or CSF from SAH patients irreversibly inhibited the oxygen consumption, 

corroborating findings from Pyne et al.104 in 2000. This observation was explained due to the 

possible smooth muscle oxidative phosphorylation inhibition in turn destroying the blood 

vessels.104  

 

The above in vitro study provided the framework for in vivo studies conducted in 2002 in 

which the findings of Clark et al.105 supported the hypothesis that BOXes are either 

contributors or causative agents in vasospasm after SAH. The murine model study observed 

that injections of BOXes in saline solution produced severe vasospasm when using a cranial 

window technique. Within 40 minutes, surface cranial vessels showed saturated 

vasoconstriction which remained constricted 24 hours later.105 It is noteworthy to mention 

that the in vivo model treated with BOXes did not produce infarction that is typically 

observed in SAH patients. Moreover, rats that succumbed to rapid death upon injection of 

BOXes were also not attributed to the ischaemia from stroke but more so from the 

neurotoxicity of injection or sudden vasospasm inhibiting cardiorespiratory functions. 

Further, this observation could be in fact due to additional molecules such as Hb and 

endothelin contributing to the severity of vasospasm that may be the result of stroke.122  

 

Although earlier findings deduced that BOXes may have a causative effect or result in the 

vasospasm in SAH patients, questions remained since some SAH patients developed 

vasospasm and others not. As such, in 2005, Pyne-Geithman et al.106 explored several 
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5.6 Conclusions and future directions 

BOXes have been found in the CSF of SAH patients after developing delayed cerebral 

vasospasm. There is growing evidence suggesting that BOXes may be directly or indirectly 

involved in vasospasm after SAH.103-107 The literature has shown that early work after the 

discovery of BOXes established that these pyrrolic compounds may possess vasoconstrictive 

properties but lack of efficient methods of syntheses have prevented clear elucidation of the 

mode of action. As such, more recent developments have been focused on the syntheses of 

these bilirubin oxidation products in order to establish the firm groundwork on their mode of 

action.110-112, 114 

 

Future studies in this developing area of research would be to continue investigating the 

mode of actions of BOXes in order to firmly establish whether they are the definitive cause 

or result of vasospasm in patients with SAH. Prioritising this area of future work may allow 

for the development of therapeutics that could directly treat this clinically frustrating 

condition and improve the understanding of bilirubin oxidative end products and their role in 

oxidative stress. 
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Chapter 6. Urine pyrroles and mental health conditions 

6.1 Introduction and significance 

Urine pyrroles in mental health have been implicated for several decades dating back to the 

1950s when seminal researchers noticed urine samples of psychotic patients developing a 

mauve colour when combined with Ehrlich’s reagent.123 There has been considerable 

controversy over the years primarily on the exact structure of the urine marker as well as its 

role in mental health, which is not recognised or accepted by mainstream medicine, despite 

much interest and anecdotal evidence for what is commonly referred to as ‘pyrrole disorder’, 

‘Mauve factor’ or urine pyrroles. The structure of this review will consist of the initial 

discovery and progressive timeline throughout the years to provide insight into the elusive 

compound and condition. The review will also include the methods of elucidation of urine 

pyrroles and their proposed relationship with mental health conditions.  

 

6.2 Methodology 

A literature review was conducted based on the framework of Grant and Booth,47 

incorporating chronological analysis to identify (i) proposed clinical application or 

pathophysiology for urine pyrroles, including both human (clinical and in vitro) and animal 

studies, and (ii) elucidation, characterisation and chemical syntheses of urine pyrroles.  

The following databases were consulted to identify relevant literature: PubMed, PubChem, 

Google Scholar, Medline and Embase. Abstracts of conference proceedings and higher 

degree research theses were also consulted, and reference lists of relevant articles were also 

searched. This was particularly important for older literature that was published prior to the 

establishment of IUPAC guidelines to standardise chemical nomenclature. As such, search 

terms were expanded to incorporate any alternate naming conventions, where chemical 

entities were referred to by a variety of currently non-standardised formats. The search was 

not limited by date or study type. 

 

MeSH and non-MeSH terms used during the search for literature were as follows: Mauve 

factor, pyrrole disorder, pyroluria, malvaria, kryptopyrrole, cryptopyrrole, haemopyrrole, 

kryptopyrroluria, hydroxyhaemopyrrolin-2-one, 2,4-dimethyl-3-ethyl-pyrrole, 2-

hydroxykrypto-pyrrolene-5-one, 2-hydroxyhaemopyrrolene-5-one, 2-hydroxy-4-ethyl-2,3-

dimethyl- Δ3-pyrrolene-5-one, 3-ethyl-5-hydroxy-4,5-dimethyl-pyrrolin-2-one, 5-

hydroxyhaemopyrrole lactam  



53 

 

The results of the findings are discussed with special emphasis on the two key themes 

identified above, using a chronological approach beginning with the initial research 

identifying urine pyrroles, followed by their elucidation and synthesis, and contemporary 

treatment and diagnosis of the related condition 

 

6.3 Initial work on identifying urine pyrroles 

Urine pyrroles and their potential role in mental health was identified more than 60 years ago 

when researchers noticed the urine of psychiatric patients developing a mauve colour on thin 

layer chromatography (TLC) by reaction with Ehrlich’s reagent, which was subsequently 

referred to clinically as ‘Mauve factor’ (MF).123 The compound was initially thought of as an 

indole, as researchers were searching for specific chemical substances that might be related to 

their disease. Many hallucinogens, which resulted in psychotic symptoms in normal patients, 

were indolic by nature, and researchers were interested in these aromatic organic indole-

containing compounds.123 It was found that in the majority of schizophrenic patients positive 

for MF, that the urine marker disappeared once they were in remission.124 The first study to 

find this qualitative observation was made by Irvine in 1961123 and corroborated by Hoffer 

and Mahon124 in the same year. Hoffer pursued this qualitative observation to establish an 

objective measure in conjunction with psychometric measures, referred to as the Hoffer-

Osmond Diagnostic Test,125 for the diagnosis of schizophrenic patients at earlier stages of the 

disease.124 Ellman et al. in 1968 subsequently modified the initial procedure and found that 

the mauve-positive spotting could be due to phenothiazine, a derivative of psychotropic drugs 

such as thioridazine and chlorpromazine.126  

 

In 1969, Irvine et al.127 reported in Nature suggesting that MF could be 2,4-dimethyl-3-ethyl-

pyrrole (or more commonly known as kryptopyrrole). The authors make mention that earlier 

identification was hindered by the chemical instability even under mild conditions when 

attempting to identify the compound. The suggestion that MF could be kryptopyrrole was 

based on chromatographic studies and further confirmed by spectrometry. Mass spectrometry 

showed that the molecular ion peak of kryptopyrrole was present in the sample extracts of 

MF positive urine and conversely absent from MF negative urine. Further, direct UV 

spectrum and visible spectrum of the Ehrlich reacted products did not find any differences 

between MF and kryptopyrrole.127 This appeared to be the first report demonstrating that 

kryptopyrrole could be present in the human body. 
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The first in vivo studies on the newly characterised compound kryptopyrrole were initiated in 

1970 by Sohler et al.,128 in which the authors were concerned about the pharmacological 

effects of kryptopyrrole in the central nervous system (CNS).128 The rationale being that as 

MF was repeatedly reported in literature as a metabolic product from schizophrenic patients, 

it may induce certain physiological effects.129, 130Animal models were prepared by being 

mildly sedated with pentobarbital to provide a controlled baseline level of sedation. Four 

different doses of kryptopyrrole were given to four different groups of animals. It was found 

that the animal groups injected with higher levels of kryptopyrrole showed a higher level of 

sedation when compared with case-controlled, saline treated animals. Based on the sedative 

effects observed, the authors concluded that kryptopyrrole could not be one of the stimulating 

metabolites that produces the over-arousal associated in schizophrenic patients.128  

 

Further animal studies were conducted in 1975 by Walker to determine the acute and chronic 

effects of kryptopyrrole injections monitored by electroencephalogram (EEG).131 Varying IV 

administration of 9.1 to 82 mg/kg of pure kryptopyrrole was found to acutely decrease EEG 

voltage, induce abnormal spiking activity at different sites in the rat brain and cause 

synchronisation disruptions (that were not dose-dependent). Chronic administration of 

kryptopyrrole showed animals developing a tolerance that was reflective of EEG voltage 

levels returning to baseline. Behavioural abnormalities were also observed after the initial 

administration of kryptopyrrole. Walker also reported mice showing abnormal behavioural 

effects such as ataxia, hyperventilation, locomotor depression and catalepsy, some of which 

occurred acutely after injection. The changes observed in the objective measures led to the 

postulation by Walker that kryptopyrrole appears to elicit behaviour similar to that of 

hallucinogenic substances such as LSD, psilocybin and mescaline.131 

 

6.4 Elucidation of urine pyrroles 

While the clarification of urine pyrroles was being established, other studies involving the 

clinical treatment of patients with elevated levels of urine pyrroles were being reported.132, 133 

By this time, elevated levels of urine pyrroles had been described by a number of different 

terms aside from ‘Mauve factor’ such as ‘malvaria’ and ‘pyroluria’, It is understood that in 

1974, Pfeiffer made initial observations that the treatment of ‘pyroluric’, schizophrenic 

patients with zinc and vitamin B6 could assist in lowering the biological pyrrole 

molecules.132 Pfeiffer reports that doses of B6, upwards to 3000 mg/day, and dietary levels of 
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zinc alleviated symptoms related to schizophrenic psychosis, as well as reduced urinary 

kryptopyrroles to the normal range (2-25 μg/dL). It has been postulated that the requirement 

of high levels of B6 and zinc is due to the pyrroles’ ability to quench the micronutrients 

through the formation of a complex and has reportedly been characterised.132 Pfeiffer 

postulated that kryptopyrrole forms a complex with zinc and B6.132 The complex is shown in 

Figure 6.1, adapted from Pfeiffer et al.132 Investigations by Sohler et al.133 showed that both 

kryptopyrrole and urobilinogen undergo an auto-oxidation on standing in an acid medium, 

and result in products having distinct absorption spectra at 480-500 nm. The auto-oxidation 

was shown to be quite rapid for both compounds, particularly in the presence of light, and 

both compounds reacted with Ehrlich’s reagent in solution in a similar manner with a 

resulting mauve colour. Sohler and colleagues also suggested that urobilin or kryptopyrrole, 

on oxidation, appeared to form complexes with metals such as zinc and also with compounds 

such as pyridoxine, with the formation of a zinc complex shown spectrophotometrically with 

either urobilin and kryptopyrrole, which dissociated on acidification.  

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Zinc-kryptopyrrole-pyridoxal chelate.  

 

The discussion that kryptopyrrole could be found in an oxidised form began as early as 

1969,127 and it was concluded that kryptopyrrole would be unlikely to be unchanged. 

Subsequent publications by Irvine et al.134, 135 in 1973, appear to postulate that these 

kryptopyrrole compounds could contain amide or lactam linkages and/or hydroxyl groups. 

This finding was based on chromatographic positioning, in that the kryptopyrrole compound 

was characteristic of compounds of highly polar amides, glycols and enols. Moreover, the 

position of this compound was further away from the position that is typically occupied by 

aromatic hydrocarbons, simple neutral indoles and that expected for simpler alkylpyrroles 

such as kryptopyrrole.134, 135 
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Further publications were reported that confirmed this finding whereby kryptopyrrole and its 

isomeric form haemopyrrole (Figure 6.2) could not be isolated from the urine of 

schizophrenics and normal subjects.136, 137 In 1978, kryptopyrrole and haemopyrrole were 

synthesised for preparative GC-MS for the purpose of comparing urine samples from normal 

subjects (n = 17) and schizophrenic patients (n = 29) by Gendler et al.136 The authors spiked 

urine with a standard solution of kryptopyrrole or haemopyrrole to establish the detection 

limit. A detection limit of 100 μg/L (1 part/107) was reported however no levels of either 

kryptopyrrole or haemopyrrole were detected in both the normal and schizophrenic 

subjects.136 Earlier reports by the same research group presented similar findings, in that 

despite a limit of detection of 1 mg/L (1 part/106), neither kryptopyrrole or haemopyrrole 

were detected in normal subjects (n = 20) and schizophrenic patients (n = 16).137  

 

In the same publication reported in 1978, Gendler et al.136 questioned the claims of previous 

publications suggesting that kryptopyrrole could be MF, highlighting the limitations of the 

qualitative measurements shown by Irvine123 and Hoffer124 and that chromatographic 

methods are ambiguous due to these alkylpyrroles being unstable under conditions of the 

analysis.136 Moreover, although mass spectral data was reported by Irvine127 shortly after the 

chromatographic studies, the data only reports assignments of fragment ions without any 

purification prior to analysis. 

 

Interestingly, this was promptly responded to by Irvine in 1978,138 reporting they were in full 

agreeance to the reports of Gendler et al.136 However, the author goes on further to explain 

that kryptopyrrole must be implicated as a molecule that is not structurally defined according 

to the initial discoveries, and that kryptopyrrole should be more accurately named as ‘natural 

kryptopyrrole’ and defined as 5-hydroxyhaemopyrrole lactam or 3-ethyl-5-hydroxy-4,5-

dimethyl-Δ3-pyrrolin-2-one (HPL) (Figure 6.2).139 Irvine goes further to explain that this 

hydroxylated pyrrolinone is responsible for the clinical observations made in 

neuropsychiatric conditions.138-140 

 

Further quantitative research has since been conducted to develop methods to determine HPL 

using GC-MS to study schizophrenic and acute intermittent porphyria patients.141-143 In 1977, 

Graham143 described a method to measure HPL by using GC-MS and incorporating two 

internal standards, namely: hydroxykryptopyrrolin-2-one and 5,5-dimethyloxazolidine-2,4-

dione, and one external standard, namely: synthetic HPL that was synthesised from the 
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method described by Lighter et al.144 In brief, the extraction procedure required fresh urine 

that was either used immediately or frozen at -25oC until use. 10 mL were taken and 

vigorously mixed with 10 mL of EtOAc containing the internal standard (either 25 nmol of 

hydroxykryptopyrrolin-2-one or 700 nmol of 5,5-dimethyloxazolidine-2,4-dione) and 

subsequently extracted twice with 20 mL of peroxide free Et2O and the combined organic 

phases were evaporated to dryness. The resulting extract was taken up in 50 μL of ethanol for 

chromatography. The peaks of interest were identified by the retention time relative to the 

external standards. Results from Graham et al.141 in 1979 showed that HPL was elevated in 8 

patients suffering acute porphyric attacks, as well as 10 patients that were latent for the 

porphyria disorder in comparison to age and sex-matched controls. Results from Gorchein et 

al.142 in 1980 detected elevated HPL in two out of three porphyria patients but questioned 

whether HPL is causally related to schizophrenia. The study conducted by Gorchein et al.142 

reported that although levels of HPL were detected in patients with schizophrenia (n = 146), 

it was not excreted in excess when compared with patients from general medical wards (n = 

42).   

 

 

 

 

 

 

 

Figure 6.2 ‘Mauve factor’ candidates identified over time: (a) 2,4-dimethyl-3-ethyl-pyrrole 

(kryptopyrrole), (b) 4-ethyl-2,3-dimethyl-3pyrrole (haemopyrrole) (c) 3-ethyl-5-hydroxy-4,5-

dimethyl-Δ3-pyrrolin-2-one (HPL) 
 

6.4.1 Synthesis of urine pyrroles 

Methods on the synthesis of HPL were developed during the clarification of MF. As stated 

previously, the urinary pyrroles that were being measured from the original assays developed 

by Irvine in 1961123 and later modified for more accurate determinations128, 130, 133 have noted 

that it may be likely that an oxygenated kryptopyrrole was most likely being measured. As 

such, development of methods that specifically investigated oxidising and photodegrading 

kryptopyrrole and its structural isomer haemopyrrole, were reported.144-146 Initial methods of 

the photooxygenation of kryptopyrrole and haemopyrrole in 1973-1974 were achieved 

through a water-cooled immersion apparatus containing dilute methanolic solution of 

kryptopyrrole/haemopyrrole and Rose Bengal that was used as a 1O2 sensitiser. Briefly, the 

reaction mixtures were irradiated for a period of 4 hours while streams of oxygen was slowly 

(a) (b) (c) 
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bubbled through the reaction solutions.144, 145 The reaction solutions were evaporated down to 

a residue that were column chromatographed on silica gel using CHCl3, Et2O, EtOAc and 

acetone (AC) as elution gradients. It was found that by using PTLC, there was superior 

separation observed to provide sufficient yield for characterisation.144, 145
 

 

A different approach was published shortly after the initial methods of syntheses.146 1n 1977, 

Wooldridge and Lightner146 demonstrated that the oxidised products of haemopyrrole and 

kryptopyrrole can be synthesised using a 3-step approach featuring a high-pressure bomb. In 

brief, improved yields were reported by preparing a sizeable quantity of 

kryptopyrrole/haemopyrrole starting from 2-oxobutanoic acid and 2-butanone in concentrated 

phosphoric acid. The resulting solution was then placed in the high-pressure bomb before the 

final product was left with white crystals.146 The above published report presents the most 

recent advancement in producing sizeable quantities of HPL.  

 

6.4.2 Measurement of urine pyrroles 

Methods to accurately determine the levels of urine pyrroles had been lacking before Sohler 

et al. produced a comprehensive report on their measurement in 1974.133 Prior to the 

development of this method, MF was primarily measured through the charcoal adsorption 

method originally described by Irvine123 in 1961 and modified by Sohler128, 130 in 1967 and 

1970. In 1974, Sohler noted that “kryptopyrrole arises in the charcoal procedure of Irvine, 

primarily as an artefact of the procedure possible by dissociation of a bound form.”133 Sohler 

proposed a simpler method to the original charcoal method, which he referred to as being 

“quite time consuming and at best semiquantitative”.133 The simplified method utilised 

chloroform extractions and subsequent colour reaction with Ehrlich’s reagent and was 

designed to delineate a subpopulation of schizophrenic patients who had urine pyrroles.133 

 

In brief, the method in which ‘pyroluric’ samples can be measured as described by Sohler et 

al.133 is through a chloroform extraction of urine followed by an Ehrlich’s reagent reaction. 

The urine prepared for the assay is reportedly collected containing 500 mg ascorbic acid 

(Vitamin C) as a preservative. Once pH has been adjusted in an acidic state, the urine is 

extracted with chloroform by vigorous shaking/vortex shaker and centrifuged to break up 

remaining micelles. The centrifuged samples are further processed by removing the top 

aqueous layer and dried with sodium sulphate anhydrous. The final reported step involves the 
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use of Ehrlich’s reagent and left to incubate for 30 minutes before a colour change is 

observed. The intensity of the colour of the samples is read in a UV-Vis spectrophotometer at 

540 nm. It should be noted that the term ‘Ehrlich’s reagent’ is often used colloquially for 

para-dimethylaminobenzaldehyde (DMAB). When sulphuric acid is used, as in Sohler’s 

method, it is referred to as van Urk’s reagent whereas Ehrlich’s reagent is DMAB in 

hydrochloric acid (HCl).  

 

While Sohler’s method was more sensitive and rapid than previous methods, the 

measurement of the urine pyrrole at 540 nm includes a number of compounds referred to by 

Sohler as pyrrole metabolites (both free and bound) of kryptopyrrole, urobilinogen, and 

urobilinoid pigments.133 During the development of his method, Sohler utilised PTLC and 

UV-Vis spectroscopy to conduct further investigations and to characterise and delineate the 

urine pyrroles. Sohler showed that the urine chloroform extract of patients indicated that the 

principal constituent that was found consistently had a maximum peak at 497 nm and 

developed a chromophore with Ehrlich’s reaction at a maximum peak of 559 nm, and that 

this was in contrast to the peak observed in acidic media of kryptopyrrole, which was 

measured at a maximum peak at 482 nm with an Ehrlich’s chromophore at 540 nm. He 

concluded that kryptopyrrole does not occur in free form in urine, however it may occur in a 

bound form or in the form of an adduct. This was further corroborated by PTLC studies 

whereby a synthetic kryptopyrrole band could not be found. He also identified that 

urobilinogen was a primary Ehrlich reacting material in patients’ urine. From a 

pathophysiology point of view, Sohler postulated that ‘pyroluria’ may be due to a stress-

induced anomaly of intestinal permeability which allows these pyrrole compounds to get into 

systemic circulation.133  

 

At the time of this publication in 1974,133 it had been well established134, 135, 139 that 

kryptopyrrole in its free form could not be the compound that was being measured. As such, 

the novel and improved measurement of MF published by Sohler et al.133 also provided 

further evidence that MF could indeed be a structurally different compound to kryptopyrrole. 

Since 1977, no further reports have been published on the synthesis or characterisation of the 

urine pyrrole or the pathophysiology of the condition associated with elevated levels of urine 

pyrrole. There are a few papers published by McGinnis et al.147, 148 in 2008 that have 

attempted to summarise and draw conclusions from the early work based on more recent 

unpublished clinical work, however their findings remain inconclusive as to the 
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pathophysiology of pyroluria (elevated urine pyrroles) and do not include any chemical 

characterisation of the compounds.  

 

McGinnis et al.147 also reported on a laboratory comparison study of split urine samples (n = 

44) comparing the results obtained from Sohler’s colorimetric method to an unpublished 

HPLC/MS method designed to determine HPL. In this study, the results for the urine samples 

correlated very highly (p<0.001) between colorimetric method and the HPLC/MS, which 

utilised a synthetic HPL standard. However, the absolute HPL values (ug/dL) varied 

considerably between the two assays, with the ‘normal range’ for the colorimetric assay <15 

μg/dL, compared to <25 μg/mL for the HPLC/MS assay. Further, for the colorimetric assay, 

highly elevated readings (>100 μg/dL) were removed and levels were adjusted for hydration 

status, when the correlation was determined. The authors also note that HPL is unstable 

outside of the body, readily interconverting with other structures, that it is acid labile, and 

that exposure to light or seemingly mild chemical treatments reduces detectable HPL.147  

 

In a haemodialysis study, attempts were made by Durko et al.149 in 1984 to compare urine 

and blood HPL levels using 2D TLC. Identification of the urine pyrrole was carried out via 

development with Ehrlich reagent. HPL was used as a standard, being synthesised according 

to the method described by Wooldridge et al. in 1977.146 Durko et al.149 also noted that there 

were too many interferents when determining HPL in blood, which appears to reflect the lack 

of studies reporting HPL analysis in blood.  
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To date, anecdotally, many doctors practicing in nutritional and environmental medicine and 

naturopaths are familiar with urine pyrroles or ‘pyrrole disorder’ and a number of pathology 

laboratories provide testing for urine pyrroles. Commercial laboratories that facilitate this 

specialised testing for urine pyrroles use methods that are based on the empirical method 

developed by Sohler et al.133 As such, further research is needed to robustly characterise the 

urine pyrroles using high resolution modern analytical techniques. Furthermore, it has been 

postulated that the requirement of high levels of vitamin B6 and zinc is due to the pyrroles’ 

ability to quench the micronutrients through the formation of a complex, however this 

complex was only preliminarily determined with kryptopyrrole and urobilin, therefore the 

formation of a complex with urine pyrroles and micronutrients would need to be further 

explored. 
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Chapter 7. Investigation into the photooxidation of 2,4-dimethyl-3-

ethyl-pyrrole  

7.1 Introduction and significance 

Bilirubin oxidation end products have not been identified in the literature as a single, 

cohesive group of chemical entities, however recent research is emerging that suggests that 

these compounds are related to a number of health conditions and are clinically significant. 

The scoping review (Chapter 3) identified two groups of pyrrole-containing oxidative by-

products of bilirubin, referred to as bilirubin oxidative metabolites or BOMs, also referred to 

as biotripyrrins or biopyrrins (Chapter 4) and bilirubin oxidation products or BOX 

compounds (Chapter 5). A third group of pyrrole-containing compounds allegedly associated 

with mental illness and oxidative stress were identified in the literature as urine pyrroles 

(Chapter 6). There is much controversy over the exact chemical structure of the urine 

pyrroles, or if multiple pyrroles are associated with the condition referred to originally as 

‘pyroluria’ or more recently as ‘pyrrole disorder’. Further, there has not been any further 

research on the synthesis or characterisation of the urine pyrroles, or the proposed 

pathophysiology of the condition associated with the elevated levels of urine pyrrole since 

1977. 

 

Given the many gaps in the literature for the third group of pyrrole-containing compounds, it 

was decided to direct experimental efforts into a preliminary investigation into the chemistry 

of urine pyrroles. Additionally, given that the research in BOM and BOX compounds is still 

developing, and the potential that urine pyrroles may be bilirubin oxidation end products, it 

was hoped that the experimental work on urine pyrroles would provide a useful starting point 

to continue the early work of the 1950-70’s, and support the developing research that is 

currently emerging for BOM and BOX compounds. 

 

This experimental chapter is comprised of the method and choice of materials that was 

decided for the investigation of the photooxidation of kryptopyrrole. Extraction techniques 

were also investigated to observe whether different choice of solvents would derive us with 

different compounds. The overall schematic is also presented that provides a summary of the 

results as well as a description on each approach that was performed.  
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7.2 Methodology 

It was apparent from the literature review in Chapter 6 that urine pyrroles are very reactive 

and sensitive to even mild conditions during experimental work-up and difficult to 

characterise. The compounds also exhibited structural changes when acidified. 2,4-dimethyl-

3-ethylpyrrole (kryptopyrrole) was chosen as an appropriate starting material for 

investigating and exploring the oxidative chemistry of pyrrolic compounds due to the 

structural similarity with the three pyrrole-containing compounds of interest identified in the 

literature reviews. Furthermore, kryptopyrrole is relatively stable compared to other pyrrole 

compounds as evident from the previous chapters. It should be noted that BOM and BOX 

compounds, as well as HPL are not readily commercially available. The exploratory 

experimental approach employed to investigate and characterise compounds formed through 

photooxidation of the starting material, including subsequent elucidation of any intermediates 

formed during acidification or extraction using different solvents, is described below.  

 

H2O2 was chosen as the ideal reagent for providing oxidants in the exploratory 

photooxidation of kryptopyrrole. Not only is it readily commercially available, literature has 

reported that it is an environmentally friendly alternative to gaseous oxygen.152 Previous 

literature has shown methodologies using inefficient dye-sensitised photooxygenation 

reactions.144, 145 Authors Wooldridge & Lightner146 utilised a different method that involved 

the use of high pressure reaction bombs. Therefore, by using a simpler method for the 

exploration of these oxidised pyrrole compounds would allow for a more efficient and more 

rapid understanding of the complex chemistry. Extraction techniques that were performed 

were primarily liquid-liquid based extractions (LLE) also referred to as partitioning and 

allowed for the recovery of extracts of interest. Certain compounds required recrystallisation 

for purification of samples.  

 

Comprehensive general methods, equipment and materials used for the synthesis of the 

photooxidised compounds of 2,4-dimethyl-3-ethyl-pyrrole are presented in Section 7.5. 

Relevant NMR spectra are presented in Section 10 Appendix.  
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7.3 Results  

7.3.1 Proposed synthetic scheme for the photooxidised products of 2,4-dimethyl-3-ethyl-pyrrole 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 7.1a Exploratory scheme for the photooxidised products of 2,4-dimethyl-3-ethyl-pyrrole (1.0 g; 0.008 mol) under varying conditions.  
Reagents and conditions: (a) H2O2 (2.306 mL), MeOH (30 mL), hv, 1 hr; (b) H2O2 (2.306 mL), MeOH (30 mL), hv, 4-6 hrs; (c) H2O2 (2.306 mL), MeOH (30 mL), hv, t=24-48 hrs; (d) H2O2 

(2.306 mL), MeOH (30 mL), t=48-72 hrs; (e) t=96+ hrs, CHCl3 extraction of reaction mixture of RM; (f) t=96+ hrs, EtOAc extraction of RM; (g) aq FeSO4, t=<1 min; (h) 1M NaOH quench; (i) 

1M NaOH quench; (j) CHCl3/H2O partition → DCM recrystallise from Et2O; (k) CDCl3, t=4 weeks, (l) CDCl3, t= 4 weeks. RM: reaction mixture; hv: light (energy) 
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with concentrated NaOH (15 mL) to quench residual H2O2 before proceeding with a liquid-

liquid extraction. The quenched solution underwent organic solvent work-up involving 

CHCl3 and H2O and was repeated 3 times (3 x 75 mL). The organic fractions were 

evaporated under pressure to a concentrate and white crystals were formed as a result (0.391, 

39%). Characterisation by NMR confirmed the structure to be of compound 11 and LC-MS 

was shown to have a m/e of 140.  

 

The remaining aqueous fraction from the previous liquid-liquid extraction was used for the 

isolation of compound 10. The water fraction was partitioned with EtOAc and back extracted 

twice (2 x 75 mL). The remaining organic fractions were evaporated to a concentrate through 

rotary evaporation and was isolated as a clear, viscous liquid (0.255 g, 26%). Characterisation 

by NMR confirmed the structure and LC-MS was shown to produce a m/e of 138. The above 

procedure was decided to be repeated however with a modification specifically on the solvent 

choice after work-up with NaOH. After work-up with concentrated NaOH (15 mL) to quench 

residual H2O2, it was decided to proceed with an EtOAc partition with H2O first and then a 

subsequent CHCl3/H2O back extraction. Interestingly, the evaporated EtOAc fraction was 

difficult to characterise as it was shown to be an impure mixture.  

 

A repeat attempt was made with the same amount of starting material (0.008 mol) and 

reagent (2.306 mL). However, the change in reaction condition was to allow for a shorter 

amount of time (48-72 hours) before taking the reaction mixture off for further processing. 

To observe what compound could be derived without quenching remaining H2O2, it was 

decided to not add any concentrated NaOH. The resulting solution underwent a liquid-liquid 

extraction with CHCl3 and H2O (3 x 75 mL). The organic fractions were evaporated to a 

concentrate and underwent recrystallisation for purification. The chosen solvents were Et2O 

and DCM. The concentrated extract was of a yellow colour before recrystallisation. It was 

found that the extract was able to be fully dissolved into a saturated solution with DCM and 

using Et2O allowed for the formation of crystals. Interestingly, the colour appeared to follow 

the DCM fraction and as such, once crystals were formed using Et2O, it was washed with 

DCM to remove gross impurities and decanted off. White crystals with a blue tinge were 

formed as a result and yielded 0.255 g (25%). Characterisation by NMR confirmed the 

structure be compound 6 and LCMS revealed a m/z of 171.2. The geometries of compound 6 

was established through Nuclear Overhauser Effect spectroscopy (NOESY). NOEs differ to 

other 2D NMR spectroscopic methods in that it is reliant on which protons are close to each 
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other in space rather than chemical bonds of the molecule. As such, NOEs were found 

between the N-H and adjacent -CH3.  

 

The next attempt was to investigate the possible compounds isolated if the reaction mixture 

was taken off for work-up at an earlier time. A similar amount of starting material (0.008 

mol) and reagent (2.306 mL) was irradiated for a period of 4-6 hours. Once the resulting 

mixture began to exhibit a red colour, the solution underwent organic solvent work-up and 

was washed with DCM and H2O (3 x 75 mL) to remove gross impurities. The resulting 

organic fractions were evaporated to a concentrate and was isolated as a red, translucent gel. 

This gel was dissolved in methanol (30 mL) and stirred until homogenously mixed. While 

stirring, concentrated NaOH (pH 12) was added dropwise until 15 mL was added. The 

reaction mixture was monitored for 1 hour as it began forming a precipitate. The reaction 

mixture was stirred further for an additional hour and once again underwent organic work-up 

and was washed with DCM and H2O (3 x 75 mL). The extracting organic fractions were 

evaporated to a concentrate and was isolated as a red-brown oil (0.241 g, 24%). The isolated 

oil was confirmed as compound 7 through NMR assignments.  

 

It was also observed that by leaving the kryptopyrrole reaction mixture for a period of 24-48 

hours elicits a colour change to a yellow solution. Following the similar method as stated 

above isolated compound 8. Although complete characterisation could not be achieved, we 

observed that 8 was missing a -CH3 group in comparison to 7. It is believed that 

demethylation could be taking place possibly due to the choice of solvents used. 

Characterisation of NMR revealed the presence of the methyl peak at δ 3.01 ppm (3H, s) and 

was further confirmed through 13C NMR (HSQC) that showed a peak at δ 49.8 (N-CH3) 

indicating a methyl group attached to the nitrogen in the pyrrole moiety. These peaks were 

absent when characterising Compound 8. This was further confirmed through electrospray 

ionisation mass spectrometry (ESI-MS) that showed an ion at m/z 170.0 consistent with 

Compound 7. In comparison, Compound 8 revealed an ion at m/z 156.0 indicating the 

absence of the methyl group.  
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Scheme 7.1b Exploratory scheme for the photooxidised products of 2,4-dimethyl-3-ethyl-

pyrrole under varying conditions.  
Reagents and conditions: (a) CDCl3, 2 weeks; (b) CDCl3, 2 weeks 
 

On two separate attempts, isolated compounds 7 and 6 were left in separate NMR tubes in 

CDCl3 for 2 weeks. A subsequent 1H NMR was performed and it was found that the 

compounds had converted to compound 12 as depicted in Scheme 7.1b above. After a further 

2 weeks, the compounds had further degraded into compound 13. The 1H NMR for 

Compound 13 is depicted in Figure 7.1 below. Characterisation of NMR revealed the 

presence of a proton peak at δ 4.81 (1H, s) as shown by the red arrow in Figure 7.1. Further, 

an exchangeable proton (denoted by the blue arrow) was also found directly adjacent, 

revealing a peak at δ 4.80 (1H,s). These peaks were not observed in Compounds 6 and 7. 13C 

NMR data (HMBC) revealed that Compound 13 may be interchangeable due to the carbon-

carbon double bond in the ring observed resonance showing a peak of δ 145.6 and 142.7 

(C=C). It is proposed that this could be due to residual oxidants that were not quenched 

during work-up and as such, ended up degrading the compounds and that the interconversion 

may be driven by the formation of methyl peroxide (that was also present in the NMR 

solutions). Unfortunately, due to time constraints, compound 14 could not be characterised 

however if more oxidants were present, it is believed that it could be readily formed.  
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other potential starting materials was time inefficient.  It was hoped that the experimental 

work on urine pyrroles would provide an insightful starting point to continue the early work 

of the 1950-70’s and more recently in the characterisation of BOXes. 

 

A number of intermediate compounds were derived from a series of photooxidation reactions 

of 2,4-dimethyl-3-ethyl-pyrrole. This provided insight into the solvent conditions required for 

these intermediates to form, with preliminary results showing close structural similarities to 

compounds shown in reports originally investigating urine pyrroles144, 145 and more recently 

in the characterisation of BOXes, with compound 14 showing close resemblance to the BOX 

compound MVM.103 To the best of our knowledge, we have reported two novel compounds 

that have previously not been reported in the literature namely: compound 6 and 11. Each of 

the compounds were characterised through different work-up and reaction conditions. 

Further, despite not being able to characterise compound 14, we believe that we may have 

provided insight into the mechanism of formation prior to its conversion to compound 14. By 

utilising the described solvents for work-up, extraction and subsequent characterisation, it has 

provided valuable insight for future work. This is especially encouraging for the characterised 

compounds that were found through CHCl3 extraction as it is a commonly used solvent to 

extract pyrroles from human urine.   

 

Future studies will need to be conducted to confirm that the mechanism of formation follows 

what we hypothesise. Further, due to time constraints, a number of compounds could not be 

prepared for LC-MS and as such, additional studies will need to address and confirm the 

mass ions. However, despite rigorous effects in work-up and purification, the exploratory 

experiments in this study have shown that the compounds will readily interconvert into 

different compounds. This also translated into the lack of purification on certain compounds 

and as such, future work should be directed into developing methods for purification of these 

sensitive intermediate compounds.  
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7.5 Experimental  

All chemicals and reagents used that did not provide a synthetic protocol were purchased 

commercially (Sigma Aldrich, Merck, Rowe Scientific). Solvents were analytical reagent 

grade and were dried prior to use. Purification was performed by recrystallisation with 

DCM/Et2O. Solvents were removed by an IKA RV8 Rotary Evaporator with cold trap and a 

Sparmax compact high vacuum pump providing vacuum.  

 

Thermo Fisher Ultimate 300 RS UHPLC-MSQ (ESI-MS) was used for LC-MS analysis, 

operating in positive mode. C18 reverse phase silica gel column (loose packing) was used as 

the stationary phase and the mobile phase typically consisted of 50:50 (MeOH:H2O) to a final 

composition of 100% methanol acidified with formic acid. 1H and 13C NMR spectra were 

generated using a Bruker Avance 800 MHz for 1H NMR. Samples were dissolved in CDCl3 

and chemical shifts were reported to two decimal places in parts per million (ppm) relative to 

tetramethylsilane (TMS) at 0 ppm. Standard abbreviations for multiplicities were used; s, 

singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; dq, doublet of quartets; ddq, 

doublet of doublet of quartets; m, multiplet. 2D COSY (Correlation Spectroscopy), HMBC 

(Heteronuclear Multiple Bond Correlation) and HSQC (Heteronuclear Single Quantum 

Coherence) experiments were conducted to assign the 1H and 13C NMR chemical shifts. 

NOESY (Nuclear Overhauser Effect Spectroscopy) correlations were used to assign 

geometry. NMR spectra (1H, 13C, COSY and HSQC) are displayed in Appendix 6.1.2 and 

6.1.3, in chronological order in section 6. ChemDoodle (v 11.1.0, iChemLabs LLC) was used 

for 2D chemical drawing. 

 

2,4-Dimethyl-3-ethyl-pyrrole (1) 

 

Starting material 2,4-dimethyl-3-ethyl-pyrrole (CAS Number: 517-22-6) was obtained 

through Sigma Aldrich. 

1H NMR was performed in order to determine purity. 
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4-Ethyl-5-hydroperoxy-3,5-dimethyl-3-pyrrolin-2-one (6) 

 

 

 

 

 

 

A solution of 1 (1.022 g, 0.00813 mol) in methanol (30 mL) was stirred as H2O2 (2.306 mL) 

was gradually added and irradiated under UV light at 365 nm for 72 hours. The resulting 

solution underwent organic solvent work up with CHCl3 and H2O. The resulting organic 

fraction was evaporated to a concentrate and underwent recrystallisation with diethyl ether 

and DCM. White crystals with a blue tinge were formed from addition of diethyl ether and 

the DCM fraction was decanted off (0.255 g, 25%).  

1H NMR (CDCl3, 800 MHz): δ 6.30 (1H, s), 2.21 (1H, dq, J=7.46 Hz), 2.15 (2H), 1.76 (3H), 

1.60 (3H, s), 1.03 (3H). 13C NMR (CDCl3, 200 MHz): δ 174.0 (C=O), 161.5 (C=C), 128.2 

(C=C), 66.6 (C-O-O), 22.4 (CH3), 18.9 (CH2), 12.6 (CH3), 8.3 (CH3). LCMS (positive-ion 

mode): m/z calculated for C8H12NO3 [M+H]+ 171.2, found 171.2. 

 

4-Ethyl-5-hydroxy-1-methyl-3,5-dimethyl-3-pyrrolin-2-one (7) 

 

 

A solution of 1 (1.005 g, 0.00813 moles) was dissolved in methanol (30 mL). Hydrogen 

peroxide (H2O2) (2.306 mL) was added to the resulting solution and was stirred and irradiated 

under UV light at 365 nm for approximately 5 hours. The resulting solution underwent 

organic solvent work up and was washed with DCM and H2O (3 x 75 mL). The resulting 

organic fraction was evaporated to a concentrate and was isolated as a red, translucent gel. 

The red, translucent gel was dissolved in methanol (30 mL) and stirred until homogenously 

mixed. While stirring, concentrated NaOH (pH 12) was added dropwise until 15 mL was 

added. The reaction mixture was monitored for 1 hour until it began forming a precipitate. 

The reaction was stirred further for an additional hour. The resulting solution underwent 

organic work up and was washed with DCM and H2O (3 x 75 mL). The resulting organic 

fraction was evaporated to a concentrate and was isolated as a red-brown oil (0.241 g, 24%).  
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1H NMR (CDCl3, 800 MHz): δ 5.69 (1H, s), 3.01 (3H, s), 2.28 (1H, dq, J=7.38 Hz), 2.26 

(1H, dq, J=7.59 Hz), 1.85 (3H, s), 1.52 (3H, s), 1.17 (3H, dd, J=7.38, 7.59). 13C NMR 

(CDCl3, 200 MHz): δ 172.5 (C=O), 156.4 (C=C), 129.8 (C=C), 90.5 (C-O), 49.8 (N-CH3), 

24.1 (CH3), 18.2 (CH2), 12.4 (CH3), 8.2 (CH3). LCMS (positive-ion mode): m/z calculated for 

C9H16NO2 [M+H]+ 170.0, found 170.0.  

 

4-Ethyl-3-methyl-5-methylene-3-pyrrolin-2-one (10) 

 

 

The remaining aqueous fraction from 11 was used for the isolation of 10. The water fraction 

was partitioned with EtOAc and back extracted (2 x 75 mL). The organic fractions were 

evaporated to a concentrate through rotary evaporation and was isolated as a clear, viscous 

liquid (0.255 g, 26%) 

1H NMR (CDCl3, 800 MHz): δ 5.94 (1H, s, H1), 3.94 (2H, d, J = 11.8 Hz), 3.70 (2H, d, J = 

11.8 Hz), 2.32 (2H, q, J = 7.7 Hz), 1.87 (3H, s), 1.19 (3H, t, J = 7.8 Hz). 13C NMR (CDCl3, 

800 MHz): δ 175 (C=O), 152 (C=C), 134 (C=C), 98 (C-O), 56 (=CH2), 22 (CH3), 19 (CH2), 

18 (CH3). LCMS (positive-ion mode): m/z calculated for C8H11NO [M+H]+ 138.2, found 

138.0. 

 

4-Ethyl-3,5-dimethyl-3-pyrrolin-2-one (11) 

 

 

A solution of 1 (1.001 g, 0.00813 moles) was made by dissolving in methanol (30 mL) and 

H2O2 (2.306 mL) was added to the resulting solution dropwise while stirring. The solution 

was irradiated under UV light at 365 nm for approximately 96+ hours until the mixture 

turned a light-yellow colour. The resulting solution was quenched with concentrated NaOH 

(15 mL) to degrade residual H2O2. The quenched reaction solution underwent organic solvent 
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work up involving CHCl3 and H2O (3 x 75 mL). The organic fractions were evaporated to a 

concentrate and white crystals were formed as a result (0.391 g, 39%) 

1H NMR (CDCl3, 800 MHz): δ 4.30 (1H, bs, H1), 4.21 (1H, q, J = 1.2, 6.9 Hz), 2.49 (2H, q, J 

= 7.6 Hz), 1.83 (3H, d, J = 1.2 Hz), 1.35 (3H, d, J = 6.9 Hz), 1.14 (3H, t, J = 7.6 Hz). 13C 

NMR (CDCl3, 800 MHz): δ 185 (C=O), 172 (CH), 135 (CH), 64 (CH), 17 (CH3), 16 (CH2), 

16 (CH3), 12 (CH3). LCMS (positive-ion mode): m/z calculated for C8H13NO [M+H]+ 140.1, 

found 140.0. 

 

3-Ethyl-4-methyl-6-oxa-1-azabicyclo[3.1.0]hex-3-en-2-one (13) 

 

Compound 13 was generated upon standing (in CDCl3) for approximately 4 weeks from both 

6 and 7. Both NMR solutions had traces of the other. It is suggested that this interconversion 

to 13 may be driven by the formation of methyl peroxide (which was also present in the 

NMR solutions). 

1H NMR (CDCl3, 800 MHz): δ 4.81 (1H, s), 4.80 (1H, s, exchangeable), 2.45 (2H, q, J=7.6 

Hz), 1.92 (3H, s), 1.15 (3H, t, J=7.6 Hz). 13C NMR (CDCl3, 200 MHz): δ 172.0 (C=O), 145.6 

(142.7 resonance) (C=C), 128.3 (C=C), 91.8 (C-O), 17.7 (CH2), 13.7 (CH3), 8.16 (CH3).  
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Chapter 8. An investigation into the reactivity of para-

dimethylaminobenzaldehyde and pyrrolic compounds 

8.1 Introduction and significance 

Bilirubin oxidation end products have not been identified as a single, cohesive group of 

chemical entities. The literature reviews from the previous chapters revealed that these 

compounds are related to a number of health conditions with possibly significant clinical 

implications. It is interesting to note that despite the lack of connection between each group 

of compounds, researchers have noted that these compounds are very sensitive even during 

mild conditions during experimental work-up leading to difficulties in characterisation. 

 

It is important to note that Sohler et al.133 indicated that Ehrlich’s reagent lacks specificity, in 

that it contains multiple reactive sites. Despite urine pyrroles readily reacting with Ehrlich’s 

reagent to facilitate a colour reaction, there is a lack of information in the literature pertaining 

to the structural complexes that are formed. It is therefore important to determine the possible 

complexes that Ehrlich’s reagent would form with pyrrolic compounds and the mechanisms 

that direct the reaction to occur. For this chapter a general review on the widely utilised 

commercial reagent, para-dimethylaminobenzaldehyde, was conducted with a specific focus 

on the importance of its structural features and its analytical applications in determining 

pyrrole-containing compounds. For the experimental component, the reactivity of para-

dimethylaminobenzaldehyde was investigated with our readily available starting material, 

2,4-dimethyl-3-ethyl-pyrorle (kryptopyrrole). 

 

8.2 Methodology 

The literature review in Chapter 6 revealed that urine pyrroles are highly sensitive and 

reactive to even mild conditions during experimental work-up leading to difficulties in 

characterisation. The compounds also exhibited structural changes when acidified. Although 

it appears that kryptopyrrole and its related pyrrole compounds are readily able to react with 

para-dimethylaminobenzaldehyde, little is known about the structure that it is able to form 

once a reaction has occurred with much of the early work being semi-quantitative at best. The 

first part of this chapter addresses the review of para-dimethylaminobenzaldehyde 

specifically investigating its structural features and reactivity with pyrrolic compounds. 
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The following databases were consulted to identify the relevant literature: PubMed, 

PubChem, Google Scholar, Medline and Embase. Abstracts of conference proceedings and 

higher degree research theses were also consulted, and reference lists of relevant articles were 

also searched. The search was not limited by date or study type. MeSH and non-MeSH terms 

used during the search for literature were as follows: 4-(dimethylamino)benzaldehyde, 4-

(dimethylamino)benzaldehyde, hydrochloride, Ehrlich’s reagent, p-

dimethylaminobenzaldehyde, p-dimethylaminobenzaldehyde hydrochloride, para-

dimethylaminobenzaldehyde, dimethylaminobenzaldehyde, para-N,N-

dimethylaminobenzaldehyde. 

 

A preliminary experimental procedure was then utilised for the second part of this chapter to 

investigate the reactivity of para-dimethylaminobenzaldehyde with a pyrrole-containing 

compound. Similarly, to the previous chapter, it was decided to use 2,4-dimethyl-3-ethyl-

pyrrole (kryptopyrrole) as the pyrrole candidate due to it being structurally similar with the 

three pyrrole-containing compounds of interest identified in the literature reviews and time 

constraints limiting the use of a synthesised starting material. Comprehensive general 

methods, equipment and materials used for the investigation of 2,4-dimethyl-3-ethylpyrrole 

and para-dimethylaminobenzaldehyde are presented in Section 8.5. Relevant NMR spectra, 

spectrophotometric and chromatographic data are presented in Section 10 Appendix. 
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8.3 Review of para-dimethylaminobenzaldehyde and its structural features and 

applications 

Para-dimethylaminobenzaldehyde is a bifunctional aromatic skeleton possessing the 

aldehyde group (-CHO) para to an activating substituent dimethylamino group [-N(CH3)2] 

(Figure 8.1). It is well established as the principal ingredient in Ehrlich’s reagent allowing it 

to have a broad spectrum of analytical and commercial functions.  Other names include 4-

(dimethylamino)benzaldehyde, p-(dimethylamino)-benzaldehyde, Ehrlich’s reagent and p-

DAB, DMAB, N,N-Dimethyl-4-aminobenzaldehyde.153 It is noteworthy to mention that there 

are several different derivatives of Ehrlich’s reagent that use para-

dimethylaminobenzaldehyde as the indicator for detection of compounds but with different 

solvents. These are, namely:  

• The van Urk reagent consisting of para-dimethylaminobenzaldehyde, sulphuric acid 

and an oxidant 

• The Hofmann reagent consisting of para-dimethylaminobenzaldehyde, sulphuric acid 

and ferric chloride solution 

• The Renz and Loew reagent consisting of para-dimethylaminocinnamaldehyde and 

hydrochloric acid (para-dimethylaminocinnamaldehyde is an aromatic hydrocarbon 

with similar properties as para-dimethylaminobenzaldehyde) 

For the purpose of this chapter, para-dimethylaminobenzaldehyde will henceforth be referred 

to as DMAB.  

 

 

 

 

 

 

 

Figure 8.1 para-dimethylaminobenzaldehyde (DMAB) 

 

Due to its interesting structural features, DMAB has been applicable in a wide range of 

processes and reactions. The para-substituted benzene derivative allows for a donor-

aromatic-acceptor structure. This in turn allows the structure to form two resonance structures 
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to the electronic ground state: the neutral benzenoid structure and the zwitterionic quinonoid 

structure with a negative charge on the oxygen and a positive charge on the nitrogen.154, 155  

The structural features allow for DMAB to be used in a variety of analytical applications that 

have been adopted in both spectrophotometric and spot/test strip methods. One of the notable 

methods is the specific and efficacious method developed for the determination of H2-

receptor antagonists.156 This method was developed based on the oxidation of the H2-receptor 

antagonist with cerium in the presence of perchloric acid with subsequent measurement being 

achieved from excess Ce(IV) by its reaction with DMAB giving a red coloured product (λmax 

464nm).156 

 

DMAB is also readily able to form Schiff bases. A Schiff base is a compound with general 

structure R1R2C=N-R3 and is formed by the condensation of the carbonyl functional group 

with amino donor groups.157  As this allows the extension of electronic conjugation, many of 

the Schiff bases formed are coloured. DMAB and its ability to form Schiff bases has been 

utilised for the spectrophotometric determination of amino donors.153 DMAB has been used 

as a Schiff base to spectrophotometrically determine a number of different drug classes: 

• 6-aminopenicillanic acid (6-APA) and 6-aminocephalosporanic acid (6-ACA) that are 

core intermediates for the synthesis of antibiotics.158, 159 

• Hydralazine that is used for the treatment of high blood pressure and heart failure.160, 

161  

• Secnidazole, a nitroimidazole anti-infective for the treatment of dientamoebiasis.162, 

163 

 

Figures 8.2 shows the Schiff base structure formed from 6-APA with DMAB. Adapted from 

Yatsimirskaya et al.158 

 

 

 

 

 

 

Figure 8.2 6-APA with DMAB via Schiff base formation 
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Figure 8.3 shows the Schiff base formed from hydralazine with DMAB. Adapted from 

Adegoke and Nwoke.160 

 

 

 

 

 

 

Figure 8.3 Hydralazine with DMAB via Schiff base formation  

 

Arguably the most well-known application of DMAB in Ehrlich’s reagent is its establishment 

as a spot testing reagent for the detection of indoles, pyrroles and related nitrogen-containing 

compounds.164-166 Compounds that possess the indole and pyrrole functional groups provides 

a colour reaction of DMAB with metabolites in urine that in turn serves as a  diagnostic tool 

for determining porphyrias, liver diseases, occlusions of the bile duct, and haemolytic 

processes.166-168 Furthermore, it is frequently used in the detection of illicit substances namely 

drugs containing tryptamines such as N,N-dimethyltryptamine colloquially known as DMT 

and ergoloids such as LSD.169 As mentioned previously in Chapter 6, Sohler et al.133 utilised 

DMAB with sulphuric acid and ascorbic acid (i.e. van Urk’s reagent) for the detection of 

urine pyrroles in mental health conditions. 

 

Recent publications have reported that DMAB can function as a coupling component to allow 

a diazo coupling reaction to occur. This is especially advantageous for drug molecules that 

lack chromophores due to the lack of UV-Vis or fluorescent absorption such as gabapentin.170 

Another drug namely ganciclovir, an antiviral medication used to treat cytomegalovirus 

infections, has also been shown to undergo a diazo coupling reaction with DMAB acting as 

the coupling component.171  

 

DMAB has also been established as a reagent to detect biological substances such as 

urobilinogen, tryptophan, amino sugars and ALA in biological specimens.172-174 This reagent 

has also been shown to react with bilirubin, whereby the method Suzuki172, 173 showed that 

DMAB and bilirubin react due to a condensation reaction of the aldehyde group in the 

DMAB molecule with the central active methylene group in the bilirubin molecule. Serum 

and urine measurements of bilirubin using DMAB do not differ greatly. However, normal 
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urine samples will typically have undetectable levels of bilirubin and so the reaction largely 

reacts with co-existing constituents giving a yellow-red product that is contrasted by serum 

bilirubin measurements which gave a green product. Further, serum measurements of 

bilirubin reported an absorption maximum at approximately 640 nm which was contrasting of 

the urine assay, in which absorption at 640 nm was very small.172, 173 

 

8.4 Experimental results 

The reaction was initiated by first preparing the DMAB solution. 1.0 g of DMAB was 

dissolved in an adequate amount of MeOH to ensure a homogenous solution through 

sufficient oscillation. The reagent solution was placed in dry ice (-30oC) for approximately 45 

minutes until a slurry was formed. 10 mL of sulphuric acid was added to the slurry and was 

added to capacity with MeOH (100 mL). It was decided to perform the reaction at a 1:1 

stoichiometric ratio, and as such, 24.5 mL of DMAB solution was added to the prepared 2,4-

dimethyl-3-ethyl-pyrrole compound (0.200 g). A colour change was observed that was 

indicative of the formation of a strong chromophore and was let to incubate for 35 minutes.  

 

The resulting reaction mixture underwent work-up with chloroform and 1M NaOH and was 

washed with H2O (3 x 75 mL) to remove gross impurities. The organic fractions were 

extracted and evaporated down. TLC was performed to monitor the reaction (7:3; EtOAc:Hex 

spiked with NH3) and flash column chromatography was performed under vacuum for 

purification of the sample. To ensure dryness, anhydrous sodium sulphate (Na2SO4) was 

added for further evaporation and subsequent characterisation was achieved through 

spectroscopy. A yield of 0.1645 g (82.25%) was reported.  

 

It was found that three separate compounds were characterised through 1H NMR as depicted 

in Scheme 8.1 below. It appears that the aldehyde functional moiety on DMAB was able to 

bind to the C5 position on 2,4-dimethyl-3-ethyl-pyrrole. Electrophilic substitution was likely 

to be responsible for the bonding observed with DMAB and 2,4-dimethyl-3-ethyl-pyrrole. 

The aldehyde moiety of DMAB also underwent a condensation reaction in order for binding 

to occur with 2,4-dimethyl-3-ethyl-pyrrole. Due to the electron rich nature of the nitrogen 

atom in pyrrole systems, delocalised electrons exist that contributes to the formation of 

resonance structures. This appears to be primarily why we observed three structures in the 
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preliminary 1H NMR spectrum as shown in Figure 8.4 below. LCMS of the product 2,4-

dimethyl-3-ethylpyrrole reacted with DMAB reagent produced an ion at m/z 255 (Figure 8.5).  

 

 

Scheme 8.1 Structures elucidated through 1H NMR spectroscopy 

Figure 8.4 1H NMR for 2,4-dimethyl-3-ethylpyrrole and DMAB reagent complex. Solvent 

CDCl3 
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Figure 8.5 ESI-MS (positive ion mode) for 2,4-dimethyl-3-ethylpyrrole and DMAB reagent 

complex 

 

 

 

 

 

 

 

 

 

Figure 8.6 UV-Vis absorption spectrum for 2,4-dimethyl-3-ethylpyrrole and DMAB reagent 

 

Figure 8.6 presents the UV-Vis spectra for 2,4-dimethyl-3-ethylpyrrole and DMAB reagent. 

As described previously, upon addition of the starting material with the DMAB reagent, a 

strong colour change was observed that was indicative of the formation of a chromophore. 

We observed a deep mauve colour and through UV spectrophotometry, a λmax of the product 

was found at 535 nm.  
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Owing to the reactivity of 2,4-dimethyl-3-ethylpyrrole and DMAB, we were also interested 

whether the isolated compounds from Chapter 7 would facilitate a reaction with DMAB. 

Following the same method described previously, we observed no reactions from 

Compounds 6, 7, 10, and 11 and DMAB.  

 

8.5 Conclusion and future directions 

Bilirubin oxidation end products are a group of chemical compounds that have not been 

identified as a single, cohesive group of chemical entities. Although these molecules have 

been implicated to a number of health conditions that may be significant in a clinical setting, 

there are still a number of difficulties concerning their characterisation. The previous chapter 

identified a series of compounds from the photooxidation of 2,4-dimethyl-3-ethyl-pyrrole. 

These compounds were converting into different compounds after work-up, which 

highlighted the importance of using a suitable chemical trapping agent. 

 

As such, this chapter explored DMAB as a potential trapping agent for 2,4-dimethyl-3-

ethylpyrrole, a compound with structural similarity to the three pyrrole-containing 

compounds of interest identified in the literature reviews. A general review of DMAB was 

conducted in order to better understand the unique structural properties, as well as identify 

the diverse applications it has in biological samples as well as pharmaceuticals. Through 

NMR spectroscopy, three compounds were identified that were due to resonance stabilisation 

from the pyrrole moiety. It was found that the DMAB reagent undergoes a condensation 

electrophilic substitution reaction that was bound to the carbon alpha to the nitrogen. The UV 

absorption spectrum also provided insight into the maximum wavelength (535 nm) that is 

absorbed at, also consolidated by the observation of a colour change upon addition of the 

DMAB reagent with the starting material.  

 

Despite kryptopyrrole being able to readily react with DMAB, DMAB may not be an 

appropriate trapping agent since a number of isolated compounds from Chapter 7, namely 

Compounds 6, 7, 10, and 11 did not react with DMAB. Further, early work conducted by 

Irvine et al.140 has mentioned in brief that compounds such as the one that we were not able 

to characterise but would assume to form (compound 14), would not be able to readily react 

with DMAB. This observation may indicate that despite DMAB showing high reactivity with 

pyrroles, it may not capture all possible urine pyrrole intermediates. As such, further 
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exploration is needed in order to clarify and understand the intimate mechanisms that 

determine its selectivity for pyrrolic molecules, and a more specific trapping agent or an 

alternate analytical method to quantitate these compounds such as ELISA may be preferred.  
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8.6 Experimental 

All chemicals and reagents used that did not provide a synthetic protocol were purchased 

commercially (Sigma Aldrich, Merck, Rowe Scientific). Solvents were analytical reagent 

grade and were dried prior to use. Thin layer chromatography (TLC) on glass plates coated 

with Silica Gel from Merck were utilised to monitor reactions and visualised under ultraviolet 

(UV) light. Purification was performed by using normal-phase derived silica gel with 

Hexane/EtOAc combinations, supplied by Sigma Aldrich. Solvents were removed by an IKA 

RV8 Rotary Evaporator with cold trap and a Sparmax compact high vacuum pump providing 

vacuum.  

 

Thermo Fisher Ultimate 300 RS UHPLC-MSQ (ESI-MS) was used for LC-MS analysis, 

operating in positive mode. C18 reverse phase silica gel column (loose packing) was used as 

the stationary phase and the mobile phase typically consisted of 50:50 (MeOH:H2O) to a final 

composition of 100% methanol acidified with formic acid. GBC Cintra 2020 Ultraviolet-

Visible (UV-Vis) spectrophotometer was used for UV analysis. 1H NMR spectra were 

generated using a Bruker Avance 800 MHz. Samples were dissolved in CDCl3 and chemical 

shifts were reported to two decimal places in parts per million (ppm) relative to 

tetramethylsilane (TMS) at 0 ppm. ChemDoodle (v 11.1.0, iChemLabs LLC) was used for 

2D chemical drawing. 

 

2,4-Dimethyl-3-ethyl-pyrrole (1) 

 

Starting material 2,4-dimethyl-3-ethyl-pyrrole (CAS Number: 517-22-6) was obtained 

through Sigma Aldrich. 

Purity of starting material was determined through 1H NMR. 
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N,N-Dimethyl(p-[(E)-(4-ethyl-3,5-dimethyl-2-pyrrolylidene)methyl]phenyl)amine  

    

The reaction of the pyrrole compound was performed at a 1:1 stoichiometric ratio. DMAB 

(1.000 g) was dissolved in a 100 mL volumetric. Sulphuric acid (10 mL) was added to the 

volumetric flask with additional methanol added to make up volume, cooled (-30 oC) then it 

was equilibrated to room temperature. 0.200 g of 2,4-dimethyl-3-ethyl-pyrrole was taken out 

to let it equilibrate to room temperature before 10 mL of methanol was added. 24.22 mL of 

DMAB solution was added to the pyrrole mixture. The change in colour observed was 

indicative of the formation of a strong chromophore. The reaction mixtures were worked up 

to a partition of chloroform and 1M sodium hydroxide and washed with water to remove 

gross impurities. Solvents were removed by rotary evaporation. Thin layer chromatography 

was performed to monitor the reaction with 7:3, EtOAc:Hex spiked with NH3. Flash column 

chromatography was performed under vacuum using C18 derivatised silica gel. Fraction 

containing compounds of interest were evaporated to dryness and anhydrous sodium sulphate 

(Na2SO4) was added prior to transfer to another flask for further evaporation and 

spectroscopy. LCMS (positive-ion mode): m/z calculated for C17H22N2 [M+H]+ 255.0, found 

255.0. 
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Chapter 9. Conclusions and future directions 

9.1 Conclusions 

Bilirubin is one of the products formed during the haem degradation cycle and has 

traditionally been thought of as a waste product that required excretion. High levels of 

bilirubin can cause life-threatening health conditions such as kernicterus and neonatal 

hyperbilirubinaemia if not treated promptly.3, 4 As such, the primary research focus on 

bilirubin has been on developing appropriate treatment protocols for reducing elevated levels 

of bilirubin, as well as optimising and developing more sensitive, robust and streamlined 

methods of measuring serum and urine bilirubin levels.6-8 More recently, there has been a 

shift in research focus whereby recent reports have demonstrated antioxidative activity of 

bilirubin and led to the hypothesis that it also has a physiological role as a protective cellular 

antioxidant,9-11 producing bilirubin oxidation by-products as a result of scavenging reactive 

oxygen and nitrogen species. This study presented an extensive review of bilirubin oxidation 

end products, highlighting the elucidation, synthesis and characterisation of these compounds 

and their relationship to human health.  

 

The first stage of the investigation involved a scoping review that identified two pyrrole-

containing oxidative by-products of bilirubin. These were referred to as biopyrrins, 

biotripyrrins or BOMs and bilirubin oxidation products or, BOXes. A third pyrrole-

containing molecule was identified that has been associated with oxidative stress and mental 

illness. There has been much speculation about its origin, which includes that of an ‘aberrant 

haem pathway’. Two key themes emerged from the scoping review that informed the 

inclusion criteria for the literature reviews in the proceeding chapters: (i) elucidation, 

characterisation and chemical synthesis of bilirubin oxidation end products, and (ii) proposed 

clinical application or pathophysiology for the bilirubin oxidative end products, including 

both human and animal studies.  

 

The second stage of the study involved an extensive literature review on BOMs. This 

metabolite was found to be associated in a wide range of health conditions including 

cardiovascular, mental health and skin conditions. The literature review revealed that the 

majority of clinical studies utilised an ELISA biopyrrin kit to compare urinary levels of 

biopyrrins against already clinically established clinical and oxidative stress measures for 

conditions that have been shown to be clinically implicated in oxidative stress. In a number 
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of cardiovascular related health conditions, it was found that biopyrrin levels became 

elevated prior to noticing elevated levels of clinically established diagnostic markers. This 

highlights the usefulness of using biopyrrin levels as a tool for early detection of disease and 

thereby improving prognosis in patients.  

 

The literature review on BOXes revealed that oxidised forms of bilirubin may be a causative 

agent of vasospasm that occurs after SAH. SAH has been reported to be a clinically 

frustrating disease with the aetiology of the related vasospasm not yet identified. A few 

reports that have investigated these compounds in in vitro and in vivo corroborated the earlier 

findings, however due to the lack of synthetic methods on BOXes, reports on the mode of 

action of BOXes have been limited. As such, more research efforts have been focused on the 

syntheses of these bilirubin oxidation products in order to establish the firm groundwork on 

the mode of action.   

 

The final literature review provided insight into the elusive group of compounds collectively 

known as urine pyrroles. Due to their considerable controversy that have spanned over 

decades, their structural similarity to BOMs and BOXes and association with oxidative stress, 

it was of interest to this study. Reasons for the controversy is associated with the repeated 

misidentifications due to their highly reactive and sensitive nature even under mild conditions 

that subsequently hindered the progress of correctly identifying the compound and 

developing methods for their measurement and synthesis. It is noteworthy to highlight that 

despite the lack of recent publications relating to the biochemical origin as well as its 

pathophysiology, there is an ongoing invested interest in treatment and alleviation of the 

symptomology associated with elevated levels of urine pyrroles. 

 

The literature reviews identified many gaps in the understanding of the pathophysiology and 

lack of robust characterisation of bilirubin oxidation end products, and also provided the 

direction for the experimental work. The third stage of the study comprised of two sections of 

experimental work. The first section of experimental work provided insight into the number 

of intermediates possible from photooxidation reactions conducted on 2,4-dimethyl-3-ethyl-

pyrrole. The exploratory experimental work showed that there are specific solvent conditions 

that are required for these intermediates to form. Further, due to the inherent nature of these 

compounds to be unstable, alternate purification routes were pursued such as recrystallisation 

in order for characterisation to be possible. Nonetheless, to the best of our knowledge, we 
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have reported two novel compounds that have previously not been reported in the literature 

(compound 6 and compound 11) through different work-up and reaction conditions.  

Preliminary results showed close structural similarities to compounds shown in reports 

originally investigating urine pyrroles and more recently in the characterisation of BOXes. 

Despite rigorous efforts in work-up and purification, the exploratory experiments in this 

study have shown that the compounds will readily interconvert into different compounds.  

 

The findings reported from the first section of experimental work directed the proceeding 

review and experimental work investigating the reactivity of the chemical trap DMAB, 

colloquially known as Ehrlich’s reagent, as a chemical trapping agent would likely be needed 

for these highly reactive and unstable compounds. The second section of experimental work 

provided an overview of the reactivity and complexity of DMAB and its chemical reactivity 

at multiple sites in the compound allowing for, amongst others, diazo reactions, Schiff bases 

and condensation reactions. It also directed the preliminary experimental work in using the 

commonly used reagent to assess the reactivity of DMAB with pyrroles, using 2,4-dimethyl-

3-ethyl-pyrrole (kryptopyrrole) as the starting material. Given the high reactivity and 

subsequent lack of specificity of DMAB, and that some intermediates have been found to not 

react with DMAB, it is likely that a more specific chemical trap will be required for bilirubin 

oxidation end products. 

 

This is the first study to identify and provide an in-depth review of bilirubin oxidation end 

products and their relationship to a number of chronic health conditions. The results collated 

from the scoping review, literature reviews and experimental work may provide a useful 

starting point to continue the early work on urine pyrroles from the 1970’s and assist the 

developing research that is currently emerging for BOM and BOX compounds.  

 

9.2 Future directions 

Significant insights into bilirubin oxidation end products were achieved in this study that may 

be utilised to guide further studies in the future. Specifically to BOMs, these interesting 

group of compounds have recently emerged highlighting their clinical importance in a variety 

of unrelated health conditions. However, there were a lack of reports pertaining to baseline 

reference ranges when using the ELISA biopyrrin kits. By conducting future research into 

establishing reference ranges allows for more accurate comparisons with established clinical 
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and oxidative stress markers which in turn may allow for the validation of BOMs as a robust 

clinical tool for determining the severity of oxidative stress across a wide range of health 

conditions. The literature review also revealed that a number of studies were conducted with 

a small number of patients and subjects and as such, larger, multicentre clinical trials will 

confirm the significant findings that has been reported in the literature.  

 

Future studies on BOXes would be to continue investigating the mode of actions of BOXes in 

order to firmly establish whether they are the definitive cause or result of vasospasm in 

patients with SAH. By prioritising this area, future work may allow for the development of 

therapeutics that could directly treat the clinically frustrating condition and improve the 

understanding of bilirubin oxidative end products and their role in oxidative stress. 

 

Urine pyrroles have a long history that dates back to the 1950’s and have been the subject of 

considerable controversy over the years. Contemporary treatment and diagnosis of ‘pyrrole 

disorder’ is based on utilising a colorimetric assay that was developed in the early 1970’s. 

There is much need for further research on characterising urine pyrroles using contemporary 

high-resolution analytical techniques. Further research is also required to determine whether 

zinc and vitamin B6 are able to form a complex with urine pyrroles that are postulated to 

quench these micronutrients from the body. As most work conducted by Pfeiffer132 and 

Sohler et al.133 has focused on a complex forming with kryptopyrrole or urobilin, there is a 

need for clarification as it has been shown that kryptopyrrole is not the pyrrole-containing 

compound being measured. By addressing these gaps in the literature, the clear identification 

and understanding of the biochemical mechanisms responsible for this condition may be 

revealed.  

 

There is a need for further exploration on a variety of other substituted pyrrole-containing 

compounds as well as the characterised pyrrolic compounds in Chapter 7 to provide further 

insight as to whether DMAB is able to facilitate similar binding properties. Conducting 

further experimental work will help clarify and understand the intimate mechanisms that 

determine its selectivity for pyrrole-containing molecules and may direct future research into 

investigations of other chemical trapping agents. 
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Compound 6 NOESY 
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