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Abstract 

Mānuka honey is a premium food product produced exclusively in New Zealand. Traditionally, 

mānuka honey was authenticated using the MGO/DHA system. However, these compounds 

are unstable during prolonged storage, which has led to many concerns in the New Zealand 

honey industry. The New Zealand Ministry for Primary Industries (MPI) has recently 

established new criteria to authenticate mānuka honey using a combination of chemical 

markers and DNA pollen analysis. The identification of more reliable mānuka honey marker 

compounds would benefit the ongoing improvement of the current MPI criteria. Apart from 

the well-known antibacterial activity, mānuka honey also possesses potent anti-inflammatory 

activity. The anti-inflammatory bioactivity cannot be solely explained by the removal of 

pathogenic bacteria or the level of known phenolic compounds. The mechanisms underlying 

the anti-inflammatory properties of mānuka honey are also not fully understood. 

 

This thesis mainly focused on lepteridine, which was discovered as a unique compound in 

mānuka honey. The first part of this project aims to investigate the properties of lepteridine 

and its potential in mānuka honey authentication. The second part of this project aims to 

investigate whether lepteridine contributes to the anti-inflammatory bioactivity of mānuka 

honey through MMP-9 inhibition. 

 

The findings of this study demonstrated the potential of lepteridine as a reliable chemical and 

fluorescence marker compound of mānuka honey. Lepteridine is derived from the 

Leptospermum nectar and showed good stability over prolonged storage at 37 °C. Lepteridine 

was identified as the principal compound responsible for the MM2 signature fluorescence 

(ex330 nm–em470 nm) exhibited by mānuka honey, and the concentration was accurately 



Abstract 

iii 

 

determined using fluorescence spectroscopy. The concentration of lepteridine in honey was 

quantified using HPLC and LC-MS/MS. The minimum lepteridine threshold concentration for 

mānuka honey was determined using a mass spectrometry approach. These studies showed 

that the lepteridine-based analyses can effectively determine the authenticity of mānuka honey 

and compared favourably with the MPI criteria. 

 

An apparent inhibitory effect of MMP-9 was initially observed with mānuka honey phenolic 

extracts using a fluorometric assay. Lepteridine was identified as a contributor to MMP-9 

inhibition with an IC50 of 11.5 µg/mL. However, the fluorometric spectroscopy technique does 

not directly measure the enzyme activity, and the output signal can be influenced by 

fluorescence quenching or the autofluorescence nature of mānuka honey. Further experiments 

were carried out using an absorbance-based chromogenic substrate and gelatin zymography. 

Lepteridine showed more potent inhibition on the gelatinase activity of MMP-9 than the 

peptide cleavage activity (chromogenic substrate). These findings suggest that lepteridine may 

interact with the exosite of MMP-9 by disrupting the binding of gelatin. The results from 

molecular docking analysis further supported the binding of lepteridine at the exosite of MMP-

9 located within the fibronectin type II domain. These findings suggest that lepteridine might 

be of beneficial value for the treatment of conditions such as gastric ulcers where inhibition of 

aberrant MMP-9 activity is desirable. 
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Preamble 

The main text of this thesis has been organised into six distinctive chapters. A brief background 

introduction and literature review on the current knowledge are presented in Chapter 1. 

Chapter 2-5 presents the empirical work carried out in this study. Each individual research 

chapter has its own specific introduction, methodology, results and discussion. Chapter 6 

provides an overall discussion and summarised the major finding of this study. 

 

Lepteridine was discovered as a unique compound present in mānuka honey. The intension of 

this thesis is to examine the physico-chemical properties of lepteridine and its potential 

application as a mānuka honey marker compound. This study also aims to investigate the anti-

inflammatory bioactivity of mānuka honey through MMP-9 inhibition, and identify the 

potential inhibitory component.  

 

 

 



 

 

 

 Introduction and literature 

review 

Executive summary 

This chapter provides a general introduction of the New Zealand honey industry in regard to 

mānuka honey authentication. Honey authentication approaches are discussed from traditional 

methods to modern techniques. This chapter also reviewed the structure and function of MMPs 

with particular focus on the role of MMP-9 in gastric ulcer. 
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1.1. Apiculture and beekeeping in New Zealand 

Beekeeping activity in New Zealand started in the early 19th century. In 1839, the first 

documented introduction of honey bee (Apis mellifera) into New Zealand was the importation 

from England to the Hokianga region (Gillingham, 2012). The New Zealand bush proved to 

be a hospitable place for honey bees with a wide range of flowering species without destructive 

pests (Howlett & Donovan, 2010). By the 1860s, local Maoris were selling a considerable 

amount of honey harvested in the wild bush, which was believed to be the earliest commercial 

beekeeping activity in New Zealand (Hopkins, 1916). 

 

Mānuka honey is a premium honey internationally recognised for its non-peroxide 

antibacterial activity (NPA). In New Zealand, the export value of mānuka honey currently 

accounts for about 80–90% of the total exported honey. As with many premium food products, 

mānuka honey is prone to adulteration and counterfeit practice. The value of mānuka honey is 

greatly dependent on the monoflorality, as nectars are often co-harvested from multiple floral 

sources. Historically, the mānuka honey labelling system was based on the concentration of 

methylglyoxal (MGO) and dihydroxyacetone (DHA), which has caused significant concerns 

as these compounds are unstable during storage (Adams, Manley-Harris, & Molan, 2009; 

Grainger, Manley-Harris, Lane, & Field, 2016a; Stephens et al., 2015). Furthermore, both 

MGO and DHA are commercially available and can be artificially supplemented into non-

mānuka honeys. As a result, the honey industry and consumers are in urgent need of a reliable, 

rapid and reproducible technique to authenticate mānuka honey. 
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In the past few decades, the New Zealand beekeeping industry has grown exponentially with 

an estimated total export value of NZD $329 million in 2017 (Ministry for Primary Industries 

[MPI], 2018). During the period from 2012 to 2017, the number of registered beehives 

increased from 422,728 to 795,578, and the number of registered beekeeping enterprises 

increased by more than double from 3,806 to 7,814 (Table 1.1). In the 2016-2017 season, total 

honey production fell significantly in comparison with the preceding few years due to poor 

weather conditions, which severely affected Northland hives. Despite the drop in total volume, 

the total export value of New Zealand honey increased by 5 per cent from the previous 2015-

2016 season, mainly due to strong international demand for mānuka honey (Leptospermum 

scoparium).  

 

Table 1.1. Key parameters of the New Zealand apiculture industry from 2012 to 2017 

(extracted from MPI 2018). 

Year Registered 

beehives 

Registered 

enterprises 

Total Honey 

production 

(tonnes) 

Total honey 

export 

(million NZ$) 

2012 422,728 3,806 10,385 121 

2013 452,018 4,279 17,825 145 

2014 507,247 4,814 17,610 187 

2015 575,872 5,551 19,710 233 

2016 684,046 6,735 19,885 315 

2017 795,578 7,814 14,855 329 

 

 

  



Chapter 1 – Introduction and literature review 

4 

 

1.2. Honey 

Honey is a natural sweetener produced by honeybees, Apis mellifera, by collecting nectar of 

blossoms or exudates of trees. The Codex Alimentarius defines honey as: “the natural sweet 

substance produced by honey bees from the nectar of plants or from secretions of living parts 

of plants or excretions of plant-sucking insects on the living parts of plants, which the bees 

collect, transform by combining with specific substances of their own, deposit, dehydrate, 

store, and leave in the honeycomb to ripen and mature” (Codex Alimentarius, 2001). 

 

Honey is a complex mixture of supersaturated sugars. The carbohydrate composition is mainly 

composed of the monosaccharides fructose and glucose. The average ratio of fructose to 

glucose is 1.2:1, which is mostly dependent on the source of nectar (White, 1980; White & 

Rudyj, 1978). Other main components of honey are minerals, proteins, free amino acids, 

enzymes and vitamins (Terrab, González, Díez, & Heredia, 2003); minor amount of 

phytochemicals are also present in honey, mainly as phenolic acids and flavonoids (Dimitrova, 

Gevrenova, & Anklam, 2007; Martos et al., 2000; Tomaand́s-Barberaand́n, Martos, Ferreres, 

Radovic, & Anklam, 2001). 

 

The composition and properties of honey may vary greatly depending on the plant origin and 

weather conditions (Bogdanov, Rieder, & Rüegg, 1987). Honeys from different floral origins 

vary in their colours, flavours, aromas, as well as their nutritional profiles (Molan, 2006). 

Honey displays a broad-spectrum of health-promoting benefits due to the presence of 

numerous plant-derived and bee-derived compounds. In recent years, many of these 

compounds were found to possess wound healing properties, and honey is reintroduced into 

modern medical practice as a wound healing agent (Jenkins, Burton, & Cooper, 2011). Honey 

is generally known to exhibit anti-microbial activities (Bansal, Medhi, & Pandhi, 2005; Irish, 

Carter, Shokohi, & Blair, 2006), anti-inflammatory activities (Ahmed Mesaik, Kamran Azim, 

& Mohiuddin, 2008; Tonks et al., 2003; Van Den Berg et al., 2008), antioxidant activities 

(Gheldof, Wang, & Engeseth, 2002) and immune-stimulatory activities (Tonks et al., 2003). 
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1.2.1. Historical use of honey 

Honey has been used as a staple food and medicine since antiquity. Honey was the most 

popular remedies in ancient Egyptian culture, being part of more than 50% of all known 

remedies (Sipos, Gyõry, Hagymási, Ondrejka, & Blázovics, 2004). One of the earliest records 

was found in the Edwin Smith Papyrus written between 2600-2200 BC, an anonymous author 

recorded the use of honey for surgical and wound practice (Breasted, 1930). In the London 

Medical Papyrus written around 1325 BC, ancient Egyptians made a dressing for treatment of 

burns consisting of honey and a plant called ‘djaret’ (Trevisanato, 2006). Honey was also used 

as a salve by ancient Egyptians for treatment of eye and skin diseases (Al-Waili, 2003). 

 

The application of honey was also found in other ancient medical traditions. In 600 BC, a 

honey and butter dressing for treating burns was mentioned in the Sushruta Samhita (Johnson, 

1992); a similar dressing made of honey and badger oil was recorded in early Chinese text (Fu, 

Wang, & Sheng, 2001). The ancient Greeks used a mixture of honey and water as a treatment 

for fatigue during major athletic events (Crane, 1975). In the first and second century, the 

medical applications of honey were recommended by Roman physicians Celsus and Galen 

(Hajar, 2002; Seymour & West, 1951). Galen’s work was later carried forward and translated 

by the Muslim physician Ali Ibn HI-Hussain al Sina into the Canon Medicina, which is 

considered as one of the most well-known medical texts in Northern Europe history (Hajar, 

2002). The healing properties of honey were also mentioned in the Holy Quran 1,400 years 

ago (Crane, 1975). 
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1.2.2. New Zealand honeys 

1.2.2.1. Mānuka honey 

Mānuka honey is derived from the indigenous shrub Leptospermum scoparium, commonly 

known by the Māori name mānuka. L. scoparium is one of the most widely distributed plants 

in New Zealand; it also grows along the Southeast coast of Australia in Victoria and Tasmania. 

Mānuka honey is characterised by a dark colour with damp earth, heather aroma. 

 

Mānuka honey has gained international recognition as a premium food product and wound 

managing agent (Molan, 2006). The honey possesses a unique antibacterial activity which 

cannot be attributed to general peroxide activity (Allen, Molan, & Reid, 1991). Methylglyoxal 

(MGO) was confirmed as the responsible compound for the non-peroxide activity (Adams et 

al., 2008; Mavric, Wittmann, Barth, & Henle, 2008), derived from the non-enzymatic 

conversion of its precursor molecule dihydroxyacetone (DHA) (Adams et al., 2009). 

 

1.2.2.2. Kānuka honey 

Kānuka honey is derived from Kunzea ericoides, an indigenous shrub or tree to New Zealand. 

The kānuka plant was traditionally classified together with Leptospermum genus (L. ericoides) 

due to the visual similarity to L. scoparium. However, the two plants are genetically very 

different. The kānuka and mānuka plants localised in the same geographic regions with 

overlapping flowering seasons, commonly result in honey collected with mixed floral origins 

(Butz Huryn, 1995; Stephens, 2006). It is very difficult to distinguish honey collected from 

these floral sources using traditional pollen analysis, since the pollen grains from these species 

are virtually indistinguishable (Holt & Bebbington, 2014). 

 

Methylglyoxal is not present in pure kānuka honey and has only been detected in 

kānuka/mānuka blends (Stephens et al., 2010). An earlier study (Adams et al. 2009) reported 

that there was no DHA in kānuka nectar, which further supported the absence of MGO/DHA 

in kānuka honey. In contrast, a high level of MGO was reported in kānuka honey by Holt et 

al. (2012). However, the details on the source of honey samples in this study were not specified. 
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These honey samples were likely kānuka/mānuka blend as a result of overlapping flowering 

season and location. 

 

1.2.2.3. Other common honeys in New Zealand 

In New Zealand, more than 15 honeys from various floral sources are currently produced 

commercially. Apart from mānuka and kānuka honey, other honey types commonly found in 

New Zealand are kāmahi (Weinmannia racemosa), rewarewa (Knightia excelsa), tāwari 

(Ixerba brexioides), thyme (Thymus vulgaris), pōhutukawa (Metrosideros excelsa), nodding 

thistle (Carduus nutans), Southern rātā (Metrosideros umbellata), viper bugloss (Echium 

vulgare), New Zealand white clover (Trifolium repens) and beech honeydew (Fucospora 

solandri). 

 

1.2.3. Antibacterial activities of honey 

1.2.3.1. General antibacterial bioactivity of honey 

Honey has been used as an antiseptic agent since ancient times until the discovery of antibiotics. 

However, the increasing frequency of antibiotic-resistant bacteria has caused increasing 

concerns for public health. By comparison, the anti-bacterial components in natural honey 

does not lead to bacterial resistance, thus increasingly used as an alternative anti-bacterial 

agent in recent years (Blair, Cokcetin, Harry, & Carter, 2009). 

The main contributors to the antibacterial properties of honey are osmolarity, acidity, hydrogen 

peroxide (H2O2) and non-peroxide activities. Honey is highly osmotic as it is a mixture of 

saturated sugars which naturally prevent the growth of most microorganisms in undiluted 

honey (Bogdanov et al., 1987; Rüegg & Blanc, 1981). Honey is characteristically acidic which 

also inhibits bacterial growth. The acidic condition is due to the production of gluconic acid 

by the enzyme, glucose oxidase, secreted by the bees (Equation 1-1) (Tan, Wilkins, Holland, 

& Molan, 1988). Hydrogen peroxide (H2O2) is also produced by glucose oxidase in the same 

chemical reaction (Equation 1-1). In most honeys, H2O2 is the main contributor to the 

antibacterial activity in diluted honey. 
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Equation 1-1 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐻2𝑂 
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑥𝑖𝑑𝑎𝑠𝑒, 𝑂2
→               𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐻2𝑂2 

 

1.2.3.2. Non-peroxide activity 

Hydrogen peroxide is not the principal antibacterial agent in some honeys, its activity is called 

non-peroxide activity (NPA). In particular, mānuka honey possesses a substantial level of 

antibacterial activity that is not destroyed by catalase (Allen et al., 1991). This NPA appears 

to vary according to environmental factors and floral dilution from other nectar sources. The 

term ‘unique mānuka factor’ (UMF) was introduced to describe the NPA in mānuka honey. 

 

Methylglyoxal is the main contributor to the unique antibacterial activity in mānuka honey 

(Adams et al., 2008; Mavric et al., 2008). Methylglyoxal was first reported by Weigel, Opitz, 

& Henle (2004) as a 1,2-dicarbonyl compound present in multifloral honey. Mavric et al. 

(2008) further investigated this compound and confirmed methylglyoxal as the compound 

directly responsible compound for the NPA in mānuka honey using a well diffusion assay. In 

the same year, an independent study by Adams et al. (2008) also confirmed MGO as the main 

antibacterial compound in mānuka honey. This study isolated the active fraction using high-

performance liquid chromatography (HPLC) and characterised the structure by nuclear 

magnetic resonance (NMR) (Adams et al., 2008). Methylglyoxal is not present in this L. 

scoparium nectar, it is derived from dihydroxyacetone (DHA) which is found in nectar (Adams 

et al., 2009). 

 

A range of phytochemical compounds with antibacterial activity have been identified in honey. 

Russell et al. (1990) isolated some antibacterial fractions in mānuka honey including methyl 

syringate, syringic acid and 3,4,5-trimethoxybenzoic acid. However, the concentration of these 

compounds are too low to confer significant anti-microbial activity. An antibacterial peptide 

has been reported in Revamil honey, named defensin 1 (Kwakman, te Velde, de Boer, 

Vandenbroucke-Grauls, & Zaat, 2011). Defensin 1 was later reported as a regular component 

in honey including mānuka honey (Bohova, Prochazka, & Klaudiny, 2014). However, high 

concentrations of MGO are present in mānuka honey and this acts as a potent glycation agent, 
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which leads to inactivation of defensin 1 (Majtan, 2011; Rückriemen, Hohmann, Hellwig, & 

Henle, 2017). It was noted that defensin 1 is inactive in mānuka honey due to its modification 

by MGO (Kwakman et al., 2011). 

 

1.2.4. Anti-inflammatory activities of honey 

Apart from its antibacterial activity, honey is also known to possess anti-inflammatory activity. 

Although the anti-inflammatory activity exhibited by honey has not been fully elucidated, the 

effectiveness of honey as an anti-inflammatory agent has been widely observed clinically 

(Molan, 2006). Several histological studies report that honey displays anti-inflammatory 

activity in wounds without bacterial infection (Cochrane, 1991; Gupta, Singh, Varshney, & 

Prakash, 1992; Oryan & Zaker, 1998). These studies suggest that the anti-inflammatory effect 

from honey is not merely due to the removal of pathogenic bacteria. 

 

Honey has been reported to reduce inflammation by stimulating the production of anti-

inflammatory cytokines, exhibiting antioxidant activities, and down-regulating the activities 

of proinflammatory cytokines and enzymes. Bean (2012) reported that honey stimulates the 

production of anti-inflammatory cytokines in infiltrated leukocytes, including the interleukin-

10 (IL-10) and interleukin-11 (IL-11) receptor antagonists. Grimble (1994) suggested that the 

presence of antioxidants in honey may partially account for the anti-inflammatory activity in 

honey, as antioxidants prevent the activation of nuclear factor-kappa beta (NF-κB). Honey 

flavonoid extract inhibited the production of proinflammatory cytokines including tumour 

necrosis factor-α (TNF-α) and interleukin 1 beta (IL-1β) in lipopolysaccharide-activated 

microglial cells (Candiracci et al., 2012). Al-Malki & Sayed (2013) also reported that honey 

downregulated the expression of TNF-α and IL-1β in metanil-yellow injured liver tissue. 

 

The anti-inflammatory activity varies between honey types. In particular, tualang honey, 

gelam honey and mānuka honey possess potent anti-inflammatory activities (Ahmad, Jimenez, 

Yaacob, & Yusuf, 2012). Tualang honey has been shown to reduce ultraviolet B radiation-

induced inflammation in murine epidermal keratinocyte cells (Ahmad et al., 2012). Tualang 

honey interferes with the translocation of UVB-induced nuclear factor kappa-light-chain-
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enhancer of activated B cells (NF-κB), thus inhibiting the production of proinflammatory 

cytokines IL-1β, IL-6 and TNF-α (Ahmad et al., 2012). Hussein, Mohd Yusoff, Makpol, & 

Mohd Yusof (2012) reported gelam honey greatly reduced carrageenan-induced rat paw 

inflammation by interacting with the NF-kB pathway. As a result, gelam honey inhibited the 

production of proinflammatory mediators including nitric oxide (NO), prostaglandin E2 

(PGE2), TNF-α and IL-6 (Hussein, Mohd Yusoff, Makpol, & Mohd Yusof, 2013). Gelam 

honey, as well as its methanol and ethyl-acetate extracts were reported to reduce both 

carrageenan and lipopolysaccharides (LPS)-induced oedema in rat paws (Kassim, Achoui, 

Mustafa, Mohd, & Yusoff, 2010). 

 

1.2.4.1. Anti-inflammatory activity present in mānuka honey 

With its unique polyphenolic profile, mānuka honey exhibits an exceptional level of anti-

inflammatory activities. Oral administration of mānuka honey has been clinically 

demonstrated to reduce inflammation in inflammatory bowel diseases (Lank & Vickery, 1987; 

Prakash et al., 2008) and indomethacin-induced gastritis (Nasuti, Gabbianelli, Falcioni, & 

Cantalamessa, 2006). Bean (2012) observed that various honey types reduced phagocytotic 

activity in the monocyte cell line, THP-1, and the most significant reduction was observed 

with mānuka honey. The phenolic and crude extracts of mānuka and kānuka honeys displayed 

powerful anti-inflammatory effects on HEK-BlueTM-2, HEK-BlueTM-4 and nucleotide 

oligomerisation domain (NOD)2-Wild Type (NOD2-WT) cell lines (Tomblin, Ferguson, Han, 

Murray, & Schlothauer, 2014). The activity was observed in HEK-BlueTM-2 cell line using the 

synthetic tripalmitoylated lipopeptide Pam3Cys-SerLys4 (Pam3CSK4) ligand, suggesting 

these honeys possess compounds that specifically interact with the toll-like receptor 

(TLR)1/TLR2 signalling pathway (Tomblin et al., 2014). In addition, mānuka honey evoked 

a comparatively stronger inhibitory effect on myeloperoxidase, which may be attributed to a 

compound known as leptosperin (Kato et al., 2012). 

 

A study on New Zealand honeys by Leong et al. (2012) reported that mānuka, rewarewa (K. 

excelsa) and kānuka (K. ericoides) honeys display comparatively stronger anti-inflammatory 

activities both in vivo and in vitro. All three honey types dose-dependently reduced human 

neutrophil superoxide production in vitro (Leong et al., 2012). Topical application of mānuka 

and rewarewa honey demonstrated anti-inflammatory potential by suppressing the infiltration 
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of inflammatory leukocytes (Leong et al., 2012). This anti-inflammatory activity cannot be 

explained by superoxide scavenging activity since mānuka honey did not scavenge superoxide 

in a cell-free environment (Leong et al., 2012). The same study also found no correlation 

between the level of superoxide scavenging activity and the level of known phenolic 

compounds, suggesting that other unidentified anti-inflammatory components in mānuka 

honey may be responsible for the effect (Leong et al., 2012). 

 

1.3. Honey authentication 

1.3.1. Melissopalynology 

Melissopalynology is a traditional honey authentication technique based on microscopic 

identification of pollen composition (Jones & Bryant, 1992; Louveaux, Maurizio, & Vorwohl, 

1978). Honey samples are analysed according to the pollen composition, relative frequency 

and the absolute amount of pollen grains. In general, a honey sample in which more than 45% 

of pollen grains originate from one floral source is considered monofloral (Louveaux et al., 

1978; Maurizio, 1975). 

Although melissopalynology is internationally recognised as one of the standard methods in 

honey classification, it has limited application in authenticating mānuka honey. As mentioned 

in Section 1.2.2, mānuka and kānuka nectar are often harvested together and the pollen grains 

are virtually indistinguishable (Moar, 1985). 

 

1.3.2. Physico-chemical analysis 

Physico-chemical analysis is another traditional method based on the physical properties of 

honey. Two of the most commonly used parameters are colour and conductivity. Honey colour 

is evaluated according to the industrial standard Pfund colour grading system. The colour of 

honey can vary significantly between honeys harvested from different floral origins from pale 

white to dark brown. Mānuka honey is characterised by its dark colour, which is likely related 

to the high concentration of polyphenolic components (Gheldof & Engeseth, 2002; Gheldof et 



Chapter 1 – Introduction and literature review 

12 

 

al., 2002). In New Zealand, mānuka honey is classified as a dark-coloured honey together with 

rewarewa (K. excelsa) honey, and beech honeydew (F. solandri). 

 

Electrical conductivity is another commonly used parameter in routine honey analysis. Honey 

conductivity directly relates to the mineral contents in a honey sample (Bogdanov, 1997; Khan, 

Qaiser, Raza, & Rehman, 2006). According to international standards, honey conductivity is 

measured as a 20% w/v solution at 20 °C using a conductivity meter. The conductivity of 

mānuka honey has been reported between 0.44-0.56 mS/cm (Nguyen, Panyoyai, Paramita, 

Mantri, & Kasapis, 2018; Vanhanen, Emmertz, & Savage, 2011). Unfortunately, the 

conductivity range of mānuka honey overlaps with several common honey crops produced in 

New Zealand, including kāmahi (W. racemosa), rewarewa (K. excelsa) and tāwari (I. 

brexioides) (Vanhanen et al., 2011). 

 

1.3.3. Sensory analysis 

Sensory analysis examines the organoleptic properties of honey such as odour, flavour, and 

texture. The organoleptic profile of honey is a key determinant in consumer preference. 

Sensory analysis is often used as a complement to physico-chemical and pollen analysis to 

confirm honey quality and origin. As a stand-alone analysis, sensory analysis requires highly 

trained personnel and has limited reproducibility (Piana et al., 2004). Honeys with intense 

aroma and taste can easily mask the sensory profile of other milder honeys (Piana et al., 2004). 

Mānuka honey exhibits a unique sensory profile characterised by a damp earth, heather aroma, 

with a mineral, tangy slightly bitter taste. Due to its distinct sensory profile, a multifloral honey 

with low mānuka content can be easily misclassified as mānuka honey (Stephens, 2006) 

 

1.3.4. Chemical fingerprinting 

Chemical fingerprinting is an alternative method in honey authentication based on the 

chemical composition of honey. The amount of secondary plant metabolites present in a honey 

sample is a strong indication of its floral origin. In the past few decades, this approach has 

become increasingly popular in food and honey analysis mainly due to the advancement in 

analytical techniques such as gas chromatography-mass spectrometry (GC/MS), liquid 
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chromatography-mass spectrometry (LC/MS), HPLC and nuclear magnetic resonance (NMR). 

By comparison with traditional methods, chemical fingerprinting is more reproducible, and 

multiple marker compounds can be examined for more reliable results. 

 

The earlier compositional studies on mānuka honey started with the aim to identify the 

responsible compound for the unique NPA. In 2008, two independent studies identified MGO 

as the main compound responsible for the NPA displayed by mānuka honey (Adams et al., 

2008; Mavric et al., 2008). Methylglyoxal is not present in the nectar of Leptospermum 

scoparium, it gradually forms by non-enzymatic conversion from its precursor molecule 

dihydroxyacetone (DHA) (Adams et al., 2009). As a result, the concentration of MGO and 

DHA are measured together using HPLC. In routine analysis, a derivatisation agent O-

(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA) is employed for 

improved sensitivity, where MGO and DHA can be measured simultaneously by diode-array 

detection (DAD) (Windsor, Pappalardo, Brooks, Williams, & Manley-Harris, 2012). 

 

The mānuka honey grading system based on MGO and DHA concentration has caused 

increasing concerns as these compounds are chemically unstable during storage. In regards to 

stability, DHA non-enzymatically and irreversibly converts to MGO during storage (Adams 

et al., 2009; Atrott, Haberlau, & Henle, 2012). As a result, MGO concentration increases and 

reaches a peak after three to four years; however MGO is also not stable and the concentration 

decreases during storage (Stephens et al., 2014). The conversion from DHA to MGO can be 

accelerated by prolonged storage at 37 °C (Adams et al., 2009). This practice to increase MGO 

contents in mānuka honey is well-known among beekeepers to enhance NPA. It is also 

possible to adulterate honey samples by supplementing MGO and DHA, as both compounds 

are commercially available to purchase. In addition, the formation of MGO can also be 

accelerated by adding primary amino acids such as arginine, lysine, alanine and serine (Adams 

et al., 2009; Grainger, Manley-Harris, Lane, & Field, 2016b).  

 

Several novel compounds have been recently identified as potential marker compounds for 

mānuka honey, including leptosperin (Kato, Fujinaka, et al., 2014; Kato et al., 2012), 

lepteridine (Daniels et al., 2016) and 6,7-dimethyl-2,4(1H,3H)-pteridinedione (Beitlich, 
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Lübken, Kaiser, Ispiryan, & Speer, 2016), as well as the marker compounds proposed by the 

New Zealand MPI (McDonald, Keeling, Brewer, & Hathaway, 2018). 

 

1.3.5. Proposed marker compounds 

1.3.5.1. Leptosperin 

Among recently discovered mānuka compounds, leptosperin is probably the most well-studied 

candidate marker compound. Kato et al. (2012) identified a novel glycoside of methyl 

syringate (MSYR) with identical m/z signature, methyl syringate 4-O-β-D-gentiobiose, and 

named it as leptosin. Leptosin has been renamed to leptosperin to avoid confusion with 

leptosin isolated from marine fungus Lestoshaeria sp. Leptosperin was chemically synthesised 

using an acetyl protecting group strategy by deploying Schmidt glycosylation to construct the 

glycosidic linkages (Aitken, Johannes, Loomes, & Brimble, 2013). Leptosperin is not 

commercially available for purchase, thus rendering it less likely as an adulterant to mānuka 

honey. 

 

Leptosperin demonstrated several properties as a suitable marker compound for mānuka honey. 

It is a nectar-derived compound which is exclusively present in Leptospermum honeys, 

including some but not all of the Australian Leptospermum honeys (Bong et al., 2017; Fearnley 

et al., 2012; Kato et al., 2012). Unlike MGO and DHA, leptosperin is temporally and thermally 

stable over prolonged storage (Bong et al., 2017; Kato, Fujinaka, et al., 2014). Leptosperin 

also demonstrated a considerable correlation with the NPA in 20 certified mānuka honey 

samples (Kato, Fujinaka, et al., 2014). Various analytical techniques have been described to 

quantify leptosperin concentration in mānuka honey, including HPLC, mass spectrometry, 

immunochemical based methods, NMR and fluorescence spectroscopy (Bong et al., 2017; 

Kato, Araki, et al., 2014; Kato et al., 2016; Kato, Fujinaka, et al., 2014; Chongyu Shen et al., 

2017; Spiteri et al., 2017).   
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1.3.5.2. Lepteridine 

Another unique compound was recently discovered in mānuka honey, named lepteridine. 

Daniels et al. (2016) detected an unexpected HPLC peak with UV absorbance at 320 nm, the 

unknown compound was isolated using solid phase extraction (SPE), HPLC and preparative 

thin layer chromatography preparative (prep TLC) as a colourless solid. The structure was 

confirmed as a pteridine derivative with the systematic name 3,6,7-trimethyllumazine using 

NMR, MS, infrared spectroscopy (IR), and UV/vis spectroscopy (Daniels et al., 2016). The 

chemical synthesis was also achieved by the same author, which allowed further study as an 

important part of this thesis. 

 

1.3.5.3. 6,7-Dimethyl-2,4(1H,3H)-pteridinedione 

Another pteridine derivative has been reported in mānuka honey by Beitlich et al. (2016) and 

named 6,7-dimethyl-2,4(1H,3H)-pteridinedione. This compound was discovered by 

comparing the ultra-high performance liquid chromatographic-photodiode array (UHPLC-

PDA) profile between mānuka honey and other New Zealand monofloral honeys (Beitlich et 

al., 2016). The structure of 6,7-dimethyl-2,4(1H,3H)-pteridinedione is similar to lepteridine 

with the absence of one methyl group. The concentration profile of 6,7-dimethyl-2,4(1H,3H)-

pteridinedione has not been established, and its marker potential needs to be further examined. 

 

1.3.5.4. MPI proposed marker compounds 

Recently, the New Zealand MPI released the criteria to authenticate mānuka honey to regulate 

the New Zealand honey industry. The MPI definition of mānuka honey involves a combination 

of four chemical marker compounds measured using LC-MS/MS, as well as pollen DNA 

analysis which is determined by multiplex quantitative polymerase chain reaction (qPCR) 

(McDonald et al., 2018). The four chemical markers are 2’-methoxyacetophenone (2’-MAP), 

2-methoxybenzoic acid (2-MBA), 4-hydroxyphenyllactic acid (4-HPA), and 3-phenyllactic 

acid (3-PLA). 
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According to the MPI definition, a honey sample can be classified as multifloral mānuka honey 

if it meets the following criteria (Burns, Dillon, Warren, & Walker, 2018): 

• ≥20 mg/kg but <400 mg/kg 3-PLA 

• >1 mg/kg 2-MBA 

• >1 mg/kg 4-HPA 

• >1 mg/kg 2’-MAP 

• DNA from mānuka pollen (<Cq 36 equivalent of 3.2 fg/µl DNA) 

For a honey to be classified as monofloral mānuka honey, it needs to further satisfy the 

following criteria for 3-PLA and 2’-MAP: 

• ≥ 400 mg/kg 3-PLA (monofloral mānuka honey) 

• >5 mg/kg for 2’-MAP (originally >1 mg/kg for monofloral mānuka honey) 

 

The NZ MPI is improving the mānuka honey criteria for better regulation. At the end of 2017, 

the MPI increased the minimal concentration requirement of 2’-MAP from 1 mg/kg to 5mg/kg 

for monofloral mānuka honey. This change was made in response to industry feedback, since 

2’-MAP has only been identified in mānuka honey (Burns et al., 2018). There are some 

potential limitations and concerns surronding the current MPI criteria of mānuka honey. The 

MPI defined mānuka honey on the basis of five attributes, which can be costly and time-

consuming, especially for foreign importers and regulating authorities (Burns et al., 2018). 

The MPI marker compounds 3-PLA and 4-HPA are found in kānuka nectar (K. ericoides) 

(Bong, Loomes, Lin, & Stephens, 2018), in particular, 3-PLA is used as a criterion to 

distinguish between monofloral and multifloral mānuka honey. As a result, potential marker 

compounds that are exclusively present in the L. scoparium nectar should be taken into 

consideration, coupled with rapid and cost-effective analysis. 
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1.4. Matrix metalloproteinases 

As mentioned previously, mānuka honey is an effective anti-inflammatory agent (Section 

1.2.4.1). The mechanism of the anti-inflammatory activity exhibited by mānuka honey still 

remains unclear. One of the possible mechanism is that mānuka honey may inhibit matrix 

metalloproteinases (MMPs), which are highly involved in inflammatory processes.  

 

Matrix metalloproteinases, also known as matrixins, are a group of zinc-dependent 

endopeptidases responsible for the degradation of the extracellular matrix (ECM) (Egeblad & 

Werb, 2002). In 1962, the first MMP (MMP-1) was discovered in the tail of a tadpole 

undergoing metamorphosis (Nagai, Lapiere, & Gross, 1966). Currently, more than 20 MMPs 

have been identified in human tissues (Memtsas, Zarros, & Theocharis, 2009). Based on 

domain organisation and substrate specificity, MMPs are traditionally divided into five sub-

groups: collagenases, gelatinases, stromelysins, matrilysins, membrane-type (MT-MMPs) as 

summarised in Table 1.2 (Bourboulia & Stetler-Stevenson, 2010; Nagase, Visse, & Murphy, 

2006). 

 

Matrix metalloproteinases are important elements involved in numerous biological and 

pathological processes due to their ability to modify a variety of ECM components (Table 1.2). 

MMPs are involved in many homeostatic processes, including wound healing, bone 

remodelling, embryonic development, ovulation, nerve growth, angiogenesis and apoptosis 

(Curry & Osteen, 2003). However, excessive MMP activities are also associated with the 

pathogenesis of inflammatory diseases, such as rheumatoid arthritis, osteoarthritis chronic 

cutaneous ulcerations and cancer progression (Burrage, Mix, & Brinckerhoff, 2006; Hijova, 

2005; Kessenbrock, Plaks, & Werb, 2010; Sternlicht & Werb, 2001; Toriseva & Kähäri, 2009). 
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Table 1.2. Matrix metalloproteinase classification and their substrates. 

MMP subgroup MMPs Substrate preference 

Collagenases MMP-1, MMP-8, MMP-13, MMP-18 
Type I, II and III collagen, 

ECM molecules 

Gelatinases MMP-2, MMP-9 
Gelatin 

Type IV, V and XI collagen 

Stromelysins MMP-3, MMP-10, MMP-11 

Pro-MMPs (1,7,8,9,13) 

Type III and IV collagen 

ECM molecules 

Matrilysins MMP-7, MMP-26 

Elastin 

Cell surface molecules (pro-α-defensin, pro-TNF-α) 

 

MT-MMPs 
MMP-14, MMP-15, MMP-16, MMP-17, 

MMP-24, MMP-25 

Activated on cell surface 

Type I, II and III collagen 

Source: Adapted from (Hijova, 2005; Memtsas et al., 2009; Nagase et al., 2006; Visse & Nagase, 2003) 
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1.4.1. MMP structure 

The basic structure of MMP consists of a pre-domain, pro-peptide domain and a catalytic 

domain (Figure 1.1). The pre-domain is a hydrophobic signalling sequence, which is usually 

cleaved after MMP reaches the endoplasmic reticulum. The pro-peptide domain contains a 

conserved cysteine residue (PRCXXPD), which interacts with the zinc ion at the active site 

and keeps the enzyme as an inactive zymogen (Nagase, 1999; Ra & Parks, 2007). The catalytic 

domain contains three histidine residues with conserved sequence HExxHxxGxxH, which 

ligates the zinc ion in the active centre (Nagase, 1999; Ra & Parks, 2007). MMPs are activated 

by the process known as the ‘cysteine switch’, where the pro-peptide domain is proteolytically 

removed during enzyme activation (Nagase, Enghild, Suzuki, & Salvesen, 1990; Visse & 

Nagase, 2003). The removal of the pro-peptide domain allows the zinc ion to bind to a water 

molecule, which is essential for catalytic activity. 

 

Apart from the basic MMP structural domains, additional structures commonly found in 

MMPs are a hemopexin domain, fibronectin domain and transmembrane domain (Figure 1.1). 

Most MMPs contain a hemopexin domain connected with the catalytic domain by a hinge, 

with the exceptions of MMP-7, MMP-23 and MMP-26. The hemopexin domain is believed to 

be involved in the interactions with tissue inhibitors of metalloproteinases (TIMPs), cell 

surface molecules and MMP substrates (Piccard, Van den Steen, & Opdenakker, 2007). In 

gelatinases (MMP-2 and MMP-9), three fibronectin repeats are inserted into the catalytic 

domain which facilitate the digestion of large gelatinous substrates (Pourmotabbed, Solomon, 

Hasty, & Mainardi, 1994; Vandooren et al., 2011). Membrane-type MMPs are characterised 

by a transmembrane domain and a cytoplasmic tail (Toth et al., 2005). MMP-23 has a unique 

N-terminal signal anchor domain, so it is classified as a type II transmembrane MMP (Velasco 

et al., 1999). 
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Figure 1.1 General structure of MMPs. The structure of MMPs can be divided into separate domains: Pre, pre-domain; Pro, pro-peptide domain; 

catalytic domain; H, hinge region; hemopexin domain; II, fibronectin type II; transmembrane domain; cytoplasmic tail. The cysteine residue (Cys) 

keeps pro-MMPs inactive by blocking the Zn ion at the active site. The activation process involves the cleavage of pro-peptide domain known as the 

“cysteine switch” (Modified from J. Vandooren, Van Den Steen, & Opdenakker, 2013; Zhang & Nothnick, 2005). 



 

 

 

1.4.2. Roles of MMPs in inflammation 

The role of MMPs was initially believed to be solely involved in the turnover and degradation 

of the ECM, however, several lines of evidence suggest that MMPs are integral to the 

inflammatory process (Birrell et al., 2006; McQuibban et al., 2000). An inflammatory response 

often involves a complicated network of chemical signals and cellular interaction within the 

ECM. The ECM is a dynamic structure which serves as an adhesion and storage site for various 

cells and signalling molecules (Birrell et al., 2006). MMPs participate in inflammation by 

cleaving a range of ECM components such as adhesion junctions, growth factors, death 

receptors, chemokines and cytokines (Cauwe, Steen, & Opdenakker, 2007; Sorokin, 2010). 

 

One of the main roles of MMPs in inflammation is regulating physical barriers. Inflammatory 

cell migration is facilitated by MMPs due to their ability to digest intercellular junctions. 

Several major components of endothelial adherent junctions have been identified as substrates 

of MMPs; MMP-7 is known for shedding VE-cadherin (Ichikawa et al., 2006), whereas 

occludin can be cleaved by both MMP-2 and MMP-9 (Caron, Desrosiers, & Béliveau, 2005; 

Reijerkerk et al., 2006). The disassembly of these cellular components increases vascular 

permeability thus allowing the influx of inflammatory cells and plasma proteins. 

 

MMPs regulate the activity of cytokines and chemokines which in turn control the migration 

and activation of inflammatory cells. MMPs can activate, inactivate or antagonise the 

biological functions of cytokines and chemokines to either promote or suppress inflammation 

(McQuibban et al., 2001, 2002, 2000; Schönbeck, Mach, & Libby, 1998; Van den Steen et al., 

2003; Vandenbroucke et al., 2013). TNF-α is a potent proinflammatory cytokine expressed on 

the surface of T-cells and macrophages in the inactive form as pro-TNF-α, it can be cleaved 

into the soluble active form by TNF converting enzymes (TACEs) (Black et al., 1997; Moss 

et al., 1997). Multiple MMPs have also demonstrated TNF converting activities in vivo 

including MMP-1, -2, -3, -9, -12, -14, -15, and -17 (Mohan et al., 2002). English et al. (2000) 

reported that MMP-7 and MMP-12 can activate pro-TNF-α in isolated macrophages. IL-1β is 

another important proinflammatory mediator produced by macrophages. Similar to TNF-α, 

IL-1β can be processed into the active form by MMP-2, MMP-3 and MMP-9 (Schönbeck et 

al., 1998). Interestingly, some MMPs might also be responsible for the degradation of mature 
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cytokines and chemokines, suggesting that MMPs may have dual roles in regulating 

inflammation (Ito et al., 1996; Schönbeck et al., 1998). 

 

Another mechanism of regulating inflammation by MMPs is to establish a chemokine gradient 

which is crucial for directing leukocyte migration. A chemokine gradient can be established 

by cleaving proteins in the peri-cellular environment which binds to chemokines. Syndecan-1 

is a ubiquitous heparan sulfate proteoglycan (HSPG) found on the basolateral surface of 

epithelium. Its HS chain is capable of binding numerous extracellular ligands including the 

neutrophil chemokine C-X-C motif chemokine ligand 1 (CXCL1) (Bernfield et al., 1999). 

CXCL1 and MMP7 are induced together as a response to a lung injury, MMP-7 sheds 

syndecan-1 by cleaving the ectodomain and releases the CXCL1-syndecan-1 complex which 

generates a chemokine gradient (Li, Park, Wilson, & Parks, 2002). There is also evidence 

suggesting MMPs are capable of cleaving substrates such as chemotactic fragments or 

accessory proteins (Hromas, 2002; Q. Li et al., 2002; Tam, Morrison, Wu, Stack, & Overall, 

2004). Collagen is a substrate for several MMPs, it produces a Pro-Gly-Pro peptide when 

hydrolysed. This fragment possesses homology to CXCL1, which can bind and activate the 

CXCL1 receptor to establish chemokine gradients (Adair-Kirk & Senior, 2008; Weathington 

et al., 2006). 

 

1.4.3. Regulation of MMPs 

The expression and activity of MMPs are very low in normal, healthy tissues. However, the 

production and activity of MMPs may change dramatically in response to stimulus under the 

regulation of various activators and inhibitors (Nissinen & Kähäri, 2014). Due to the ability to 

effectively digest the ECM, MMP activities are tightly regulated to prevent unnecessary tissue 

damage. MMP activities are regulated at three levels: transcriptional regulation, proenzyme 

activation and enzyme inhibition (Sternlicht & Werb, 2001). 

 

At the transcriptional level, MMP expression is regulated by a range of compounds in a 

complex mechanism where no single factor is responsible for inducing MMP expression 

(Ugalde, Ordóñez, Quirós, Puente, & López-Otín, 2010). MMP expression can be induced by 
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cytokines (TNF-α, IL-1), chemokines, and growth factors including epidermal growth factor 

(EGF), fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF) and 

transforming growth factor (TGF-β) (Overall & López-Otín, 2002; Sternlicht & Werb, 2001; 

Ugalde et al., 2010). Also, physical exposure to ultraviolet B can lead to upregulated 

expression of MMP-1, MMP-3 and MMP-9 (Fisher et al., 1996) 

 

As MMPs are secreted as inactive zymogens, the second level of MMP regulation is the 

activation of proenzymes. MMPs are activated by a mechanism commonly known as the 

‘cysteine switch’ (Nagase, 1999). This process involves the disruption of the covalent bond 

between the thiol group of the cysteine switch and the active zinc ion (Nissinen & Kähäri, 

2014). This starts with the cleavage of a susceptible “bait” region of the pro-peptide domain, 

which is often initialised by a “furin-like” tissue proteinase or opportunistic proteinase, such 

as plasmin and trypsin (Klein & Bischoff, 2011; Nagase et al., 2006; Nissinen & Kähäri, 2014). 

The complete removal of the pro-peptide domain is often conducted by MMP intermediates 

or other activated MMPs (Nagase et al., 2006; Nissinen & Kähäri, 2014). MMP-3 is involved 

in the activation of pro-MMP-1, -7, -8, -9 and -13; MMP-2 activates pro-MMP-1, -9 and -13; 

MMP-7 can activate pro-MMP-8 and -9 (Chakraborti, Mandal, Das, Mandal, & Chakraborti, 

2003; Sternlicht & Werb, 2001; Visse & Nagase, 2003). As shown by in vitro studies, MMPs 

can be artificially activated by disrupting the cysteine switch with mercury-containing 

compounds such as 4-aminophenylmercuric acetate (4-APMA), or denaturing surfactants such 

as sodium dodecyl sulfate (SDS) (Klein & Bischoff, 2011). 

 

Once MMPs are activated, the only mechanism to regulate MMP activity is through the 

interaction with enzyme inhibitors. Tissue inhibitors of metalloproteinases (TIMPs) are a 

group of endogenous inhibitors that specifically inhibit MMPs. TIMPs inhibit active MMPs 

by interacting with the active zinc region in a 1:1 molar ratio (Siasos et al., 2012). Four 

members of the TIMP family have been identified: TIMP-1, TIMP-2, TIMP-3 and TIMP-4, 

which are capable of inhibiting almost all MMPs in a competitive and reversible manner 

(Baker, Edwards, & Murphy, 2002; Gomez, Alonso, Yoshiji, & Thorgeirsson, 1997; Z. Yang, 

Strickland, & Bornstein, 2001). Several general proteinase inhibitors also display inhibitory 

activities on MMPs, such as α2-macroglobulin, α1-antiprotease (Nissinen & Kähäri, 2014). 

The reversion-inducing cysteine-rich protein with Kazal motif (RECK) is the only known 
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transmembrane MMP inhibitor (Baker et al., 2002; Egeblad & Werb, 2002). However, the 

MMP inhibitory activities from general protease inhibitors are non-specific and irreversible 

(Sottrup-Jensen & Birkedal-Hansen, 1992; Yang et al., 2001). 

 

1.4.4. MMP inhibitors 

Despite significant efforts, the development of numerous MMP inhibitors as therapeutics has 

failed in clinical trials. Early broad-spectrum MMP inhibitors focused on the necessity of the 

zinc ion in the catalytic process. However, poor selectivity of broad-spectrum inhibitors led to 

various side effects due to off-target inhibition of other MMPs and zinc-dependent enzymes. 

Modern MMP inhibitors are designed to target detrimental MMPs without interfering with the 

function of other essential MMPs. It has been challenging to develop selective MMP inhibitors 

due to the high homology within the MMP family. The recent development in proteomic 

techniques and MMP knockout mice allow the determination of specific MMPs in pathological 

conditions, which has enabled the design of more refined MMP inhibitors based on substrate 

specificity. Apart from the side effects caused by low selectivity, the stability and 

bioavailability of MMP inhibitors are also problematic as high dose administration may lead 

to toxicity. An efficient delivery system should also be considered to localise inhibitors at the 

targeted tissue. 

 

Common types of MMP-9 inhibitors are hydroxamic acid-based inhibitors, triple-helical 

inhibitors, and antibody inhibitors. The selectivity, bioavailability and utility of these 

inhibitors are compared. The advantages and disadvantages of lepteridine as a potential MMP-

9 inhibitor are also discussed. 

 

The design of early broad-spectrum MMP inhibitors is based on the structure of hydroxamic 

acid. Hydroxamic acid was found to have strong zinc-chelating properties and was used as a 

template in designing MMP inhibitors. Unfortunately, hydroxamic acid-based inhibitors were 

found to unselectively inhibit zinc-dependent enzymes, including other MMPs and ADAMs. 

The poor selectivity of hydroxamic acid-based inhibitors resulted in severe musculoskeletal 

syndrome and gastrointestinal disorders. This directly led to the discontinued development of 
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early MMP inhibitors such as batimastat and marimastat. In addition to the poor selectivity, 

hydroxamic acids are susceptible to a range of metabolic events. Hydroxamic acids can be 

hydrolysed to carboxylic acids, amides, O-glucuronylated or O-sulfated. The stability of 

hydroxamic acids is also dependent on the esterase activity in plasma, especially arylesterases 

and carboxylesterases. 

 

MMP inhibitors can be designed based on substrates with a triple-helical structure such as 

collagen. Triple-helical inhibitors mimic the structure of collagen substrates, except that the 

scissile bond is replaced by a phosphinate moiety and creates a transition state analogue. A 

zinc-binding group is often incorporated within the collagen structure to reduce interactions 

with non-collagenolytic proteases. Triple-helical inhibitors demonstrated selective inhibition 

of MMP in vivo and in vitro. This type of inhibitor is less susceptible to general proteolysis by 

other proteases and offer favourable pharmacokinetics. The major disadvantage of triple-

helical inhibitors is the cost of design and production. 

 

Another approach is to develop specific antibodies targeting MMPs. Antibodies for MMPs 

showed excellent selectivity without interfering with other MMPs. Anti-MMP antibodies can 

be designed to target a precise region in the MMP-9 catalytic domain or the fibronectin type 

II domain. Some anti-MMP inhibitors demonstrate the capability to discriminate between 

MMP-9 and MMP-2. Antibody-based MMP inhibitors generally offer a satisfactory level of 

safety and tolerance in various phases of clinical trials. However, anti-MMP-9 antibody such 

as GS-5745 failed in the treatment of both ulcerative colitis and Crohn’s disease in phase 2/3 

trials. This is likely due to the instability of antibodies, as antibodies are generally subject to 

proteolysis and may be rapidly removed from circulation rapidly. Another concern of anti-

MMP antibodies is the limited extravascular distribution. Additionally, the parenteral 

administration of antibodies can cause inconvenience for patients, especially for patients with 

long term conditions.  
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1.5. Gastric ulcer 

High quality mānuka honey is potentially an alternative treatment for gastric ulcers. Oral 

administration of mānuka honey effectively prevented (Almasaudi et al., 2016) and treated 

(Almasaudi et al., 2017) acetic acid induced gastric ulceration in rodent models. However, the 

anti-ulcer mechanism is still unclear and has not been linked to a specific compound in mānuka 

honey. This study investigates whether lepteridine contributes to the gastroprotective activity 

displayed by mānuka honey. 

 

1.5.1. Epidemiology of gastric ulcer 

Gastric ulcers are benign mucosal lesions that penetrates deeply into the gut wall beyond the 

muscularis mucosae, and form craters surrounded by acute and chronic inflammatory cell 

infiltrates. There is no specific criterion for the size of lesions, but ≥5 mm is considered as a 

general cut-point. Gastric ulcers and duodenal ulcers are commonly classified together as 

peptic ulcer diseases (PUD). Bacterial infection by Helicobacter pylori was originally 

identified as the main cause of PUD (Hawkey, 1990; Kurata & Nogawa, 1997). However, as 

the incidence of H. pylori infection has declined in Western countries, PUD has become more 

commonly associated with the use of nonsteroidal anti-inflammatory drugs (NSAIDs) and 

acetylsalicylic acid (ASA). (Laine, 1996; Ramakrishnan & Salinas, 2007; Yuan, Padol, & 

Hunt, 2006). Other risk factors of PUD include smoking, alcohol abuse and psychological 

stress (Huang, Sridhar, & Hunt, 2002; Kurata & Nogawa, 1997; Lau et al., 2011; Leung, 2008; 

McColl, 2009; Tüchsen, Jeppesen, & Bach, 1994); and endogenous risk factors such as 

dysregulated pepsin and gastric acid (Wolfe, Lichtenstein, & Singh, 1999). Patients with PUD 

are at risk of developing further complications such as gastroduodenal haemorrhage, 

perforation and obstruction (Lau et al., 2011). 

 

Gastric ulcer is a common gastrointestinal disorder worldwide with significant geographic 

variation in prevalence. In western countries, the incidence of PUD has steadily declined 

during the last decades, most likely due to reduced H. pylori infection (Leow, Lim, Liew, & 

Goh, 2016; McJunkin, Sissoko, Levien, Upchurch, & Ahmed, 2011; Pérez-Aisa, Del Pino, 

Siles, & Lanas, 2005). A systematic review in 2009 reported the annual incidence of physician-
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diagnosed PUD ranged from 0.10% to 0.19% (Sung, Kuipers, & El-Serag, 2009). The lifetime 

prevalence of PUD in European countries has been reported as 4.1% (gastric ulcer: 2.0 %; 

duodenal ulcer: 2.1 %) and 6.2 % (gastric ulcer: 2.3 %; duodenal ulcer: 3.9 %) (Aro et al., 

2006; Zagari et al., 2010). However, the prevalence of PUD is much higher in Asian 

population-based studies (Dong, Cheng, Liu, & Yu, 2004; Wong et al., 2005; Xia et al., 2005). 

In China, the lifetime prevalence of PUD was reported to be 17.2% in a systematic 

investigation of gastrointestinal diseases (Li et al., 2010). Jang et al. (2008) reported an 

increasing trend for the prevalence of H. pylori-associated gastric ulcer, whereas H. pylori 

infection in duodenum ulcers were decreasing. 

 

1.5.2. Role of MMP-9 in gastric ulcer 

Among various MMPs, MMP-9 (also known as gelatinase B) is highly associated with the 

occurrence and severity of gastric ulcer, particularly during the development stage (Li et al., 

2013; Swarnakar, Mishra, Ganguly, & Sharma, 2007). Like most MMPs, the expression and 

secretion of MMP-9 is very low in normal healthy tissues. During the formation of a gastric 

ulcer, the induction of oxidative stress increases the secretion of MMP-9 which leads to 

mucosal damage (Ganguly & Swarnakar, 2012; Li et al., 2013). MMP-9 is a proinflammatory 

enzyme which can proteolytically cleave a number of cytokines and chemokines into more 

active forms, such as pro-IL-1β and IL-8 (Schönbeck et al., 1998; Van den Steen, Proost, 

Wuyts, Van Damme, & Opdenakker, 2000). 

 

MMP-9 can also regulate epithelial barrier permeability by degrading occludins in tight 

junctions to facilitate the influx of inflammatory cells and proteins (Caron et al., 2005; 

Reijerkerk et al., 2006). MMP-9 is highly involved in ECM degradation which leads to 

mucosal damage and cellular remodelling (Swarnakar et al., 2007). In contrast, another 

gelatinase MMP-2, is constitutively expressed and considered as a general housekeeping 

enzyme that regulates normal tissue turnover (Vanhoutte, Schellings, Pinto, & Heymans, 

2006). MMP-2 was found in intact ulcerated tissue, suggesting that MMP-2 participates in the 

physiological turnover of gastric ECM (Ganguly, Maity, Reiter, & Swarnakar, 2005; 

Lempinen, Inkinen, Wolff, & Ahonen, 2000). Lempinen et al. (2000) reported upregulation of 

MMP-2 activity in indomethacin-induced gastric ulcers; while other studies reported 
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suppressed MMP-2 expression during gastric ulceration (Pan & Hung, 2002; Swarnakar et al., 

2005). 

 

Numerous studies have reported elevated expression and activity of MMP-9 during the process 

of gastric ulceration. Increased MMP-9 activity has been reported in both indomethacin-

induced (~12 fold) and ethanol-induced (20-25 fold) gastric ulcers in rodent models (Singh, 

Kundu, Ganguly, Mishra, & Swarnakar, 2007; Swarnakar et al., 2005, 2007). Singh et al. 

(2007) also reported that ethanol-induced gastric ulcers are associated with the elevation of 

pro-MMP-9 activity in a dose-, time- and severity-dependent manner. The level of both MMP-

9 and TIMP-1 at the ulcerated site were significantly higher in gastric ulcer patients suffering 

from H. pylori infection (Li et al., 2013). The same authors also identified MMP-9 as a risk 

factor for the reoccurrence of gastric ulcers (Li et al., 2013). 

 

1.5.3. Regulating MMP-9 activity in gastric ulceration 

MMP-9 has become a new therapeutic target in preventing and healing of gastric ulceration. 

A range of synthetic compounds and drugs have demonstrated anti-ulcer activity by regulating 

the activity of MMP-9 in rodent models. Melatonin is a hormone secreted by the pineal gland 

and often prescribed as a supplement. Melatonin reportedly down-regulates the activity of both 

MMP-2 and MMP-9 by inhibiting TNF-α, and also up-regulates the expression of TIMP-1 and 

TIMP-2 (Swarnakar et al., 2007). Famotidine, a histamine H2-receptor antagonist, has long 

been used for treating NSAIDs and ethanol-induced gastric ulcers due to its antisecretory 

functions (Amagase, Ikeda, & Okabe, 1999; Miyata, Kamato, Nishida, & Honda, 1991). 

Famotidine exhibited dose-dependent anti-ulcer activity by regulating MMP-9 activity via 

proinflammatory cytokines such as TNF-α and IL-6 (Singh et al., 2007). The antibiotic 

doxycycline, also prevented gastric ulceration by inhibiting the activities of MMP-9 and 

MMP-3, while up-regulating MMP-2 expression (Singh, Mishra, Saha, & Swarnakar, 2011). 

Doxycycline is a non-specific MMP inhibitor with a chelating activity capable of inhibiting 

MMP-9 with an IC50 of 301 μM (Axisa et al., 2002; Lei et al., 2017). 
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Several natural compounds have also demonstrated a protective role against gastric ulcers, 

with potentially fewer side effects. Curcumin, a bioactive constituent from Curcuma longa 

prevents gastric ulcer formation and accelerates healing (Swarnakar et al., 2005). Both oral 

and intraperitoneal administration of curcumin blocks gastric ulceration in a dose-dependent 

manner, which is primarily attributed to the down-regulation of MMP-9 activity (Ganguly et 

al., 2005). The low molecular weight extract from Aloe vera exhibits gastroprotective activity 

by regulating MMP-9 activity in alcohol-induced gastric lesion tissues (Park, Son, Yoo, & Lee, 

2017). Tamarixetin 3-O-β-D-glucopyranoside extracted from Neem (Azadirachta indica) 

leaves exerts significant protection against indomethacin-induced gastric ulceration in mice 

(Yadav et al., 2017). This compound directly inhibits the proteolytic activity of MMP-9 with 

an IC50 of 50 μM (Yadav et al., 2017). 

 

Mānuka honey exhibited anti-inflammatory and antioxidant activity in the regulation of gastric 

ulcers. Medical grade mānuka honey is an effective treatment for chronic ulcers (Molan & 

Rhodes, 2015). The gastroprotective role of mānuka honey was demonstrated in the prevention 

(Almasaudi et al., 2016) and treatment (Almasaudi et al., 2017) of acetic acid-induced gastric 

ulcer using rodent models. Mānuka honey significantly reduced the concentration of active 

antioxidants and inflammatory cytokines, including TNF-α, IL-1β, and IL-6 (Almasaudi et al., 

2017, 2016). MMP-9 is the key enzyme in the formation of gastric ulcers and its activity is 

highly associated with proinflammatory cytokines. During the inflammatory process, MMP-9 

can act as a downstream effector and upstream mediator (Marshall et al., 2015). The expression 

of MMP-9 is induced by proinflammatory cytokines such as TNF-α and IL1-α (Ben-David, 

Livne, & Reznick, 2012; Ben-David, Reznick, Srouji, & Livne, 2008; Drygiannakis et al., 

2013). On the other hand, it can help sustain proinflammatory processes by further releasing 

or activating TNF-α, TGF-β, IL-8, and IL1-β (Gearing et al., 1994; Kleifeld et al., 2000; 

Rodríguez, Morrison, & Overall, 2010; Schönbeck et al., 1998; Yu & Stamenkovic, 2000). 

However, the exact anti-ulcer mechanism and anti-inflammatory component in mānuka honey 

is yet to be discovered. 
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1.6. Aims of this thesis 

This project is based on the discovery of lepteridine, which is a unique compound in mānuka 

honey. The first part of this thesis aims to investigate and demonstrate the potential of 

lepteridine as a marker compound for authenticating mānuka honey. The second part of this 

thesis investigates the anti-inflammatory activity of mānuka honey focusing on MMP-9 

inhibition.  

 

The main objectives of this project are: 

• To investigate whether lepteridine is the principal compound responsible for the 

previously identified unique MM2 fluorescence signature displayed by mānuka honey. 

• To examine relevant physico-chemical properties of lepteridine as a potential mānuka 

marker compound as well as determine its presence in closely related Australian 

Leptospermum honeys and kānuka honey. 

• To quantify the concentration of lepteridine in mānuka honey using HPLC, LC-

MS/MS and fluorescence spectroscopy. 

• To demonstrate the utility of lepteridine as a mānuka marker compound to authenticate 

commercial honey samples and compare these results to the MPI chemical standards. 

• To investigate the underlying inhibitory activity of mānuka honey against MMP-9 

using a commercial fluorometric kit, and identify the potential inhibitor component in 

mānuka honey. 

• To further examine the MMP-9 inhibitory activity of the inhibitor compounds using 

other independent approaches, including mass spectrometry, colorimetric assasy and 

gelatin zymography. 

• To investigate the potential enzyme-inhibitor interaction using isothermal titration 

calorimetry and molecular docking analysis. 



 

 

 Lepteridine as a unique 

fluorescence marker for the authentication 

of mānuka honey 

Executive summary 

This chapter describes the identification of lepteridine as the principal compound responsible 

for the unique fluorescence signature displayed by mānuka honey at ex330 nm–em470 nm 

(MM2). Two unique fluorescence signatures have been identified in mānuka honey, referred 

to as MM1 and MM2. These signatures potentially offer a rapid and cost-effective approach 

for mānuka honey authentication using fluorescence spectroscopy. The fluorophore 

responsible for the MM1 marker has been identified as leptosperin. 

 

Lepteridine was quantified in mānuka honey and mānuka nectar, which ranged between 5–52 

mg/kg and 80–205 mg/kg, respectively. Notably, the fluorescence spectrum of synthetic 

lepteridine matched the MM2 fluorescence signature. Fluorescence quenching was observed 

in the honey matrix, but otherwise, lepteridine was stable over prolonged storage at 37 °C. 

Lepteridine was also found in Australian Leptospermum honeys and nectars. Lepteridine 

concentration was positively correlated with concentrations of the MM1 fluorescence marker 

leptosperin in honeys. These findings identify lepteridine as the principal compound 

responsible for MM2 fluorescence, and support the utility as a marker compound for mānuka 

honey authentication. 

 

Sections of this chapter have been published in an amended form in Food Chemistry [Lin, B., 

Loomes, K. M., Prijic, G., Schlothauer, R., & Stephens, J. M. (2017). Lepteridine as a unique 

fluorescence marker for the authentication of mānuka honey. Food Chemistry, 225, 175–180.].   
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2.1. Fluorescence spectroscopy in food and honey analysis 

During the last decade, fluorescence spectroscopy has become increasingly popular in 

analytical food science, mainly due to its excellent sensitivity and specificity (Christensen, 

Nørgaard, Bro, & Engelsen, 2006; Karoui & Dufour, 2008). Fluorescence spectroscopy has 

demonstrated the capability to analyse a wide range of food products including honeys (Ghosh, 

Verma, Majumder, & Gupta, 2005; Ruoff et al., 2006), milk (Boubellouta, Galtier, & Dufour, 

2009) and edible oils (Kyriakidis & Skarkalis, 2000). Spectrofluorometric techniques are up 

to 1000 times more sensitive than other absorption-based spectroscopic techniques (Strasburg 

& Ludescher, 1995), and in some cases can quantify one part in 10 billion (Karoui & Dufour, 

2008). Fluorescence spectroscopy offers improved specificity by using a pair of distinct 

excitation and emission wavelengths, and is a relatively simple, low-cost, and efficient 

technique with non-destructive nature (Airado-Rodríguez, Durán-Merás, Galeano-Díaz, & 

Wold, 2011; Lenhardt, Zeković, Dramićanin, Dramićanin, & Bro, 2014). 

 

Fluorescence spectroscopy has been proposed as a promising approach for honey analysis due 

to the presence of numerous intrinsic fluorophores. The presence of several groups of natural 

fluorophores have been reported to be present in honey, including polyphenolic compounds 

(Andrade, Ferreres, & Teresa Amaral, 1997; Martos et al., 2000; Rodríguez-Delgado, 

Malovaná, Pérez, Borges, & García Montelongo, 2001; Tomaand́s-Barberaand́n et al., 2001; 

Yao et al., 2004), amino acids (Bouseta, Scheirman, & Collin, 1996; Kaškoniene & 

Venskutonis, 2010), and vitamins (Lenhardt, Bro, Zeković, Dramićanin, & Dramićanin, 2015). 

In previous studies, fluorescence spectroscopy have been applied for detecting adulteration of 

honey with cane sugar syrup (Ghosh et al., 2005) and classifying honeys according to their 

botanical origins (Karoui, Dufour, Bosset, & De Baerdemaeker, 2007; Ruoff et al., 2006). 

 

Previously, the potential of fluorescence spectroscopy for the authentication of mānuka honey 

was demonstrated through the identification of two unique mānuka fluorescence signatures, 

named MM1 (ex270 nm–em365 nm) and MM2 (ex330 nm–em470 nm) (Bong, Loomes, 

Schlothauer, & Stephens, 2016). Leptosperin was identified as the main compound responsible 

for the MM1 fluorescence signature (Bong et al., 2017). However, the autofluorescent 

compound responsible for the MM2 signature has remained unknown.   
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The MM2 signature fluorescence displayed by mānuka honey is likely attributed to 

unidentified or recently identified Leptospermum-specific compound. Daniels et al. (2016) 

identified a unique compound in New Zealand mānuka with a 3,6,7-trimethyllumazine 

structure. The structure was validated using NMR, MS, IR and UV/vis spectroscopy and 

confirmed by the total synthesis (Daniels et al., 2016). The Leptospermum-specific compound 

is a pteridine derivative and later named lepteridine (Figure 2.1). The physico-chemical 

properties and the underlying fluorescent nature has not been previously reported.  

 

                                    

Figure 2.1. Molecular structure of lepteridine (Daniels et al., 2016). 

 

2.2. Aims and objectives 

This chapter investigates whether lepteridine is the principal compound responsible for the 

MM2 fluorescence signature. To achieve this, the fluorescence spectrum of lepteridine was 

compared with mānuka honey and nectar at ex330 nm–em470 nm. The correlation between 

lepteridine concentration and the MM2 fluorescence signature was also examined. To 

investigate the potential as a mānuka marker compound, the time-dependent and thermal 

stability properties of lepteridine were investigated, as well as its presence in closely related 

Australian Leptospermum honeys. 
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2.3. Method and materials 

2.3.1. Honey and nectar samples 

All honey and nectar samples in this study were kindly supplied by Comvita NZ Ltd. (Te Puke 

New Zealand). Twenty-seven mānuka honey samples were collected from five different 

regions throughout New Zealand (Table 2.1). 

 

Other honey samples investigated in this study included: Australian jelly bush (Leptospermum 

polygalifolium), Tasmanian Leptospermum (Leptospermum scoparium var. eximium), 

Western Australian Leptospermum subtenue, New Zealand kānuka (Kunzea ericoides) and 

New Zealand clover (Trifolium repens). All honey samples were stored at 4 °C under dark 

conditions prior to analysis. 

 

Nectar samples were supplied by Comvita NZ Ltd. and collected in New Zealand, including 

mānuka, kānuka, and clover; and Australian Leptospermum nectars from L. continentale, L. 

polygalifolium, L. nitidum, and L. myrtifolium. Nectar samples were collected by direct 

sampling using a micropipette (Bong et al., 2016; Stephens et al., 2010). To prevent ageing, 

all nectar samples were stored at -20 °C under dark conditions. 
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Table 2.1. New Zealand mānuka honey samples 

Sample Honey type Geographic origin MGO (mg/kg) DHA (mg/kg) 

1 Mānuka Northland 399 3830 

2 Mānuka Northland 401 3430 

3 Mānuka Northland 300 3570 

4 Mānuka Northland 542 4210 

5 Mānuka Northland 454 >4590 

6 Mānuka Northland 395 3800 

7 Mānuka Northland 862 2552 

8 Mānuka Taupo 219 2530 

9 Mānuka Taupo 385 3340 

10 Mānuka Taupo 451 >4570 

11 Mānuka Taupo 371 >4550 

12 Mānuka Taupo 332 3840 

13 Mānuka Taupo 511 2830 

14 Mānuka Waikato 755 2098 

15 Mānuka Waikato 782 2083 

16 Mānuka Waikato 710 2085 

17 Mānuka East Coast 397 1331 

18 Mānuka East Coast 482 1073 

19 Mānuka East Coast 476 1066 

20 Mānuka East Coast 514 1081 

21 Mānuka East Coast 753 2097 

22 Mānuka Wairarapa 143 2080 

23 Mānuka Wairarapa 103 1483 

24 Mānuka Wairarapa 143 1854 

25 Mānuka Wairarapa 61 957 

26 Mānuka Wairarapa 139 1413 

27 Mānuka Wairarapa 125 1910 
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2.3.2. Chemicals 

The lepteridine standard was synthesised by the Department of Chemical Sciences at the 

University of Auckland (Daniels et al., 2016). HPLC grade methanol and acetonitrile were 

purchased from Merck (Darnstadt, Germany). Formic acid was purchased from Scharlau 

(Barcelona, Spain). Double distilled water was purified from a Sartorius Arium® Pro (18.2 

MΩ cm) water purification system. 

 

2.3.3. Sample preparation 

Prior to fluorescence scans, honey samples were brought to room temperature and thoroughly 

mixed to ensure homogeneity. Honey solutions (2% w/v) were prepared by dissolving 20 mg 

of honey samples in 1 mL of double-distilled water. All samples were thoroughly vortexed 

until completely dissolved in water. 

 

For the nectar samples, sugar concentrations were measured using a handheld refractometer 

(Eclipse 45-03; Bellingham + Stanley Inc.). All nectar samples were diluted to 1.6 °Brix with 

double distilled water, which is equivalent to the concentration of sugar in 2% w/v honey 

solution. 

 

For HPLC analysis, 20 mg of honey samples were dissolved in 1 mL of 0.1% formic acid 

buffer to make up to a 2% w/v honey solution. Nectar samples were diluted with 0.1% formic 

acid to 1.6 °Brix. Prior to HPLC analysis, all honey and nectar samples were centrifuged for 

ten min at 14000 x g to remove particulates. 

 

2.3.4. Fluorescence spectroscopy 

Fluorescence measurements were carried out using a Gemini EM Dual-Scanning Microplate 

Spectrofluorometer (Molecular Devices Inc.) coupled with SoftMax® Pro Software. Freshly 

prepared samples (100 µl) were carefully loaded into microplate wells (OptiplateTM-384, 

black). The sample plate was scanned immediately after loading to avoid photo-bleaching and 
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evaporative losses. The spectrofluorometer was set to top read with activated auto-calibration, 

and automatic photomultiplier tube sensitivity. 

 

2.3.5. Emission spectrum analysis 

The emission spectra were analysed using a similar method as described by Bong et al. (2016). 

All samples and standards were scanned at a fixed excitation wavelength of 330 nm, and the 

emission signals were recorded from 370 nm to 850 nm at 20 nm intervals. 

 

2.3.6. High performance liquid chromatography (HPLC) 

HPLC quantification of lepteridine was performed on a Thermo Scientific™ Dionex 

Ultimate™ 3000 Standard system (Thermo Fisher Scientific Inc., Germany), coupled to a 

quaternary pump (LPG-3400SD), Ultimate analytical Autosampler (WPS-3000TSL), and 

diode-array detector (DAD-3000). Data acquisition, peak integration and calibrations were 

performed with Dionex™ Chromeleon™ 7.2 Chromatography Data System software. 

Separations were carried out on a Hypersil GOLD column (150 × 2.1 mm; 3 μm) (Dionex, NZ) 

connected to a Guard column (10 × 2.1 mm; 3 μm Hypersil), using a binary mobile phase 

consisted of Solvent A water/formic acid (99.9:0.1; v/v) and Solvent B, acetonitrile/Solvent A 

(80:20; v/v). The temperature of the column compartment (TCC-3000SD) was set to 25 °C. 

 

Elution was performed with the following gradient: 0 to 2 min 5% B; 8 min, 25% B; 14 min, 

50% B; 16 min, 100%, followed by washing (3 min at 100% B) and reconditioning of the 

column (10 min at 5% B). The flow rate and temperature were set as 0.2 mL/min at 8 °C. The 

injection volume was 3 µl for all samples. Samples were monitored according to the UV 

absorbance at three different wavelengths as 262 nm, 280 nm, and 320 nm. The detection and 

quantification of lepteridine were performed at 320 nm using area under the curve (AUC). 

 

A standard stock solution (1.0 mg/mL) of lepteridine was prepared in MeOH/0.1% formic acid 

using synthesised lepteridine. The calibration curves were established by serial dilution of the 
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stock solution using 0.1% formic acid to yield 1.5625–50.0 μg/mL. The calibration curve was 

constructed from chromatograms as peak area versus concentration of the lepteridine standard. 

 

2.3.7. Quenching study 

Fluorescence quenching was investigated by comparing fluorescence generated by the 

lepteridine standard dissolved in various solutions including water, kānuka honey (2% w/v), 

clover honey (2% w/v), and artificial honey (2% w/v). The stock artificial honey comprised 

38% fructose, 30% glucose, 12% sucrose, and 20% water. 

 

2.3.8. Lepteridine stability 

The temporal and thermal stabilities of endogenous lepteridine in mānuka honey were 

examined by incubating a set of nine mānuka honey samples at 37 °C. Honey samples were 

incubated over a period of 444 days; subsamples were taken on day 0, 70, 150 and 444. To 

prevent further ageing, all samples were stored at -20 °C under dark conditions. 

 

2.3.9. Statistical analysis 

Data management and analysis were performed using GraphPad Prism software (Version 6.01). 

All correlations in this study were determined by regression analysis and compared by slope 

analysis. Differences between group means were determined by two-tailed Student’s t-tests. 
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2.4. Results and discussion 

2.4.1. Lepteridine is responsible for MM2 fluorescence in mānuka honey 

The emission spectra of synthesised lepteridine were compared against the MM2 fluorescence 

marker present in mānuka honey and nectar. Lepteridine displayed an identical spectral pattern 

in comparison to the MM2 marker in mānuka honey and nectar (Figure 2.2). The peak 

emission fluorescence was found at 470 nm for all three samples and marked as MM2; whereas 

Peak X is a non-diagnostic peak due to background interference and it is present in all samples 

examined in this study (Figure 2.2). Fluorescence intensity was expressed in an arbitrary unit 

as the relative fluorescence units (RFU). 

 

               

Figure 2.2. Emission spectra of synthesised lepteridine (–––), mānuka honey (∙∙∙∙), and mānuka 

nectar (----) at 330 nm excitation. Peak fluorescence at 470 nm. Peak X is a non-diagnostic 

peak due to background interference. Data shows mean spectra from experiments performed 

in triplicate. 

 

Lepteridine was detected and quantified in all mānuka honey and nectar samples examined by 

HPLC using area under the curve (320 nm). Lepteridine concentration ranged between 5–52 

mg/kg in 27 mānuka honey samples (Figure 2.3A). The variation is most likely to be due to 

floral contamination from other nectar sources; and to some degree, the chemical composition 
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between nectars collected from Leptospermum plants. In mānuka nectar, normalised to 

80 °Brix, the average lepteridine concentration was five times higher than mānuka honey and 

ranged between 80–205 mg/kg (Figure 2.3B). Similarly, loss of nectar-derived compounds 

have been previously reported by Bong et al. (2017), where the concentration of leptosperin 

dropped by 5.4-fold from mānuka nectar to mānuka honey. Whilst both lepteridine and 

leptosperin are nectar-derived, these reductions may be partly explained by floral dilution, and 

possible chemical conversion during the honey maturation process. It is also possible other 

UV-absorbing compounds may co-elute with lepteridine under the same HPLC peak, and 

further LC-MS work would validate the HPLC quantification. 

 

The sample mānuka honey and nectar samples were also examined using fluorescence 

spectroscopy at the MM2 fluorescence signature wavelength. As shown in Figure 2.3A & B, 

a strong correlation was found between lepteridine concentration and MM2 fluorescence for 

both mānuka honey (R2=0.942) and mānuka nectar (R2=0.611). These results further confirm 

that lepteridine is the principal compound responsible for the signature MM2 fluorescence 

displayed by mānuka honey. 
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Figure 2.3. Correlation of MM2 fluorescence intensity displayed by mānuka honey (n=27) 

with (A) endogenous lepteridine measured by HPLC at 320 nm (○) (R2=0.929), and in the 

presence of supplemented lepteridine (▼) (R2=0.942). Slopes were not significantly different 

(p>0.05). (B) Correlation of MM2 fluorescence intensity with endogenous lepteridine in 

mānuka nectar (R2=0.611, n=6). Data are shown as mean ± standard error of mean (SEM) 

from experiments performed in triplicate.   
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2.4.2. Quenching effect of mānuka honey on lepteridine fluorescence 

Quenching is a common phenomenon in fluorescence spectroscopy described as a decrease in 

fluorescence intensity caused by intra- or intermolecular interactions (Andersen, Wold, & 

Engelsen, 2008). Lepteridine quenching was investigated by comparing MM2 fluorescence of 

endogenous lepteridine in mānuka honey against a synthetic lepteridine standard curve. The 

MM2 fluorescence signal was quenched in mānuka honey samples (Figure 2.4), with a lower 

fluorescence signal than the lepteridine standard in water and significantly different slope 

(p<0.0001). Despite the quenching effect, the quenched fluorescence signal remained linearly 

correlated with lepteridine concentration (R2=0.929). The strong correlation indicates that the 

concentration of lepteridine can be accurately estimated by measuring fluorescence of diluted 

honey samples. 

 

                  

Figure 2.4. Quenching of lepteridine MM2 fluorescence in mānuka honey. Comparison of 

fluorescence intensity displayed by synthesised lepteridine in water (▼) and endogenous 

lepteridine in mānuka honey (n=27) (2% w/v). (○). 

 

The source of quencher molecules was investigated by spiking lepteridine into kānuka honey, 

clover honey and artificial honey (Figure 2.5). In comparison with the standard curve 

comprising lepteridine in water, the slopes generated by both the kānuka and clover honey 

were significantly lower (p<0.0001), indicating an inherent difference in signal when the 

lepteridine was solubilised in a honey solution and therefore the effect of a whole honey matrix. 
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In contrast, the slope generated by artificial honey was not significantly different (p>0.05) 

from the lepteridine in water standard curve. These results suggest that the quenching effect is 

mainly due to the honey matrix rather than the sugar components alone. 

 

                  

 

Figure 2.5. Fluorescence displayed by synthesised lepteridine in water (▼), kānuka honey (●), 

clover honey (▲) and artificial honey (□). Data shown as mean ± SEM from experiments 

performed in triplicate. 

 

We then investigated the direct effect of lepteridine on MM2 fluorescence by supplementing 

synthetic lepteridine into mānuka honey samples at different lepteridine concentrations (15.1 

mg/kg, 25.7 mg/kg, and 35.5 mg/kg). A series of supplemented honey solutions (2% w/v) were 

prepared by spiking 0.05 µg, 0.10 µg, and 0.15 µg of lepteridine into each of these honey 

samples. As previously shown in Figure 2.3A, the MM2 fluorescence increase in proportion 

to the amount of supplemented lepteridine (R2=0.942). In comparison with the non-

supplemented mānuka honey samples, lepteridine-supplemented honey samples generated a 

similar level of MM2 fluorescence and slopes (p>0.05). These findings demonstrate that 

lepteridine is the principal compound responsible for MM2 fluorescence in mānuka honey. 
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Quenching of MM1 fluorescence exhibited by leptosperin has been previously reported by 

Bong et al. (2017). Similar to MM2 fluorescence, quenching of the MM1 fluorescence was 

mainly due to the whole honey matrix rather than the sugar content. Furthermore, it was 

suggested that the concentration of quencher molecules could be limiting the extent of MM1 

fluorescence quenching in leptosperin-supplemented mānuka honey (Bong et al., 2017). 

However, in contrast, the supplementation of lepteridine into mānuka honey produced a 

similar level of MM2 fluorescence to natural mānuka honey containing the same concentration 

of lepteridine (p>0.05). This is not the case for MM2 fluorescence and quenching, since the 

fluorescence signal in lepteridine-supplemented mānuka honey displayed the same correlation. 

 

2.4.3. Lepteridine stability in honey 

Lepteridine was stable during prolonged storage at 37 °C. During the 444 day incubation 

period of nine different mānuka honey samples, the concentration of lepteridine was not 

significantly different at any time point (p>0.05) (Figure 2.6A). The stability of the lepteridine 

fluorescence signal was also confirmed by assessment of the MM2 fluorescence throughout 

the incubation period and remained not significantly different (p>0.05) (Figure 2.6B). These 

results strongly indicate that lepteridine is stable both chemically and fluorescently over 

prolonged storage. For potential utility as a mānuka marker compound, lepteridine is more 

stable in comparison with traditional marker compounds such as MGO and DHA. 
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Figure 2.6. Stability of lepteridine after prolonged storage at 37 °C. (A) Chemical stability of 

endogenous lepteridine in mānuka honey as measured with HPLC. (B) Stability of 

fluorescence signal. All data are expressed as a percentage of the initial measurement (Day 0). 

Data are shown as mean ± SEM (n=9). 

 

2.4.4. Lepteridine is present in Australian Leptospermum honeys and 

nectars 

Lepteridine was found in all three Australian Leptospermum honeys examined in this study 

(Figure 2.7A). The average concentration of lepteridine in L. subtenue and Australian jelly 

bush honeys (L. polygalifolium) were comparable to New Zealand mānuka honey with 45.2 

mg/kg and 20.4 mg/kg, respectively (both p>0.05); whereas lepteridine concentrations in 

Tasmanian Leptospermum honeys were significantly lower than mānuka honey with an 

average of 11.4 mg/kg (p<0.01). The presence of lepteridine in the Australian Leptospermum 

honeys was confirmed by spectrofluorometric analysis at the MM2 fluorescence wavelength 

(Figure 2.7B). 
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Figure 2.7. Lepteridine in Australian Leptospermum honeys and New Zealand kānuka honey. 

(A) MM2 fluorescence of selected honeys compared with New Zealand mānuka honey. (B) 

The concentration of lepteridine in selected honeys was quantified using area under the curve 

of the purified HPLC peak. Data are shown as mean ± SEM. n=3 (A, B). *p<0.05, **p<0.01 

in relation to mānuka honey. 
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Some Australian Leptospermum nectar samples also displayed strong fluorescence at the MM2 

signature wavelength (Figure 2.8). Comparatively high levels of MM2 fluorescence were 

displayed by the nectar samples of L. continentale (6873 RFU) and L. polygalifolium (3573 

RFU), however low levels of MM2 fluorescence were detected in L. myrtifolium (958 RFU) 

and L. nitidum (319 RFU). 

 

         

Figure 2.8. MM2 fluorescence of selected nectar samples. n=3 New Zealand mānuka and 

kānuka nectar, and n=1 Australian Leptospermum nectars. 

 

The concentrations of lepteridine and leptosperin varied widely between the Leptospermum 

honeys. According to the MGO and DHA concentrations (Table 2.2), all Australian 

Leptospermum honey samples examined in this study are within the range of monofloral 

honeys. In comparison with Australian jelly bush and Tasmanian Leptospermum, L. subtenue 

honey had the highest lepteridine concentration; while leptosperin was almost undetectable in 

L. subtenue (Bong et al., 2017). Additionally, floral dilution could also contribute to the 

difference in chemical composition between Leptospermum honeys.   
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Table 2.2. Australian Leptospermum honeys. 

Sample Honey type Geographic origin MGO 

(mg/kg) 

DHA 

(mg/kg) 

1 Jelly bush QLD 1021 2030 

2 Jelly bush QLD 1228 1638 

3 Jelly bush QLD 1289 4360 

4 Tasmania Leptospermum TAS 250 669 

5 Tasmania Leptospermum TAS 425 873 

6 Tasmania Leptospermum TAS 409 746 

7 L. subtenue WA 523 767 

8 L. subtenue WA 569 841 

9 L. subtenue WA 570 856 

QLD-Queensland, TAS-Tasmania, WA-Western Australia. 

 

2.4.5. Kānuka nectar and honey lepteridine presence 

Low levels of lepteridine were found in kānuka honey samples (Figure 2.7A and B). Its 

presence is likely to be due to floral contamination by mānuka honey, as lepteridine was not 

detected in kānuka nectar samples using both fluorescence spectroscopy (Figure 2.8) and 

HPLC (Figure 2.9B). The HPLC peak representing lepteridine can be clearly identified in the 

mānuka nectar chromatogram (Figure 2.9A), which is not present in the kānuka nectar (Figure 

2.9B). The presence of lepteridine in kānuka honey is most probably due to the combination 

of K. ericoides and L. scoparium nectars that are often harvested simultaneously by bees (Butz 

Huryn, 1995; Stephens, 2006). 
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Figure 2.9. Representative chromatogram at 320 nm absorbance for nectar samples (A) 

Leptospermum scoparium, (B) Kunzea ericoides. Arrow indicates lepteridine at 12.9 min 

retention time. 
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2.4.6. Correlation between lepteridine and leptosperin 

The concentration of lepteridine was positively correlated with leptosperin in a range of 

mānuka honeys (Figure 2.10). As lepteridine and leptosperin are both nectar-derived 

fluorophores, a mānuka honey that has been diluted with other nectar types would be expected 

to show a reduction in both fluorophores. The concentration of these flourophores can be 

readily measured in a single fluorometric assay by examining multiple excitation and emission 

wavelengths. The reliability of fluorescence-based analysis can be greatly improved by 

examining multiple fluorophores. This positive correlation between concentrations of 

lepteridine and leptosperin demonstrated the potential for their combined analysis. 

 

 

Figure 2.10. Correlation between the concentrations of lepteridine and leptosperin in mānuka 

honey (R2=0.801). Quantified by HPLC using area under the peak (n=14). 
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2.5. Conclusion 

This chapter provides compelling evidence that lepteridine is the principal compound for MM2 

fluorescence in Leptospermum-derived honey. Lepteridine is also derived from the nectar of 

Leptospermum scoparium demonstrating a plant origin. In spite of the general quenching 

effect observed in the honey matrix, there is a linear correlation between lepteridine 

concentration and fluorescence intensity. Lepteridine was also detected in the closely related 

Australian Leptospermum honeys and nectars. The trace amounts of lepteridine found in 

kānuka honey are likely due to floral dilution by mānuka honey, as lepteridine is not present 

in Kunzea ericodes nectar. Lepteridine was also chemically and fluorescently stable at 37 °C 

during a 444 day storage period. 

 

In summary, lepteridine is a stable, nectar-derived compound responsible for the MM2 

fluorescence marker in Leptospermum honey. These results demonstrate the potential utility 

of lepteridine as a fluorescence marker compound for mānuka honey authentication, either by 

itself (MM2 fluorescence) or in combination with leptosperin (MM1 fluorescence). 

 



Chapter 6 – Summary and future perspectives 

 

 Utility of Leptospermum 

scoparim compound lepteridine as a 

chemical marker for mānuka honey 

authenticity 

Executive summary 

This chapter describes a mass spectrometry-based assay to measure lepteridine concentration 

using an isotopically-labelled lepteridine standard. Using this technique, lepteridine 

concentrations in certified mānuka honeys showed a strong correlation with concentrations 

quantitated by previously described HPLC-UV and fluorescence. 

 

To demonstrate the potential utility as a marker compound, a minimum lepteridine threshold 

concentration was derived and compared with current industry standard criteria to determine 

“mānuka honey” authenticity on a set of commercial samples. Both methods were effective at 

distinguishing mānuka from non-mānuka honeys. Current industry criteria exclude lepteridine 

but otherwise comprise quantification of multiple floral markers together with pollen analysis. 

The findings suggest that lepteridine quantification could be implemented alone as an equally 

effective alternative method to determine mānuka honey authenticity. 
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3.1. Mass spectrometry quantification 

Mass spectrometry-based quantification methods have gained increasing popularity over the 

past decade due to their high sensitivity and selectivity. Originally described in the early 1980s 

(Desiderio & Kai, 1983), it is now becoming more broadly applied as a method commonly 

known as absolute quantification (Gerber, Rush, Stemman, Kirschner, & Gygi, 2003). In the 

simplest case, absolute quantification can be achieved by the addition of a known quantity of 

a stable isotope-labelled standard, followed by subsequent comparison of the mass 

spectrometric signal to the endogenous peptide in the sample (Bantscheff, Schirle, Sweetman, 

Rick, & Kuster, 2007). The use of isotopically-labelled analogues as internal standards 

compensate the variation in ionisation efficiency due to matrix interference since the isotope 

pairs have near-identical chemical properties. Compound analogues are synthesised with non-

radioactive labels such as 13C, 15N and 2H (Ong & Mann, 2005). Deuterium (2H) is the most 

commonly used label for the synthesis of stable isotopes, as it can be stably introduced at 

carbon centres from inexpensive starting materials (Lehmann, 2017). The mass difference 

imparted by stable isotope should be at least result in a 3-Da mass shift to avoid quantitative 

errors from isotopic overlap. 

 

Tandem mass spectrometry (MS/MS) adds a new dimension of specificity to mass 

spectrometric analysis. This technique allows stable isotopes to be detected and quantified at 

the fragment ion level. During the first stage of mass spectrometry, ions formed in the ion 

source are separated by the mass to charge ratio (m/z). In tandem mass spectrometry (MS/MS), 

selected ions of a particular m/z are analysed at the fragment ion level created by collision-

induced dissociation or other processes. In comparison to MS, the use of MS/MS reduces the 

absolute ion intensity on mass spectra. Despite the drop in signal intensity, MS/MS increases 

the overall signal-to-noise ratio by reducing background interference (De Hoffmann, 1996; 

Kondrat, Cooks, & McLaughlin, 1978). Consequently, MS/MS offers improved detection 

sensitivity while providing structural information. 

 

In the previous chapter, lepteridine concentration in mānuka honey was quantified using 

HPLC. However, the results from HPLC quantification may be hampered by other UV-

absorbing compounds co-eluting under the same HPLC peak. The presence of co-eluting 
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compounds has been previously observed in HPLC-purified lepteridine (Daniels, unpublished 

observations). Further complications may come from the recently identified compound 6,7-

dimethyl-2,4(1H,3H)-pteridinedione, which has a very similar structure to lepteridine and 

fluoresces at the same wavelengths (Beitlich et al., 2016). As a result, it was deemed necessary 

to quantify lepteridine using a more accurate approach. 

 

3.2. Aims and objectives 

The aim of this chapter is to establish an LC-MS/MS-based approach to quantify lepteridine 

in mānuka honey samples by utilising an isotopically-labelled lepteridine internal standard. 

The utility of lepteridine as a mānuka marker compound to authenticate commercial honey 

samples is demonstrated and compared with results using the MPI chemical standards. 

 

3.3. Methods and materials 

3.3.1. Honey samples 

Three honey sample sets were kindly provided by Comvita NZ Ltd. (Te Puke, New Zealand). 

The first comprised 27 field mānuka honey samples collected from five different regions 

throughout New Zealand in 2009 (Table 3.1, samples 1–27). The floral source of these field-

collected mānuka honey samples was confirmed by recognised experts and beekeepers based 

on site analysis and flowering season. The second collection was a set of non-mānuka honey 

samples comprising kānuka, clover, tāwari, pōhutukawa, kāmahi, and rewarewa (Table 3.1, 

samples 28–53). These non-mānuka honey samples were collected by Oritain Global Ltd. 

(Otago, New Zealand) in 2011 and the corresponding compositional data was established by 

Hills Laboratory Ltd. (Hamilton, New Zealand). The third collection comprised a set of honey 

samples purchased from a commercial market in Singapore that were all labelled as mānuka 

honey (Table 3.2, Page 74). These honeys were purchased by the UMF Honey Association 

(UMFHA). All honey samples were stored at 4 °C under dark conditions prior to analysis. 
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Table 3.1. Field-collected honey samples. 

Sample Honey type Geographic origin DHA (mg/kg) MGO (mg/kg) Lepteridine 

(mg/kg)* 

1 Mānuka Northland 3830 399 43.9 

2 Mānuka Northland 3430 401 13.9 

3 Mānuka Northland 3570 300 29.6 

4 Mānuka Northland 4210 542 24.5 

5 Mānuka Northland >4590 454 27.0 

6 Mānuka Northland 3800 395 22.3 

7 Mānuka Northland 2552 862 25.3 

8 Mānuka Taupo 2530 219 27.3 

9 Mānuka Taupo 3340 385 26.8 

10 Mānuka Taupo >4570 451 39.2 

11 Mānuka Taupo >4550 371 28.6 

12 Mānuka Taupo 3840 332 31.0 

13 Mānuka Taupo 2830 511 19.4 

14 Mānuka Waikato 2098 755 12.0 

15 Mānuka Waikato 2083 782 14.0 

16 Mānuka Waikato 2085 710 14.4 

17 Mānuka East Coast 1331 397 16.6 

18 Mānuka East Coast 1073 482 32.5 

19 Mānuka East Coast 1066 476 7.66 

20 Mānuka East Coast 1081 514 7.79 

21 Mānuka East Coast 2097 753 12.3 

22 Mānuka Wairarapa 2080 143 3.36 

23 Mānuka Wairarapa 1483 103 8.09 

24 Mānuka Wairarapa 1854 143 7.69 

25 Mānuka Wairarapa 957 61 40.6 

26 Mānuka Wairarapa 1413 139 19.1 

27 Mānuka Wairarapa 1910 125 35.7 

28 Kānuka Taupo <20 11 < LOD 

29 Kānuka Taupo <20 10 < LOQ 

30 Kānuka Taupo 620 155 5.23 

31 Kānuka Northland 92 36 1.55 

32 Kānuka Northland 437 104 5.94 

33 Kānuka Northland <20 10 < LOQ 
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Sample Honey type Geographic origin DHA (mg/kg) MGO (mg/kg) Lepteridine 

(mg/kg)* 

34 Clover Southland <20 8 < LOD 

35 Clover Southland <20 7 < LOD 

36 Clover Taupo  114 30 0.76 

37 Clover Southland <20 6 < LOD 

38 Clover Southland 568 50 0.65 

39 Clover Southland <20 9 < LOD 

40 Clover Southland <20 6 < LOD 

41 Clover Taupo 287 34 1.58 

42 Clover Southland 222 39 < LOQ 

43 Clover Southland 318 33 < LOQ 

44 Tāwari Taupo 35 12 < LOQ 

45 Tāwari Taupo 134 20 0.74 

46 Tāwari Taupo  <20 11 < LOQ 

47 Pōhutukawa Northland 175 30 1.06 

48 Pōhutukawa Northland 203 37 1.19 

49 Pōhutukawa Northland <20 7 < LOD 

50 Kāmahi Taupo <20 11 < LOD 

51 Kāmahi Taupo <20 7 < LOQ 

52 Kāmahi Southland <20 5 < LOD 

53 Rewarewa Taupo 274 38 1.794 

* Quantification based on LC-MS/MS using isotopically-labelled lepteridine as an internal standard. 
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3.3.2. Honey sample preparation 

Prior to mass spectrometry analysis, all honey samples were brought to room temperature and 

thoroughly mixed to ensure homogeneity. The final concentration of mānuka honey was 

determined at 0.2 % w/v to reduce sugar concentration while optimising high mass spectrum 

resolution and signal-to-noise ratio. Mānuka honey solutions (0.2 % w/v) were prepared by 

diluting mānuka honey 500-fold in 0.1 % formic acid. Isotopic lepteridine was spiked into 

each honey sample to achieve a final concentration of 20 ng/mL. All samples were thoroughly 

vortexed until completely dissolved in 0.1% formic acid solution. 

 

3.3.3. Synthesis of isotopically-labelled lepteridine1 

All reactions were carried out in flame- or oven-dried glassware under a dry nitrogen 

atmosphere. All reagents were purchased as reagent grade and used without further 

purification. Dimethyl formamide was degassed and dried using an LC Technical SP-1 solvent 

purification system. Ethanol was distilled over Mg(OEt)2. ethyl-acetate, methanol, and 

petroleum ether were distilled prior to use. All other solvents were used as received unless 

stated otherwise. Flash chromatography was carried out using 0.063-0.1 mm silica gel with 

the desired solvent. Thin layer chromatography (TLC) was performed using 0.2 mm Kieselgel 

F254 (Merck) silica plates and compounds were visualised using UV irradiation at 254 nm or 

365 nm and/or staining with a solution of potassium permanganate and potassium carbonate 

in aqueous sodium hydroxide. Melting points were determined on a Kofler hot-stage apparatus. 

Infrared spectra were obtained using a Perkin-Elmer Spectrum 100 FTIR spectrometer on a 

film attenuated total reflection (ATR) sampling accessory. Absorption maxima are expressed 

in wavenumbers (cm-1). 

 

NMR spectra were recorded as indicated on either a Bruker Avance 400 spectrometer 

operating at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, a Bruker DRX-400 

spectrometer operating at 400MHz for 1H nuclei, 100MHz for 13C nuclei, a Bruker Avance 

 

 

1 Synthesis of isotopically-labelled lepteridine in this section was performed by Benjamin Daniels from 

the School of Chemical Sciences at the University of Auckland. 
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AVIII-HD 500 spectrometer operating at 500MHz for 1H nuclei, 125MHz for 13C nuclei or a 

Bruker Avance 600 spectrometer operating at 600MHz for 1H nuclei, 150MHz for 13C nuclei. 

1H and 13C chemical shifts are reported in parts per million (ppm) relative to CDCl3 (1H and 

13C) or (CD3)2SO (1H and 13C). 1H NMR data is reported as chemical shift, relative integral, 

multiplicity (s, singlet; assignment). Assignments were made with the aid of correlation 

spectroscopy (COSY), nuclear Overhauser effect spectroscopy (NOESY), heteronuclear 

multiple quantum correlation (HSQC) and heteronuclear multiple bond correlation (HMBC) 

experiments where required. High-resolution mass spectra were recorded on a Bruker 

micrOTOF-Q II mass spectrometer with electrospray ionisation (ESI) source. 

 

6-Amino-3-(2H3)methyluracil. 6-Aminouracil (1.05 g, 8.29 mmol) was suspended in 

hexamethyldisilazane (HMDS) (5 mL) and sulfuric acid (0.02 mL) was added. The mixture 

was heated at reflux for 1.5 h then concentrated in vacuo. The residue was dissolved in 

dimethylformamide (6 mL) and iodomethane-d3 (0.8 mL, 12.9 mmol) was added. Stirring was 

continued for 72 h at room temperature. The reaction was cooled to 0 °C and sodium 

bicarbonate (15 mL) was carefully added. The mixture was stirred at 0 °C until no further 

bubbling was observed. The precipitate was filtered, washed with methanol and water and 

dried to give a yellow solid (0.43 g, 36 %) which was used without further purification, mp 

340–345 °C (decomposition), 1H NMR (400 MHz, DMSO-d6): δ = 10.35 (1H, s, H-1), 6.15 

(2H, s, NH2), 4.56 (1H, s, H-5); 13C NMR (75 MHz, DMSO-d6): δ = 163.2 (C-4), 153.5 (C-6), 

151.1 (C-2), 74.0 (d, J = 168.1 Hz, C-4); IR (neat, cm-1) = 3417, 3193, 1632, 1587, 1434, 1237, 

788; HRMS (ESI): calculated for C5H4D3N3O2Na+ [M+Na+] 167.0619; found: 167.0618. 

 

6-Amino-3-(2H3)methyl-5-nitrosouracil. 6-Amino-3-(2H3)methyluracil (0.40 g, 2.76 mmol) 

was suspended in water (5 mL). The suspension was heated at reflux for 2.5 h then cooled to 

room temperature. Acetic acid (1.68 g, 28.0 mmol) was added. A solution of sodium nitrite 

(0.46 g, 6.70 mmol) in water (4 mL) was then added dropwise over 5 min, during which time 

the pale-yellow suspension became grey. The mixture was stirred for five min before the 

precipitate was filtered, washed with methanol and water and then dried to give a grey solid 

compound (0.39 g, 81%) which was used without further purification, mp >350 °C. 1H NMR 

(400MHz, CDCl3) δ = 11.37 (1H br, s, H-1), 7.98 (2H br, s, NH2); 13C NMR (100 MHz, 

DMSO-d6) δ = 161.4 (C-4), 149.4 (C-2), 144.5 (C-6), 139.7 (C-5); IR (neat, cm-1) = 3207, 
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3012, 1719, 1649, 1517, 1430, 1251, 1045, 768; HRMS (ESI): calculated for C5H3D3N4O3Na+ 

[M+Na+] 196.0520; found: 196.0527. 

 

5,6-Diamino-3-(2H3)methyluracil. 6-Amino-3-(2H3)methyl-5-nitrosouracil (0.12 g, 0.71 mmol) 

was suspended in a mixture of ammonium hydroxide (1.5 mL, 28–30%) and water (1.75 mL). 

The suspension was heated to 70 °C and sodium dithionite (0.51 g, 2.93 mmol) was added 

portion-wise over 25 min until the red solution became pale-yellow. The mixture was stirred 

at 70 °C for 1 h before being concentrated in vacuo. The crude solid was then continuously 

extracted with refluxing ethanol (70 mL) for 3 h and the extract was concentrated in vacuo to 

give a yellow solid (0.04 g, 37%), mp 222-225 °C (decomposition), 1H NMR (400 MHz, 

CDCl3) δ = 10.69 (1H br, s, H-1), 6.93 (2H br, s, NH2), 3.33 (2H br, s, NH2); 13C NMR (100 

MHz, DMSO-d6) δ = 164.2 (C-4), 156.9 (C-6), 153.5 (C-2), 141.3 (C-5); IR (neat, cm-1) = 

3330, 2919, 1701, 1595, 1459, 1171, 962; HRMS (ESI): calculated for C5H5D3N4O2Na+ 

[M+Na+] 160.0908; found: 160.0918. 

 

3,6,7-(3-2H3)Trimethyllumazine. 5,6-Diamino-3-(2H3)methyluracil (0.04 g, 0.26 mmol) was 

suspended in ethanol (2 mL). 2,3-Butandione (0.03 g, 0.33 mmol) and acetic acid (0.07 g, 1.22 

mmol) were added. The mixture was heated at reflux for 24 h before being cooled to room 

temperature and concentrated in vacuo. The crude product was purified by flash 

chromatography (pet. ether-EtOAc 1:4) to give a colourless solid (0.02 g, 36%). An analytical 

sample was recrystallised from a mixture of chloroform and ethanol (1:1), mp 274-277 °C. 1H 

NMR (400 MHz, CDCl3) δ = 9.53 (1H, s, H-1), 2.66 (3H, s, C7-CH3), 2.65 (3H, s, C6-CH3); 

13C NMR (100 MHz, CDCl3) δ = 161.1 (C-4), 158.9 (C-6), 150.6 (C-7),* 150.4 (C-2),* 145.0 

(C-8a), 123.7 (C-4a), 22.8 (C6-CH3), 21.9 (C7-CH3) (*assignments are interchangeable); IR 

(neat, cm-1) = 2920, 1724, 1662, 1561, 1353, 1274, 940; HRMS (ESI): calculated for 

C9H7D3N4O2Na+ [M+Na+] 232.0888; found: 232.0888. 

 

3.3.4. LC-MS/MS quantification of lepteridine 

HPLC grade acetonitrile and formic acid were purchased from Merck. Water was purified 

using a Barnstead Nanopure Diamond laboratory water system. A 10 µl injection was made 
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of each sample directly onto a 0.3 x 100 mm Zorbax 300SB- C18 column (Agilent, Santa Clara, 

CA, USA). Honey samples were desalted by pumping loading buffer at 12 µl/min for 6 

minutes to remove most of the sugar contents. After 6 min, the isolation source was switched 

in-line with the separation column at a constant flow rate of 6 µl/min. The HPLC gradient 

between Buffer A (0.1 % formic acid in water) and Buffer B (0.1 % formic acid in acetonitrile) 

was formed at 6 µl/min as follows: 10% B for the first three min, increasing to 25 % B by 18 

min, increasing to 97 % B by 21 min, held at 97 % until 24 min, back to 10 % B at 25.5 min 

and held there until 30 min. The LC effluent was directed into the ion spray source of a QSTAR 

XL hybrid Quadrupole-Time-of-Flight mass spectrometer (Applied Biosystems, Foster City, 

CA, USA) scanning from 150–800 m/z. Two precursor ions at m/z 207 and 210 corresponding 

to endogenous lepteridine and the heavy lepteridine standard respectively were selected for 

further MS/MS analyses. The respective fragment ions were monitored between m/z 70 to m/z 

210 with a collision energy of 35 V. The mass spectrometer and HPLC system were under the 

control of the Analyst QS 2.0 software package (Applied Biosystems). 

 

3.3.5. Isotopic LC-MS/MS method validation2 

Validation of the isotopically-labelled lepteridine-based LC-MS/MS method was performed 

based on the Eurachem international guidelines (Magnusson & Örnemark, 2014). Several 

validation parameters were assessed including linearity, repeatability, detection sensitivity, 

interference, matrix effect and recovery. Quantification was achieved through measuring the 

AUC ratio of lepteridine verses isotopically-labelled lepteridine by monitoring a common 

selected fragment ion (m/z 148.05). The method validation procedure was carried out to cater 

for a working range of 0.5 to 50 mg/kg, covering the typical concentration of endogenous 

lepteridine encountered in New Zealand mānuka honey (Bong et al., 2018). 

 

Linearity was established by regression statistics using calibration standards prepared in clover 

honey that does not contain measurable levels of endogenous lepteridine. Repeatability of the 

method was determined by three independent runs on different days using freshly prepared 

 

 

2 The validation of the LC-MS/MS method in this section was performed by Jessie Bong from Comvita 

NZ Ltd.  
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quality control (QC) samples analysed in six replicates. Ten blank clover honey samples were 

selected for sensitivity determination. The limit of detection (LOD) and limit of quantitation 

(LOQ) were determined based on three- and ten-times the standard deviation (SD) of ten blank 

honey runs, respectively. Matrix effect and recovery were assessed by spiking a non-mānuka 

honey with known levels of lepteridine spanning the working range (3 mg/kg, 40 mg/kg, and 

80 mg/kg) in triplicate and compared to the corresponding response in honey-free solution.  

 

3.3.6. HPLC-UV quantification 

HPLC quantification was performed using the method adopted from Bong et al. (2017). The 

Thermo Scientific™ Dionex Ultimate™ 3000 Standard system (Thermo Fisher Scientific Inc., 

Bremen, Germany) was employed, coupled to a quaternary pump (LPG-3400SD), Ultimate 

analytical Autosampler (WPS-3000TSL), and diode-array detector (DAD-3000). Data 

acquisition, peak integration and calibrations were performed with Dionex™ Chromeleon™ 

7.2 Chromatography Data System software. Separations were carried out on a Hypersil GOLD 

column (150 × 2.1 mm; 3 μm) (Dionex, NZ) connected to a Guard column (10 × 2.1 mm; 3 

μm Hypersil), using a binary mobile phase consisted of 0.1 % aqueous formic acid (Solvent 

A) and acidified methanol containing 0.1 % formic acid (Solvent B). The temperature of the 

column compartment (TCC-3000SD) was set at 32 °C. 

 

All honey samples were diluted to a final concentration of 0.1 g/mL, followed by 

centrifugation at 14,500 × g for five min. A total volume of 100 µl was then loaded onto a 

96-well microplate (Greiner Bio-One, polystyrene, conical bottom) for each diluted honey 

sample. The injection volume was 5 µl for all samples. Elution was performed with the 

following gradient: 0 to 2 min 2 % B; 2 to 5 min 5 % B; 5 to 15 min 25 % B; 25 to 31 min, 

50 %, followed by washing (held 3 min, 100 % B), and reconditioning (held 10 min, 2 % B). 

The flow rate and column temperature were set to 0.16 mL/min at 32 °C. Samples were 

monitored according to the UV absorbance at four different wavelengths as 250 nm, 265 nm, 

280 nm, and 320 nm. Compound concentrations were quantified against external calibration 

curves of respective chemical standards based on peak AUC. 
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3.3.7. Fluorescence spectroscopy 

Fluorescence measurements were performed using a Gemini EM Dual-Scanning Microplate 

Spectrofluorometer (Molecular Devices Inc. San Jose, California, USA) coupled with 

SoftMax® Pro Software. Honey dilutions are freshly prepared at 2% w/v and 100 µl aliquots 

were loaded into each microplate well (OptiplateTM-384, black). The spectrofluorometer was 

set to top read with activated auto-calibration and automatic photomultiplier tube (PMT) 

sensitivity.  

 

3.3.8. Data analysis 

Extracted ion chromatograms for the fragment ion of m/z 148.05 +/- 0.1 Da from endogenous 

lepteridine and the heavy isotope-labelled standard were created and integrated using 

MultiQuant v3.0 (Sciex). Statistical data analyses were performed using GraphPad Prism 

software (Version 6.01). All correlations were determined by regression analysis. Differences 

between group means were determined by one-tailed Student’s t-test. Receiver operating 

characteristic curve (ROC) analyses were performed using MetaboAnalyst 3.0 

(http://www.metaboanalyst.ca). 

 

3.4. Results and discussion 

3.4.1. Synthesis of isotopically-labelled lepteridine 

Mass spectrometry is a powerful analytical tool in food science that has been applied in the 

analyses of numerous foods including milk products (Nguyen, Solah, Johnson, Charrois, & 

Busetti, 2014; Wang, Lau, Tague, Sparling, & Orsyth, 2011), fruits (Ippoushi, Sasanuma, Oike, 

Kobori, & Maeda-Yamamoto, 2015, 2016), and beverages (McGrath, Schieltz, McWilliams, 

Pirkle, & Barr, 2011). Most of these methods employ an isotopically-labelled standard to 

compensate for matrix effects between samples (Ong & Mann, 2005; Pan et al., 2009). 

Absolute quantification can be achieved by comparing relative ion abundance between the 

paired compounds. To reduce interference from background ions, quantification can be 

performed on specific fragment ions using tandem mass spectrometry (Gerber et al., 2003).   

http://www.metaboanalyst.ca/
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These principles were used to generate isotopically-labelled lepteridine with the same physico-

chemical properties as native lepteridine but which can be identified by mass spectrometry due 

to the relative atomic mass difference. The use of a heavy isotope standard to quantitate 

lepteridine concentration in mānuka honey required the synthesis of a suitable isotopically-

enriched analogue of lepteridine. Replacement of the methyl group at N-3 of lepteridine with 

a deuteromethyl group provided a mass difference of three atomic mass unit (AMUs), which 

was sufficient to differentiate the two isotopes by mass spectrometry (Figure 3.1). The use of 

iodomethane-D3 in place of iodomethane (Daniels et al., 2016) facilitated the synthesis of 

isotopic lepteridine (Figure 3.2). No significant interfering peaks were identified from 

endogenous compounds in mānuka honey between m/z 210–212 (Figure 3.3A). The three 

AMU mass difference between endogenous and isotopically-spiked lepteridine can be clearly 

distinguished on the mass spectrum (Figure 3.3B). 
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Figure 3.1. Molecular structure of endogenous lepteridine (left) and the synthesised lepteridine isotope (right). 

 

     

Figure 3.2. Total synthesis of isotopically-labelled lepteridine by B.J. Daniels. 
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3.4.2. Validation of isotopic LC-MS/MS lepteridine quantification 

method 

Figure 3.3A and B show the mass spectrum of a typical mānuka honey before and after 

addition of isotopic lepteridine, respectively. As expected, endogenous and isotopically-

labelled lepteridine displayed almost identical MS/MS spectra and co-eluted at the same time. 

No significant interfering peaks were identified from endogenous compounds in mānuka 

honey between m/z 210–212 (Figure 3.3A) and the 3 AMU mass difference between 

endogenous and isotopically-spiked lepteridine can be clearly distinguished in the mass 

spectrum (Figure 3.3B). 

 

Figure 3.3C and 3.3D show the individual MS/MS spectrum for endogenous and isotopic 

lepteridine, respectively. The two species were differentiated by a 3 AMU shift in the fragment 

ion from m/z 189 (Figure 3.3C) to m/z 192 (Figure 3.3D). The most abundant common ion 

was observed at m/z 148.05 and the heavy isotopes were not present for this fragment ion. 

This abundant fragment ion was employed for lepteridine quantification. The high ion count 

relative to noise of this fragment ion minimises background interference. The final testing 

concentration of mānuka honey was determined at 0.2 % w/v to minimise instrument 

contamination with residual honey sugars and maintain signal-to-noise ratio. 
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Figure 3.3. Mass spectrum of a typical mānuka honey sample before (A) and after (B) addition 

of isotopic lepteridine. MS/MS spectrum endogenous lepteridine extracted from the 207 peak 

(C) and isotopically-labelled lepteridine extracted from the 210 peak (D). Arrows indicate a 3 

AMU shift from m/z 189 (C) to m/z 192 (D) due to the replacement of three hydrogen atoms 

by three deuterium atoms.   
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3.4.2.1. Linearity 

Linearity measures the proportionality of a method’s analytical response to the amount of 

analyte in the sample. The linearity of the LC-MS/MS method in this study was evaluated by 

regression statistics based on a 7-point calibration curve prepared in duplicate. The calibration 

concentrations ranged from 1 to 100 ng/mL, which corresponds to 0.5 to 50 mg/kg 

concentration in undiluted mānuka honey. The calibration curve of lepteridine over this 

concentration range was established by weighted (1/x2) linear regression analysis, where the 

coefficient correlation (r) from three independent analyses established over different days was 

determined to be ≥0.995 (Appendix A). The calibration curve is linear with respect to the 

concentration range tested. Residual plots for each of the calibration curves did not show any 

obvious trend and appeared to be randomly distributed across the concentration range tested. 

All data points included in the calibration curves were within measurement accuracy of ±15% 

(Appendix B). 

 

3.4.2.2. Repeatability, precision, and reproducibility 

Repeatability of the LC-MS/MS method was determined by supplementing a lepteridine-free 

clover honey with lepteridine at three different concentrations spanning the working range in 

this study (3 ng/mL, 40 ng/mL and 80 ng/mL). Analysis was performed using six replicate 

preparations, made independently over three different days. 

 

Precision was assessed by intra-day repeatability and expressed as percentage coefficient of 

variation (CV). The method showed good precision with CV ranging from 4.5–7.7%, 5.1–

7.4%, 2.4–9.0% at 3 ng/mL, 40 ng/mL and 80 ng/mL measured over three days, respectively 

(Appendix C). 

 

Inter-day repeatability was also assessed to determine the reproducibility of the method over 

time. Lepteridine was reproducibly measured over three different days with overall CVs of 

7.9%, 6.4% and 5.8% at 3 ng/mL, 40 ng/mL and 80 ng/mL, respectively (Appendix D). 
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3.4.2.3. Sensitivity (LOD and LOQ) 

Detection sensitivity is expressed in terms of limit of detection (LOD) and limit of 

quantification (LOQ). The LOD of the method was calculated based on three-times the 

standard deviation of analyte AUC from ten blank honey runs, and the LOQ based on ten-

times this standard deviation. 

 

The standard deviation (SD) of the AUC for lepteridine from ten blank clover honey samples 

was determined to be 6.3 counts, giving a theoretical LOD peak area of 18.8 counts (3 x SD) 

and a theoretical LOQ peak area of 62.5 counts (10 x SD). To allow a generous margin of 

error, the working range for this method was set to 1–100 ng/mL (corresponding to 0.5–50 

mg/kg lepteridine in raw honey) for which the lowest calibration standard gave a mean AUC 

of 144 counts across the three batches (n=6, intensity range 101–211 counts). This is more 

than double the required 10 x SD value for the LOQ. The LOD of this method is calculated to 

be far lower at 0.15 ng/mL (corresponding to 0.075 mg/kg raw honey). Given that the expected 

minimum threshold of lepteridine concentration in genuine mānuka honey is around 2.5 mg/kg, 

this working range was deemed to be more than sufficient to discriminate mānuka honey from 

non-mānuka honeys. 

 

3.4.2.4. Interference 

The absence of interference was demonstrated through lack of signal for both lepteridine and 

its isotope-labelled counterpart in non-spiked clover honey, and lack of isotopic lepteridine 

signal in mānuka honey (Appendix E). Additionally, supplementation of the heavy isotope 

lepteridine into honey did not cause interference to the lepteridine signal (Appendix F). 

 

3.4.2.5. Matrix effect and recovery 

Matrix effect and recovery were assessed by comparison of solution and honey supplemented 

with lepteridine at 3 ng/mL, 40 ng/mL and 80 ng/mL. Matrix recovery was 97.6–104% at these 

concentrations, with no significant change in background signals for the lepteridine peaks in 

honey compared to solution (Appendix G). 
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3.4.3. Comparison between lepteridine quantification using mass 

spectrometry, HPLC-UV and fluorescence quantitation 

Authentic field-collected mānuka honey samples harvested throughout the North Island of 

New Zealand were analysed to quantitate endogenous lepteridine concentrations (Table 3.1). 

Mass spectrometry analyses employing isotopically-labelled lepteridine as an internal standard 

yielded lepteridine concentrations ranging between 3–44 mg/kg. These lepteridine 

concentrations correlated well with lepteridine concentrations quantified by either HPLC 

(Figure 3.4A, R2=0.9517) or by fluorescence at the MM2 wavelength (Figure 3.4B, R2=0.8995) 

on the same honey set. 

 

Compared to quantitation by HPLC-UV (Lin, Loomes, Prijic, Schlothauer, & Stephens, 2017), 

lepteridine concentrations were reduced by approximately 24% when measured using mass 

spectrometry. This difference is likely due to the presence of other UV-absorbing compounds 

co-eluting with lepteridine under the same HPLC peak. We previously identified the presence 

of these compound(s) by 1H NMR spectra of lepteridine fractions purified by HPLC (Daniels, 

unpublished observations). Ultimately, structural elucidation of lepteridine was reliant on 

direct phase preparative TLC to remove these species (Daniels et al., 2016). Further 

interference could arise from 6,7-dimethyl-2,4(1H,3H)-pteridinedione, previously isolated 

from mānuka honey (Beitlich et al., 2016). This compound also fluoresces at the lepteridine 

signature MM2 wavelength (Beitlich et al., 2016) and so will contribute to the MM2 

fluorescence signature. Based on this information, mass spectrometry is the more accurate 

approach for lepteridine quantification in mānuka honey. 
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Figure 3.4. (A) Correlation between lepteridine concentration quantified by LC-MS/MS and 

HPLC (R2=0.9517). (B) Correlation between lepteridine concentration quantified by LC-

MS/MS and fluorescence intensity at ex330 nm–em470 nm (R2=0.8995). n=27. 
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3.4.4. Determining mānuka honey authenticity using lepteridine 

Using ROC analyses of field-collected mānuka honey samples (Table 3.1, samples 1–27) 

against non-mānuka honey samples (Table 3.1, samples 28–53), a minimum lepteridine 

threshold concentration of 2.6 mg/kg was derived as measured by mass spectrometry (Figure 

3.5A). This value is similar to a previous minimum lepteridine threshold value of 2.1 mg/kg 

as quantified by HPLC-UV using a different set of field-collected mānuka honey samples 

(Bong et al., 2018). This threshold lepteridine concentration corresponded to a minimum 

fluorescence threshold of 537 RFU with the fluorescence plate reader utilised in the laboratory 

(Figure 3.5B, left panel). The respective area under the curves (AUC=0.997 and 0.996, Figure 

3.5A and B, left panel) support the accuracy of these tests. The cut-off points (Figure 3.5A and 

B, right panels) were determined based on the positive likelihood ratio. Interestingly samples 

30 & 32 in Table 3.1 have historically been classified as kānuka. However, on the basis of 

their DHA & MGO contents they should probably be reclassified as mānuka. 
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Figure 3.5. ROC analysis for mānuka honey and non-mānuka honey. (A) Lepteridine 

concentration measured using mass spectrometry (AUC=0.997). The cut-off point of 

lepteridine concentration was determined at 2.6 mg/kg. (B) Signature fluorescence of 

lepteridine at ex330–em470 nm (AUC=0.996). The fluorescence cut-off point was determined 

at 537 RFU using the fluorimeter in the lab. 
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Minimum lepteridine threshold concentrations derived by ROC analyses using either mass 

spectrometry or fluorescence were then used to determine the authenticity of 33 commercial 

samples purchased from Singapore in 2016 (Table 3.2). These honeys were all labelled as 

mānuka in market, however, a previous analysis of 17 of these samples found three were not 

true to label and incorrectly marketed as mānuka honey (Stephens et al., 2017). Compositional 

analyses of these 33 honeys are shown in Table 3.1. Based on the minimum lepteridine 

threshold derived by either mass spectrometry or fluorescence, samples 24–33 and 22–33 were 

identified as mislabelled, respectively (Table 3.2). By comparison, using the other unique 

mānuka marker, leptosperin, samples 30–33 fell below the minimum threshold of 94 mg/kg 

determined by Bong, Loomes, et al. (2017) and would therefore be classified as mislabelled 

on this basis. Samples 30–33 also displayed the lowest MGO concentration among all samples. 

 

Comparisons of these findings for lepteridine with MPI guidelines for the determination of 

mānuka honey (MPI, 2017b) based on the presence of 2’-MAP, 2-MB, 4-HPA, 3-PLA (Table 

3.2). Implementing the MPI criteria for mono- and multifloral mānuka honey identified 

samples 1–21 as mānuka honey and samples 30–33 as mislabelled. These classifications are 

mostly in complete agreement with the lepteridine-based analyses. However, there were also 

some differences in classification between the MPI or lepteridine-based criteria for eight of 

the 33 honey samples (24–29). MPI-based criteria also identified honey samples 22 and 23 as 

mislabelled which was consistent with the lepteridine threshold based on fluorescence but not 

mass spectrometry. Interestingly, although MPI-based criteria identified samples 30–33 as 

mislabelled, samples 32 and 33 showed elevated concentrations of 4-HPA and 3-PLA, both of 

which are compounds included in the MPI standard. These data suggest that 4-HPA and 3-

PLA are not uniquely present in mānuka honey which is consistent with elevated 

concentrations of 4-HPA and 3-PLA in kānuka honeys and nectars (Bong, Loomes et al., 2017). 

Thus 4-HPA and 3-PLA may not in fact be suitable mānuka marker compounds due to limited 

differentiating power between mānuka and kānuka honeys. These findings therefore support a 

utility for lepteridine for differentiating kānuka from mānuka honeys. 

 

Overall both MPI and lepteridine-based criteria correctly identified authentic (samples 1–21) 

and mislabelled (samples 30–33) mānuka honey (Table 3.2). These two groups of honey 

samples likely represent extreme cases of the spectrum where the mānuka component is 

sufficiently high or virtually non-existent. Honey samples 22–29 likely represent intermediate 
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cases where honey of mānuka origin is present but contaminated by other floral sources. 

Classification of these samples as mānuka is therefore somewhat more arbitrary and 

determined by the magnitude of the mānuka component and whether this exceeds the cut-off 

thresholds for either lepteridine or the MPI-based criteria. It is noted that DNA pollen analysis 

was not available for these samples so that these authenticity criteria are based solely on the 

chemical marker compounds. 
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Table 3.2. Commercial mānuka samples purchased from Singapore. 

Sample Lep 4-HPA 3-PLA 2-MB 2’-MAP Leptosperin DHA MGO RFU (330-470nm) Lep MPI 

1 8.5 8.2 793 3.5 10.4 497 594 375 933 ✓ ✓ 

2 8.8 4.5 910 3.0 7.8 377 711 542 1046 ✓ ✓ 

3 10.6 3.7 1164 3.1 6.2 394 1650 435 1066 ✓ ✓ 

4 3.5 7.9 445 5.3 5.4 255 192 110 550 ✓ ✓ 

5 6.7 3.9 635 7.3 9.0 477 264 515 816 ✓ ✓ 

6 14.6 4.1 1604 9.0 10.1 554 933 1110 1212 ✓ ✓ 

7 9.9 4.1 1195 7.1 16.7 411 419 915 1171 ✓ ✓ 

8 15.0 3.4 1012 6.2 13.5 615 660 688 1270 ✓ ✓ 

9 8.6 3.3 629 2.7 4.3 278 976 313 754 ✓ ✓* 

10 6.8 5.6 509 4.4 6.1 383 262 224 814 ✓ ✓ 

11 6.3 4.0 707 2.5 6.7 347 911 372 1047 ✓ ✓ 

12 13.6 2.9 1105 10.5 15.0 733 907 939 1390 ✓ ✓ 

13 5.4 2.7 1090 18.9 10.0 234 133 682 936 ✓ ✓ 

14 5.7 5.5 989 7.9 5.3 318 712 585 849 ✓ ✓ 

15 17.8 9.0 908 3.7 9.7 504 349 777 1500 ✓ ✓ 

16 5.7 4.4 857 3.0 7.2 360 647 402 902 ✓ ✓ 

17 7.3 6.6 932 2.3 9.5 458 1070 715 1199 ✓ ✓ 
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Table 3.2. Commercial mānuka samples purchased from Singapore (continued). 

Sample Lep 4-HPA 3-PLA 2-MB 2’-MAP Leptosperin DHA MGO RFU (330-470nm) Lep MPI 

18 18.2 6.9 969 3.2 8.6 607 855 888 1334 ✓ ✓ 

19 3.5 2.6 338 2.1 2.2 168 160 121 574 ✓ ✓* 

20 3.4 3.8 195 3.5 2.7 152 231 103 539 ✓ ✓* 

21 3.9 6.3 379 4.5 14.6 123 36 70 921 ✓ ✓ 

22 3.0 0.9 730 3.5 3.2 157 85 128 355 ✓ ✗ 

23 3.6 2.7 1079 n.d. 6.4 173 295 140 481 ✓ ✗ 

24 1.2 3.8 402 2.8 4.6 231 165 94 511 ✗ ✓* 

25 2.4 5.7 717 1.6 2.9 156 94 117 458 ✗ ✓* 

26 1.8 3.6 411 5.1 3.4 276 354 149 491 ✗ ✓* 

27 1.5 2.2 584 5.0 6.0 168 221 241 469 ✗ ✓ 

28 2.5 1.9 296 3.1 3.2 157 157 124 438 ✗ ✓* 

29 2.2 2.7 257 2.9 3.4 138 50 69 422 ✗ ✓* 

30 1.1 n.d. 103 3.7 3.0 73 57 59 359 ✗ ✗ 

31 1.2 n.d. 142 1.0 2.6 75 52 59 314 ✗ ✗ 

32 0.03 10.4 1330 n.d. 3.4 63 <10 46 375 ✗ ✗ 

33 1.5 4.6 1645 n.d. 2.6 51 <10 33 342 ✗ ✗ 

All chemical markers are measured as mg/kg 

*Honey samples classified as multifloral mānuka honey (MPI, 2017b)  
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3.5. Conclusions 

This section describes a highly sensitive and selective method using mass spectrometry to 

quantify lepteridine content in mānuka honey. The method demonstrated high linearity within 

the working range, with good precision and reproducibility below 10% CV. The LOD and 

LOQ of the method was determined to be 0.075 mg/kg and 0.5 mg/kg, respectively. The 

method has high selectivity with minimal interference from the honey matrix or cross-talk 

between endogenous and isotopically-labelled lepteridine, with matrix recovery between 97.6% 

and 104%. The application of lepteridine in mānuka honey authentication was demonstrated 

using a combination of HPLC-UV, LC-MS/MS and fluorescence spectroscopy. The findings 

show that analyses based on lepteridine alone were able to identify mislabelled mānuka honey 

and compared favourably with published MPI guidelines. Of the two approaches, the MPI 

criteria are relatively costly and time-consuming as it involves the quantification of four 

chemical markers combined with DNA pollen analysis which also requires specialised 

expertise. By comparison, lepteridine can be easily and rapidly quantified using the mass 

spectrometry method described here as well as by fluorescence using a conventional plate 

reader, and is stable over time in contrast to some other mānuka markers currently in use. The 

unique fluorescence signature of lepteridine potentially together with leptosperin (Bong et al., 

2017) opens up low-cost and high-throughput screening opportunities for on-site honey and 

nectar analysis, particularly with the potential development of portable fluorescent devices. 

The findings also suggest that lepteridine is a more appropriate mānuka marker compound in 

comparison to 4-HPA and 3-PLA, which are present in both mānuka and kānuka honeys. 

 



Chapter 6 – Summary and future perspectives 

 

 Effect of lepteridine on MMP-9 

activity 

Executive summary 

This chapter investigates the potential inhibitory bioactivity of lepteridine with MMP-9. 

MMP-9 inhibition was observed initially with a phenolic extract of mānuka honey using a 

fluorometric assay. Although lepteridine exerted a dose-dependent reduction in RFU with an 

IC50 = 11.5 µg/mL, mass spectrometry analyses conducted under identical experimental 

conditions revealed no apparent change in substrate concentration. 

 

Further investigations were therefore carried out using a colorimetric-based assay and gelatin 

zymography. Both approaches showed significant inhibition of MMP-9 activity. The effect of 

lepteridine on MMP-9 activity varied among different assays and substrates. These findings 

suggest that lepteridine may not directly interact with the active zinc ion in the catalytic domain. 

Instead, lepteridine may bind to the exosite of MMP-9 (fibronectin domain), which alters the 

binding affinity for specific substrates. 
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4.1. Introduction 

4.1.1. Techniques used to analyse MMP inhibitors 

Matrix metalloproteinases are a group of zinc-dependent proteinases responsible for the 

degradation of ECM (Egeblad & Werb, 2002). The level of MMPs are minimal in healthy 

tissues, but this may change dramatically in response to various stimuli under the complex 

network of activators and inhibitors (Nissinen & Kähäri, 2014). As a result, MMP activities 

are tightly regulated at three levels: transcriptional regulation, proenzyme activation and 

enzyme inhibition (Sternlicht & Werb, 2001). The relevance of MMPs to the present study is 

the association of MMP-9 with gastric ulceration (Li et al., 2013; Swarnakar et al., 2007). The 

presence of high amounts of polyphenolic compounds in honey has been suggested to prevent 

the formation of gastric ulcers due to its antisecretory and antioxidant properties (Almasaudi 

et al., 2016). 

 

A range of in vitro techniques have been described to investigate MMP activities, including 

fluorometric screening (Bergers et al., 2000), colorimetric screening (Skarja, Brown, Ho, May, 

& Sefton, 2009), gelatin zymography (Toth, Sohail, & Fridman, 2012), isothermal titration 

calorimetry (ITC) (Wu, Wei, Van Doren, & Brew, 2011) and molecular docking (Verma et al., 

2014). 

 

Fluorometric inhibitor screening is a rapid, sensitive, and high-throughput method to identify 

potential inhibitors of MMPs. The assay employs a FRET-tagged (fluorescence resonance 

energy transfer) substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 [Mca=(7-

methoxycoumarin-4-yl) acetyl;Dpa=N-3-(2,4-dinitrophenyl)-L-α,β-diaminopropionyl], 

which can be specifically cleaved by MMPs at the Gly-Leu bond (Abcam, 2018). The cleavage 

of the FRET substrate releases the quenched fluorescence Mca (7- methoxycoumarin-4-yl)-

acetyl group (Abcam, 2018). The amount of fluorescence product yielded by the MMP can 

then be detected fluorometrically and is proportional to the enzyme activity. This fluorometric 

screening technique has been used extensively for investigating MMP-9 activity and inhibition 

(Bergers et al., 2000; Inoue et al., 2012; Jarrousse et al., 2001). An experimental advantage is 

that it provides rapid and sensitive information on MMP activity. Nevertheless, these types of 
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fluorescence-based assays may suffer from signal quenching or more complicated 

fluorescence interactions that can compromise data interpretation. 

 

A colorimetric assay is another commonly used substrate-based method, which measures the 

energy absorbed by the reaction product. The colorimetric kit uses a thiopeptide as a 

chromogenic substrate (Ac-PLG- [2-mercapto-4-methyl-pentanoyl]-LG-OC2H5), which can 

be hydrolysed by MMPs to produce a sulfhydryl group (Abcam, 2019). This intermediate 

product further reacts with DTNB [5,5’-dithiobis (2-nitrobenzoic acid), Ellman’s reagent] to 

form 2-nitro-5-thiobenzoic acid, which can be detected by absorbance at 412 nm (Riener, Kada, 

& Gruber, 2002). The colorimetric approach is less sensitive compared to the fluorometric 

assay, but it is unaffected by fluorescence interactions. 

 

Gelatin zymography is uniquely designed to detect the gelatinolytic activities of MMP-2 and 

MMP-9 due to their ability to digest gelatin (Leber & Balkwill, 1997). This technique uses a 

non-reducing SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) gel 

embedded with gelatin. Proteins can be electrophoretically separated on the running SDS gel. 

The SDS is removed after electrophoresis, and the gel is incubated with essential cofactors 

required to retain enzymatic activity. The embedded gelatin can be digested by MMP-9, 

resulting in clear bands on a dark blue background after staining with Coomassie blue dyes. 

The gelatinase activity is represented by band densitometry, which can be assessed with image 

analysis software. Gelatin zymography is a relatively low-cost and highly sensitive technique 

(Leber & Balkwill, 1997). Additionally, this approach can simultaneously detect the gelatinase 

activity of both activated MMPs and refolded pro-MMPs, as they can be distinguished based 

on their migration distance through the gel (Rossano et al., 2014). Despite its widespread 

applications (Iijima et al., 2004), the utility of gelatin zymography is limited by poor inter-

laboratory comparison and the lack of reference standards (Cheng, Fang, & Xu, 2008). This 

technique is suitable to obtain qualitative or semi-quantitative data, as it can be challenging to 

obtain reliable quantitative data (Toth & Fridman, 2001). 
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4.1.2. Anti-inflammatory bioactivity of pteridine derivatives 

Pteridines are a group of compounds based on a pyrimido[4,5-b]pyrazine ring structure. These 

bicyclic compounds are naturally produced by many living organisms and are often referred 

to as pterins. Pterin was first discovered as a pigment in butterfly wings (Colias eurytheme) 

(Watt, 1967). Many naturally synthesised pteridine derivatives play essential metabolic roles 

as enzymatic cofactors, including the synthesis of nucleic acids, amino acids, 

neurotransmitters, nitrogen monoxides as well as purine and aromatic amino acids (Bendall, 

Douglas, McNeill, Channon, & Crabtree, 2014; Kośliński, Bujak, Daghir, & Markuszewski, 

2011; Palfey & McDonald, 2010; Sawaya & Kraut, 1997). 

 

Pteridine derivatives have long been a screening target in medicinal and biomedical chemistry, 

mainly due to the involvement in various biological processes and low toxicity of the ring 

structure (Pontiki, Hadjipavlou-Litina, Patsilinakos, Tran, & Marson, 2015). Many pteridine 

derivatives have demonstrated great potential in the treatment of cancers, chronic 

inflammatory diseases, microbial infections and many other areas (Kompis, Islam, & Then, 

2005). The anti-inflammatory activities of pteridines are commonly investigated using LPS-

induced cell models (in vitro) and rodent models (in vivo). 

 

A series of 2-amino-4-N-piperazinyl-6-(3,4-dimethoxyphenyl)pteridine derivatives were 

reported to possess both immunosuppressive and anti-inflammatory activities (De Jonghe et 

al., 2011). The anti-inflammatory bioactivity was demonstrated through the inhibition of 

human TNF-α production in LPS-induced human peripheral blood mononuclear cells (De 

Jonghe et al., 2011). The immunosuppressive bioactivity was determined using a mixed 

lymphocyte reaction (MLR) assay, which measures the degree of T-cell proliferation that 

occurs in response to mixing of allogeneic lymphocytes (De Jonghe et al., 2011). The most 

potent analogue displayed an TNF IC50 of 10 mM and MLR IC50 of 0.5 nM (De Jonghe et al., 

2011). Further structure-activity relationship studies indicated that the 6-(3,4-

dimethoxyphenyl) moiety is essential in obtaining immunosuppressive and anti-inflammatory 

activity (De Jonghe et al., 2011). The in vivo activities have been described for some of these 

representative analogues using animal models of Crohn’s disease (Chong Shen et al., 2006, 

2007).  
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Guirado et al. (2013) also reported a group of 4-amino-2-aryl-6,9-dichlorobenzo[g]pteridines 

with anti-inflammatory potential. These compounds reduced the production of both TNF-α 

and IL-6 in a LPS-treated human macrophage‐like cell model. The most active derivative 

reached over 90% inhibition for both cytokines (Guirado et al., 2013). 

 

A small synthetic pteridine derivative named TG100-115 had been shown to inhibit both 

isoforms of phosphatidylinositol 3-kinases (PI3Ks) (Doukas et al., 2006). Phosphatidylinositol 

3-kinases are key enzymes in the signalling cascades that lie downstream of many cellular 

receptors. In particular, PI3K delta and gamma isoforms contribute to the recruitment and 

subsequent activation of inflammatory cells (Hawkins & Stephens, 2015). Aerosolised 

administration of TG100-115 markedly reduced the accumulation of eosinophils and IL-13 in 

asthma rodent models (Doukas et al., 2006). In chronic obstructive pulmonary disease models, 

TG100-115 inhibited pulmonary neutrophilia induced by both intranasal LPS and smoke 

exposure (Doukas et al., 2009). 

 

A series of analogues based on the 2,4-diaminopteridine core structure were also shown to 

display antioxidant and anti-inflammatory activities (Pontiki et al., 2015). Several 2,4-

diaminopteridine derivatives demonstrated efficacy at 0.01 mmol/kg with reduced tissue 

damage in rodent models of colitis (Pontiki et al., 2015). In particular, the 2-(4-

methylpiperazin-1-yl)-N-(thiophen-2-ylmethyl)pteridin-4-amine structure reduced 

carrageenin-induced rat paw oedema by 40% with one hour of treatment (60% greater 

reduction compared to indomethacin)(Pontiki et al., 2015). 

 

Another in vivo study synthesised and tested a series of 11 pyrazolo[3,4-g]pteridine for their 

anti-inflammatory and antibacterial activities (Abdel-Mohsen, El-Emary, & El-Kashef, 2016). 

The most active derivatives inhibited oedema by more than 50% with three hours of treatment 

(85-90% potency compared to indomethacin as a reference compound) (Abdel-Mohsen et al., 

2016). However, there were no further studies to investigate the mechanism of action. 
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Inhibition of the chemokine-mediated cell recruitment could also be used as a strategy for the 

treatment of inflammatory diseases (Peres, Menezes, Teixeira, & Cunha, 2016). A series of 

bicyclic compounds (including pteridines) were tested as antagonists of the CXCR2 receptor 

(Walters et al., 2008). One pteridine derivative showed strong binding affinity for CXCR2. 

Nevertheless, the thiazolo[4,5-d]pyrimidine-2(3H)-one derivative presented more effective 

characteristics compared to the pteridine derivative (Walters et al., 2008). 

 

Methotrexate is probably the most commonly used pteridine derivative as an anti-cancer agent 

since the 1950s. Methotrexate inhibits key enzymes in the synthesis of purines and pyrimidines 

to attenuate malignant cell proliferation (Genestier, Paillot, Quemeneur, Izeradjene, & 

Revillard, 2000; Jolivet, Cowan, Curt, Clendeninn, & Chabner, 1983). Methotrexate was also 

identified to possesses anti-inflammatory properties and used in the treatment of autoimmune 

diseases such as rheumatoid arthritis and psoriasis (Brown, Pratt, & Isaacs, 2016; Weinblatt et 

al., 1985). The anti-inflammatory activity of methotrexate is mainly attributed to the enhanced 

release of adenosine, which is a potent endogenous anti-inflammatory mediator (Chan & 

Cronstein, 2002).  

 

Lepteridine is a pteridine derivative exclusively present in Leptospermum honeys. The 

bioactivity of lepteridine has not been previously reported to our knowledge. A preliminary 

study revealed that lepteridine may possess inhibitory bioactivity against MMP-9, which plays 

major roles in the progression of inflammatory responses (Lo, 2017). Many MMP-9 inhibitors 

interact with the S1' substrate-binding pocket of the MMP-9 active site by forming hydrogen 

bonds (Tandon & Sinha, 2011). Small ligands with a carbonyl group or N–H group offer 

opportunities for hydrogen bond interaction with the S1' pocket (Tandon & Sinha, 2011). Both 

structural groups are present on lepteridine (Figure 2.1), indicating that lepteridine may be a 

potential MMP-9 inhibitor. 

 



Chapter 4 – Effect of lepteridine on MMP-9 activity 

84 

 

4.2. Aims and objectives 

This study investigates the effect of lepteridine on MMP-9 activity using a variety of in vitro 

techniques. The underlying inhibitory activity of lepteridine was examined using a 

combination of fluorogenic/colorimetric inhibitor screening kit, gelatin zymography and mass 

spectrometry. 

 

4.3. Methods and materials 

4.3.1. Chemicals 

The lepteridine standard was synthesised by the Department of Chemical Sciences at the 

University of Auckland (Daniels et al., 2016). The leptosperin standard was also synthesised 

in the Department of Chemical Sciences at the University of Auckland (Aitken et al., 2013). 

 

MMP-9 inhibitor screening assay (fluorometric and colorimetric) kits were purchased from 

Abcam (Melbourne, Australia). The fluorometric kit contains the recombinant MMP-9 

enzyme, MMP fluorogenic substrate solubilised in dimethyl sulfoxide (DMSO), the 

fluorometric assay buffer and 96-well clear microplate. A broad-spectrum MMP inhibitor N-

Isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH) was also included in 

the kit. NNGH is a hydroxamic acid-based MMP inhibitor which directly chelates the active 

zinc ion in the catalytic domain (Bertini et al., 2004). 

 

The colorimetric kit also contains the MMP-9 enzyme, NNGH and a 96-well clear plate, but 

uses a chromogenic substrate and colorimetric assay buffer. 

 

Novex™ 10% Zymogram Plus (Gelatin) Protein Gels (15 wells) were purchased from Thermo 

Fisher Scientific Inc. (Auckland, New Zealand). All chemicals required for the zymogram 

analysis were also purchased from Thermo Fisher, these include Novex™ sharp pre-stained 
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protein standard, Novex Tris-Glycine SDS sample buffer, Novex Tris-Glycine SDS running 

buffer, Novex zymogram renaturing buffer and Novex zymogram developing buffer. Double 

distilled water was purified from a Sartorius Arium® Pro (18.2 MΩ cm) water purification 

system. 

 

4.3.2. Honey samples 

Mānuka honey samples were harvested during the 2017-2018 flowering season. Six honey 

samples with relatively high MGO and DHA content were selected for this study as these 

compounds reflect floral purity (Table 4.1). 

 

Table 4.1. Mānuka honey samples. 

Mānuka honey 

sample 

Location DHA 

(mg/kg) 

MGO 

(mg/kg) 

Lepteridine 

(mg/kg) 

1 Northland 3684 252 20.3 

2 Northland 3902 244 22.4 

3 Northland 3858 241 22.7 

4 Hawke's Bay 1792 229 12.8 

5 Hawke's Bay 1712 142 9.88 

6 East Coast 1724 90 13.7 

 

4.3.3. Preparation of honey phenolic extracts 

Solid phase extraction (SPE) was performed on mānuka honey samples to remove most of the 

sugar content. Honey samples were diluted with double distilled water and sonicated for five 

minutes to ensure the honey samples were completely dissolved. Dissolved honey samples 

were centrifuged for five minutes at 14,000 × g (Eppendorf® Centrifuge Minispin® plus) to 

isolate insoluble compounds such as pollen and bee wax. The supernatant was collected to be 

processed through SPE. 
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Mānuka honey phenolic extract was prepared using the Strata™-X 33μm Polymeric Reversed-

Phase SPE cartridge purchased from Phenomenex (Auckland, New Zealand). Before filtration, 

the SPE column was preconditioned with 3 mL of 100% methanol followed by 4mL of sterile 

water. The dissolved honey solution was allowed to flow through the column, followed by a 

column wash with 4 mL of water. The phenolic portion was eluted by carefully passing 4 mL 

of 80% methanol through the column. The methanol eluate was collected and aliquoted into 

microcentrifuge tubes. Samples were vacuum dried using a Savant™ SPD131DDA 

SpeedVac™ concentrator (Thermo Fisher, Auckland, New Zealand) at 30 °C. Honey phenolic 

extracts were stored as dry samples at 4 °C under dark conditions. 

 

4.3.4. Fluorescence assay on MMP-9 activity 

The inhibitory activity against MMP-9 was assessed using a commercial MMP-9 inhibitor 

screening kit. MMP-9 activity was expressed as a change in fluorescence intensity as measured 

using a SpectraMax iD3 multi-mode microplate reader (Molecular Devices, San Jose, USA). 

Fluorescence was measured at ex320nm–em395nm to minimise fluorescence interference from 

lepteridine at ex330 nm–em470 nm. Assays were performed on a 96-well clear microplate 

included in the kit with a final reaction volume of 100 µl. Before adding the substrate, MMP-

9 enzymes were incubated with testing samples and the commercial inhibitor control for 60 

min at 37 °C. The fluorescence substrate was added into each well prior to the assay to initiate 

the reaction. The assay was allowed to run for 20 min at 37 °C. 

 

A positive control was included with only MMP-9 and the fluorescence substrate, used as a 

reference to calculate percentage inhibition. The broad-spectrum MMP inhibitor NNGH was 

included as the negative control. A range of test controls were also included with lepteridine 

in the absence of MMP-9 and the fluorescence substrate in order to measure the 

autofluorescence generated by lepteridine. 

 

4.3.5. Mass spectrometry quantification of the fluorogenic substrate 

This experiment was designed to compare the relative abundance of the remaining fluorogenic 

substrate after digestion by MMP-9. Four samples were prepared, which included the substrate 
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only, substrate+enzyme, substrate+enzyme+lepteridine and substrate+enzyme+NNGH. All 

samples were mixed and allowed to react for 30 min at 37 °C. This reaction was terminated 

by adding 1 µl of 50% acetic acid (v/v). This reaction mix was collected and stored under dark 

conditions at -20 °C until analysis. 

 

Mass spectrometry quantification was performed on a QSTAR XL hybrid Quadrupole-Time-

of-Flight mass spectrometer (Applied Biosystems, Foster City, CA, USA). Samples were 

diluted 50-fold in 0.1% formic acid and a 10 µl injection was made into a 0.3 mm trap column 

at 30 µl/min for 3 minutes, followed by separation on a 0.3 x 100 mm Zorbax 300SB- C18 

column (Agilent, Santa Clara, CA, USA). The HPLC gradient between Buffer A (0.1% formic 

acid in water) and Buffer B (0.1% formic acid in acetonitrile) was formed at 6 µl/min as 

follows: 10% B for the first 0.2 min, increasing to 75% B by 24 min, increasing to 97% B by 

26 min, held at 97% until 29 min, back to 10% B at 30.5 min and held there until 35 min. The 

LC effluent was directed into the ion spray source scanning from 330-1600 m/z for 1 second, 

followed by a 2-second product ion scan, fragmenting the protonated substrate ion of m/z 

1093.5 with a collision energy of 80 V (m/z range 175-500). The mass spectrometer and HPLC 

system were under the control of the Analyst QS 2.0 software package (Applied Biosystems). 

Data Analysis was carried out using PeakView v2.2 (Sciex). 

 

4.3.6. Colorimetric assay on MMP-9 activity 

The inhibitory bioactivity on MMP-9 was also assessed using a colorimetric inhibitor 

screening kit. The MMP-9 activity was expressed as the change in absorbance measured at 

412 nm. The absorbance was measured using the SpectraMax iD3 multi-mode microplate 

reader (Molecular Devices, San Jose, USA). Assays were performed in 96-well microplates 

with a final reaction volume of 100 µl. Prior to the assay, all samples and inhibitor controls 

were incubated with MMP-9 for 60 min at 37 °C. The chromogenic substrate was added into 

each well to initiate the reaction. The assay was performed for 120 min at 37 °C. The 

absorbance was recorded at one min intervals during the first 20 min, then ten min intervals 

till the end of the assay. 

 



Chapter 4 – Effect of lepteridine on MMP-9 activity 

88 

 

Recombinant MMP-9 and the chromogenic substrate were used as a positive control to 

represent 100% enzyme activity. NNGH was employed as a negative control. A range of 

lepteridine concentrations were diluted with the colorimetric assay buffer to measure the 

absorbance of the reaction product. 

 

4.3.7. Gelatin zymography 

Gelatin zymography was performed as an orthogonal technique to investigate MMP-9 

inhibition by lepteridine. MMP-9 enzyme was diluted to a final concentration of 5 µg/mL. The 

MMP-9 enzyme was gently mixed with loading buffer and water to achieve a total loading 

volume of 10 µl per well. Gel electrophoresis was performed using the XCell SurelockTM Mini-

Cell system (Thermo Fisher Scientific, Auckland, New Zealand). The upper chamber was 

filled with 200 mL of 1X Tris-Glycine SDS running buffer, and the lower chamber with 600 

mL. The gel was run at a constant voltage of 125 V and 30 mA (starting current) for 105 min. 

After electrophoresis, the gel was removed and incubated in 1X renaturing buffer for 30 min 

with gentle agitation. Following the incubation, the gel was carefully cut into smaller pieces 

and further incubated separately in 1X developing buffer or lepteridine-supplemented 

developing buffer for 30 min with gentle agitation. The gel was further incubated overnight 

for 12 hours at 37 °C with a fresh developing buffer with or without lepteridine. NNGH was 

also added into the developing buffer at 2.6 μM as a negative control. 

 

After incubation, the gelatin gel was rinsed with water three times (5 min each) with gentle 

agitation. The gel was stained by adding 20 mL of SimplyBlue Safestain and incubated for 2 

hours at room temperature with gentle agitation. It was destained by removing the SimplyBlue 

Safestain and rinsed with water for 2 hours at room temperature. MMP-9 activities were 

analysed using densitometry on ImageJ (Version 1.52a). 
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4.4. Results and discussion 

4.4.1. MMP-9 inhibition by mānuka honey extract 

The underlying inhibitory activity of mānuka honey was investigated using mānuka phenolic 

extracts to remove interference from the sugar component. These were prepared using SPE to 

reduce the sugar content. The polyphenolic components in SPE mānuka honey represent their 

endogenous concentration in whole honey solutions. 

 

The inhibitory bioactivities of mānuka honey were investigated using the fluorescence MMP-

9 inhibitor screening kit. The potency of MMP-9 inhibition was combined for all six mnuka 

honey samples. As shown in Figure 4.1, mānuka honey extracts reduced the change in 

fluorescence overtime at all tested concentrations compared to the positive control (enzyme 

and substrate only). As expected, the highest change in fluorescence intensity was detected in 

the positive control with MMP-9 and substrate only in the absence of inhibitor; whereas the 

negative control with NNGH displayed the least change in fluorescence (Figure 4.1). These 

results indicate that mānuka honey extract may exhibit some inhibitory bioactivity on MMP-

9. The fluorescence intensity increases linearly for all samples over 20 min, the first ten min 

of the reaction were selected for further analyses. 
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Figure 4.1. MMP-9 activity shown as the change in fluorescence intensity over time to 

demonstrate lineraity (n=1). Honey concentrations are shown as percentage weight per volume 

in aqueous solution. Man refers to mānuka honey percentage.  

 

To further investigate the underlying inhibitory bioactivity on MMP-9, the percentage 

inhibition from six mānuka honey extracts were examined (Figure 4.2). The percentage 

inhibition was calculated by comparing the percentage loss of MMP-9 activity in test samples 

to the positive control (no inhibitor). The positive control is represented in the first column as 

100% MMP-9 activity. As expected, the negative control NNGH almost completely inhibited 

MMP-9 (p<0.0001). All mānuka honey extracts reduced the production of the fluorescence 

substrate by between 30% to 80%. The extent of MMP-9 inhibition appeared to be dose-

dependent in association with the mānuka honey extract concentration. The 10% w/v honey 

extract exhibited the greatest level of inhibition, which was not significantly lower than the 

NNGH control (p>0.05), but significantly higher inhibition compared to lower honey extract 

concentrations (all p<0.05). The mānuka honey extract at 5% w/v concentration also showed 

increased inhibitory potency as compared to the lower concentrations from 0.675% to 2.5% 

w/v (p<0.05). No significant difference was observed between the honey phenolic extracts at 

lower concentrations (0.675% to 2.5%; all p>0.05).   
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Figure 4.2. Percentage inhibition on MMP-9 from all mānuka honey extract (data combined; 

n=6). In comparison with the no inhibitor control, all mānuka honey extracts (0.675% to 10% 

w/v) significantly inhibited MMP-9. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

The reduction in MMP-9 activity (fluorescence) correlated linearly with the concentration of 

mānuka honey extract, as shown in Figure 4.3 (R2=0.9925). The derived half maximal 

inhibitory concentration (IC50) of mānuka honey extract was 3.89% w/v. These data indicate 

that mānuka honey may exhibit putative inhibitory actions on MMP-9 activity. However, the 

observed effect on MMP-9 activity from the mānuka honey extracts was not specifically linked 

to known compounds. Further investigations are required to identify the bioactive component 

in mānuka honey. 
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Figure 4.3. Correlation between mānuka honey extract concentration and MMP-9 inhibition. 

The IC50 was calculated as 3.890%. Data shown as mean ± SEM (data combined, n=6). 

 

4.4.2. Effects of lepteridine on MMP-9 activity 

Lepteridine is exclusively present in Leptospermum honeys, but it is unknown whether it could 

interact with MMP-9. The structure of lepteridine contains two carbonyl groups and an N–H 

group (Figure 2.1), which potentially offer opportunities for hydrogen bond interaction with 

the S1' binding pocket of MMP-9 (Tandon & Sinha, 2011). Further investigations were carried 

out to examine whether lepteridine inhibits MMP-9 activity. 

 

Synthesised lepteridine was added to the reaction mix at concentrations typically found in 

mānuka honey between 2.5–40 μg/mL (3–44 μg/mL as measured by LC-MS/MS in Section 

3.4.3). As shown in Figure 4.4, the change in fluorescence intensity was linear for all 

lepteridine samples and controls. There was almost no change in fluorescence in the NNGH 

negative control. By comparison, a steady increase in fluorescence was observed for the 

positive control without inhibitor. Lepteridine samples displayed an absolute higher initial 
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fluorescence due to its autofluorescence nature. A fluorescence control was included in this 

assay for each lepteridine concentration to deduct the background fluorescence of lepteridine. 

 

 

Figure 4.4. Fluorescence intensity generated by MMP-9 activity over 10 min to demonstrate 

linearity (n=1). 

 

In this study, lepteridine inhibited MMP-9 activity ranging between 12% to 99% (Figure 4.5). 

Compared to the positive control, MMP-9 activities were significantly reduced by lepteridine 

at concentrations between 5 μg/mL to 40 μg/mL (all p<0.05). At 2.5 μg/mL, lepteridine 

inhibited MMP-9 activity by 12%, but the inhibition was not significant (p>0.05). Lepteridine 

almost completely inhibited MMP-9 at 40 μg/mL, similar to the NNGH control (p>0.05). 

MMP-9 inhibition by lepteridine was dose-dependent with higher lepteridine concentrations 

always evoking stronger inhibitory potencies (all p<0.05). 
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Figure 4.5. Percentage inhibition of MMP-9 activity by lepteridine ranging from 2.5–40 μg/mL. 

Data shown as mean ± SEM. n=4. ****p<0.0001. 

 

The percentage inhibition of MMP-9 was positively correlated with the concentration of 

lepteridine as shown in Figure 4.6. The correlation fits best into a second-order polynomial 

model with an R2 of 0.9965. Based on these data, the IC50 of lepteridine was calculated as 11.5 

μg/mL. 
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Figure 4.6. Correlation between lepteridine concentration and MMP-9 inhibition. The IC50 was 

calculated as 11.5 μg/mL. Data are shown as mean ± SEM (n=4). 

 

4.4.3. MMP-9 inhibition by leptosperin 

As another autofluorescent compound uniquely present in Leptospermum honeys, leptosperin 

did not exhibit significant inhibitory effect on MMP-9 activity. Leptosperin is much more 

abundant in mānuka honey compared with lepteridine. The concentration of leptosperin ranges 

between 93 mg/kg to 1674 mg/kg with a mean of 734 mg/kg. (Bong et al., 2017). Two other 

studies have reported lower leptosperin concentrations with mean levels of 56 mg/kg 

(Oelschlaegel et al., 2012) and 369 mg/kg (Kato et al., 2012). The difference in the reported 

leptosperin concentrations is likely due to the quality of floral source analysed in these studies, 

as some of the honey samples may have been mānuka blend-honeys (Bong et al., 2017). The 

leptosperin concentration can be significantly diluted by honeys from non-mānuka sources 

that do not contain endogenous leptosperin (Fearnley et al., 2012). 
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Leptosperin was therefore examined against MMP-9 at concentrations between 33.75–500 

μg/mL. Leptosperin did not exhibit significant inhibition on MMP-9 activity at any of the 

tested concentrations (Figure 4.7). By comparison, mānuka honey extracts (0.675% to 10% 

w/v) inhibited MMP-9 activity by 30% to 80% using the same fluorescence assay. Furthermore, 

the concentrations of leptosperin employed were more than 10-fold higher compared to the 

lepteridine concentration ranges (40 μg/mL to 2.5 μg/mL). Despite these higher concentrations, 

leptosperin had no significant effect on MMP-9 activity (Figure 4.7). These data suggest that 

the activity of MMP-9 is not inhibited by leptosperin. 

 

            

Figure 4.7. Percentage inhibition of MMP-9 activity by leptosperin. Data are shown as mean 

± SEM. n=4. ****p<0.0001 
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4.4.4. Investigation of MMP-9 inhibition by lepteridine using mass 

spectrometry 

In the fluorescence assay, findings from Section 4.4.2 indicated that lepteridine potentially 

inhibits the cleavage of the fluorogenic substrate by MMP-9. To confirm the bioactivity of 

lepteridine, mass spectrometry analyses were performed on the same FRET substrate used in 

the fluorescence analyses. An advantage of mass spectrometry is that the amount of substrate 

remaining in the reaction mix can be directly compared between samples and controls. 

 

The FRET substrate has a molecular weight of 1092.5 g/mol (Abcam, 2018) and was detected 

on the mass spectrum with a retention time at 18.77 min (Figure 4.8A). Further MS/MS 

analysis identified two of the most abundant fragment ions at m/z 286.12 and m/z 314.12 

(Figure 4.8B). The combined abundance of these two fragment ions were employed to quantify 

the amount of the FRET substrate in further analyses. 
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Figure 4.8. (A) The peak of the FRET substrate on the mass spectra (retention time 18.77 min). 

(B) MS/MS spectra of the FRET substrate (1092.5 g/mol).  
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To validate the inhibitory activity of lepteridine on MMP-9, four samples were prepared for 

mass spectrometry as shown in Table 4.2. All samples were incubated for 30 min as described 

in Section 4.3.4. The reaction was terminated by adding 1 µl of 50% acetic acid into each well, 

as confirmed by no further increase in fluorescence intensity. 

 

Table 4.2. Samples for mass spectrometry analysis. The relative abundance of FRET substrate 

is determined by the total chromatographic peak area extracted from the most abundant 

fragment ions of m/z 286.12 and m/z 314.12. 

Sample number Sample type Peak area 

1 Substrate only 20038 

2 Substrate + MMP-9 13544 

3 Substrate + MMP-9 + lepteridine 13462 

4 Substrate + MMP-9 + NNGH 21088 

 

Interestingly, mass spectrometry did not support an inhibitory effect of lepteridine on MMP-9 

activity. Mass spectrometry analyses were performed to measure the relative abundance of 

undigested fluorogenic substrate remaining in the reaction mix (Figure 4.9). The peak areas 

for sample 1 (substrate only) and sample 4 (NNGH control) were almost identical, indicating 

that NNGH almost completely inhibited MMP-9 activity. However, the peak area for sample 

2 (positive control) and sample 3 (lepteridine 40μg/mL) were almost the same, indicating that 

the fluorogenic substrate may have been cleaved despite the presence of lepteridine. 

 

This mass spectrometry result contradicts the fluorescence findings in Section 4.4.2, where 

lepteridine almost completely inhibited MMP-9 at 40 μg/mL (Figure 4.5). This difference may 

be attributed to fluorescence quenching, which is a common phenomenon in fluorometric 

analysis (Andersen et al., 2008). Lepteridine (ex330 nm–em470 nm) and the fluorescence 

product (ex320nm–em395nm) have partially overlapping fluorescence spectra, which may lead 

to more complicated fluorescence interactions. 
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One possible confounding factor was the termination of the reaction by adding 1 µl of 50% 

acetic acid (v/v) prior to the mass spectrometry analyses. The addition of acetic acid may have 

promoted the formation of pteridine radicals. Pteridines are well-known to accept four electron 

equivalents and to shuttle between dihydro and tetrahydro states in biological redox reactions 

(Blakley, 1970; Kaufman, 1967). However, one electron oxidised trihydropteridine radicals 

can be generated and stabilised under strong acidic conditions (Basu & Burgmayer, 2011; 

Bobst, 1968; Stoll et al., 2010). This pteridine radical could potentially interact with the 

fluorogenic MMP-9 substrate at the gly-leu region, which is the bond broken by MMP-9 

during enzyme catalysis. The gly-leu rich sequence has been frequently observed in short 

peptides with strong antioxidant activities (Rajapakse, Mendis, Byun, & Kim, 2005; Yanyan 

Wu et al., 2018; Y. Zhang, Duan, & Zhuang, 2012). Perhaps the fluorogenic substrates act as 

free radical scavengers reacting with pteridine radicals without the presence of active enzymes. 

Furthermore, there are reports mentioned that free radicals can increase proteolytic 

susceptibility of substrates by several-fold (Davies, 1987). 

 

An alternative experimental design was therefore adopted to stop the reaction using Vivaspin 

centrifugation filters (Sigma-Aldrich, New Zealand) to isolate MMP-9 from the FRET 

substrate. However, a large proportion of the FRET substrate was lost during the filtration 

process using filters with molecular weight cut-off (MWCO) of 3K and 10K. Ultrafiltration 

membranes with larger MWCO (>30K) may not achieve reliable separation of the MMP-9 

enzyme, since the molecular weight of active MMP-9 is approximately 37 kDa. As a result, 

the reaction was not terminated by ultrafiltration in this study. 

 

Due to the difference between the results from fluorescence and mass spectrometry, it was 

difficult to confirm the bioactivity of lepteridine on MMP-9. This prompted further studies 

using other independent approaches to investigate inhibitory effects on MMP-9 by lepteridine. 
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Figure 4.9 Relative abundance of the FRET substrate remaining in the reaction mix. 

Chromatographic peak areas were extracted for the two most abundant fragment ions of m/z 

286.12 and m/z 314.12 +/- 0.1Da. For each sample, these two traces were summed and 

smoothed, and peak areas reported for comparison between samples (summarised in Table 

4.2). 

 

4.4.5. Investigation of MMP-9 inhibition by lepteridine using a 

colorimetric assay 

Interactions between lepteridine and MMP-9 were further investigated using a colorimetric 

MMP-9 inhibitor screening kit. Potential inhibitory activity was first investigated by 

supplementing lepteridine (40 µg/mL) into the reaction mix (Figure 4.10). By comparison with 

the positive control with no inhibitor, the rate of change in absorbance was slightly less in the 

lepteridine-supplemented samples. The change in absorbance was linear for the lepteridine 

samples and controls during the first 40 min and was selected to derive the reaction rate. 

NNGH was employed as a negative control and substantially inhibited most of the MMP-9 

activity. Under these experimental conditions, 1.3 µM of NNGH is expected to inhibit MMP-

9 activity by approximately 96% (Abcam, 2019). 
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Figure 4.10. MMP-9 activity measured by absorbance at 412 nm over a period of 120 min. 

 

Further experiments were conducted to investigate the effect on MMP-9 activity from 

lepteridine at different concentrations. Lepteridine displayed inhibition of MMP-9 activity at 

concentrations between 2.5–80 µg/mL. The percentage inhibition was calculated by 

comparing the absorbance change in lepteridine samples against the positive control (no 

inhibitor, 100% MMP-9 activity). As shown in Figure 4.11, all incubation mixtures containing 

lepteridine inhibited MMP-9 by between 3.5% to 10%. Compared to the positive control, 

lepteridine at higher concentrations (20–80 μg/mL) showed inhibition of MMP-9 activity (all 

p<0.0001). Increasing lepteridine concentration from 40 μg/mL to 80 μg/mL did not further 

inhibit MMP-9 (both ~10% inhibition). As the MMP-9 inhibition remained weak with 

increased lepteridine concentration, it is possible that lepteridine binds remotely to the active 

site of MMP-9 in a non-competitive manner. Non-competitive MMP inhibitors can alter 

substrate preference by affecting the tethering and preparation of the specific substrate at the 

secondary binding site (Overall, 2002). 
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Figure 4.11. Percentage inhibition by lepteridine (µg/mL) on MMP-9 activity (n=5). 

Comparison between columns were performed by one-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparisons. ****p<0.0001. 

 

The extent of MMP-9 inhibition as measured by the colorimetric assay was comparatively 

lower than the previous fluorometric data. As suggested earlier, the fluorescence data can be 

affected by fluorescence quenching and sample fluorescence (Shapiro, Walkup, & Keating, 

2009). It is also possible that lepteridine may not inhibit the cleavage of the fluorogenic 

substrate by MMP-9 as suggested by the mass spectrometry results (Section 4.4.4). The 

inhibitor control NNGH competitively binds to MMP-9 by chelating the zinc ion at the active 

site, thus preventing the cleavage of any peptide substrate. The inhibitory profile of NNGH 

remained consistent using all three approaches (all >90%). By comparison, the data suggests 

that lepteridine may bind to an alternative binding site on MMP-9, thereby weakly inhibiting 

the cleavage of the chromogenic substrate. 
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Figure 4.12. The effect on the change of absorbance by incubating lepteridine with (A) the 

chromogenic substrate and (B) the final reaction product 2-nitro-5-thiobenzoic acid at 412 nm 

(n=2). Lepteridine 80 µg/mL+substrate (), Lepteridine 40 µg/mL+substrate (), substrate 

only (). Lepteridine 80 µg/mL+product (), Lepteridine 40 µg/mL+product (), product 

only () 
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In the absence of MMP-9, lepteridine did not interfere with the absorbance signal generated 

by the chromogenic substrate or the final reaction product (2-nitro-5-thiobenzoic acid). This 

was investigated by incubating lepteridine (40 µg/mL and 80 µg/mL) with the substrate 

(Figure 4.12A) and the reaction product (Figure 4.12B) for 20 min. The reaction product was 

obtained by running the colorimetric assay under the exact same conditions for 2 hours until 

there was no further increase in absorbance. In both cases, lepteridine did not significantly 

interfere with the absorbance signal. 

 

4.4.6. Investigation of MMP-9 inhibition by lepteridine using gelatin 

zymography 

Further studies were carried out using gelatin zymography to investigate the underlying effect 

of lepteridine on the gelatinolytic activity of MMP-9. Among all MMPs, gelatin can only be 

effectively digested by MMP-2 and MMP-9 due to the presence of the fibronectin domain. 

The fibronectin domain is essential for the binding of gelatin for both MMP-2 (Bányai & 

Patthy, 1991; Bányai, Tordai, & Patthy, 1994; Murphy et al., 1994; Steffensen, Wallon, & 

Overall, 1995) and MMP-9 (Collier, Krasnov, Strongin, Birkedal-Hansen, & Goldberg, 1992). 

This fibronectin domain in gelatinases is often referred as the collagen binding domain (CBD) 

as it accounts for the binding of native type I, V, and X collagen (Steffensen et al., 1995). 

 

In this study, the effect of lepteridine was examined by comparing gelatin gels incubated in 

normal developing buffer with lepteridine- and NNGH-supplemented buffers. A 

representative gel showing the principle of this assay is shown in Figure 4.13. Gelatinase 

activity of MMP-9 is represented by the area and intensity of clear bands. The gelatinolytic 

activity was identified as two clear bands at 37 kDa and 48 kDa (Figure 4.13). The clear band 

at 37 kDa represents the activity of activated MMP-9, where the pro-peptide domain was 

cleaved off by 4-APMA. The band at 48 kDa represents the activity of refolded pro-MMP-9, 

where the pro-peptide domain is still covalently attached to the enzyme.  

 

The presence of two bands indicates that a proportion of the MMP-9 enzyme has not been 

fully activated by 4-APMA. During electrophoresis, pro-MMP-9 is first denatured by SDS, 

then renatured by removal of SDS with Triton X-100 (Ren, Chen, & Khalil, 2017). This 



Chapter 4 – Effect of lepteridine on MMP-9 activity 

106 

 

refolding process can expose the MMP-9 active site and autoactivates a proportion of pro-

MMP-9 without cleaving the pro-domain (Frederick Woessner, 1995). The gelatinolytic 

activity of pro-MMP-9 has been commonly observed in gelatin zymography (Ikeda et al., 2000; 

Kleiner & Stetlerstevenson, 1994; Van den Steen et al., 2002). The gelatinolytic activity of 

refolded pro-MMP-9 can provide more information on molecular interactions between 

enzymes and inhibitors. However, the autoactivated pro-MMP-9 may not represent the actual 

activity in vivo (Ikeda et al., 2000; Vandooren et al., 2013). 

 

 

Figure 4.13. A representative gelatin zymography showing MMP-9 contained within the gels 

incubated in normal developing buffer (lanes 3-5), lepteridine-supplemented buffer 40 µg/mL 

(lanes 6-8), and NNGH at 1.3 µM (lanes 9-11). The top clear band at ~48kDa represents 

gelatinase activity from refolded pro-MMP-9 with the pro-peptide domain attached. The 

bottom band at ~37 kDa represents the gelatinase activity from active MMP-9, where the pro-

peptide domain is fully cleaved. 
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Lepteridine-treated gelatin gel showed reduced gelatinase activity from both active MMP-9 

and refolded pro-MMP-9. Compared to the positive control with no inhibitor (Figure 4.13, 

column 3–5), the area and intensity of both clear bands were reduced in lepteridine-treated 

gels (Figure 4.13, lanes 6–8). The inhibitor control NNGH completely inhibited the gelatinase 

activity of active MMP-9 (Figure 4.13, column 9–10). There appeared to be some residual 

gelatinase activity in NNGH-treated gels from the refolded pro-MMP-9, indicating that NNGH 

may not fit perfectly into the active site of autoactivated MMP-9 due the refolding process. 

 

 

Figure 4.14. Percentage inhibition of MMP-9 activity by from lepteridine using gelatin 

zymography. Percentage inhibition was calculated by comparing the optical density with the 

positive control (no inhibitor). Comparison between groups were performed by Tukey’s 

multiple comparisons (n=5). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Percentage inhibition from lepteridine and NNGH was analysed by densitometry and shown 

in Figure 4.14. Lepteridine significantly inhibited the activity of activated MMP-9 and 

refolded pro-MMP-9 by 31% and 17%, respectively (both p<0.01). The negative control 

NNGH showed complete inhibition of activated MMP-9, and inhibited the refolded pro-MMP-

9 by 78%. Both lepteridine and NNGH showed more potent inhibition on the activated MMP-

9 than the refolded pro-MMP-9. This finding suggests that the binding affinity of MMP-9 to 

gelatin and inhibitors may have changed during the refolding process. 
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Lepteridine showed more potent MMP-9 inhibition using gelatin zymography compared to the 

colorimetric assay (chromogenic substrate) and mass spectrometry (fluorescence substrate). 

The difference is most likely due to the types of substrates used in these assays. Gelatinases 

have a different binding mechanism for short peptide substrates and gelatin. The short peptide 

substrates are designed to bind directly in or near the active site cleft of MMPs with conserved 

sequences (Xu, Wang, Lauer-Fields, Fields, & Steffensen, 2004). The binding of short peptide 

substrates does not require the fibronectin type II domain (CBD), as the CBD deleted mutants 

of MMP-2 and MMP-9 retained similar cleavage activity on short peptide substrates compared 

to the wild type forms (Murphy et al., 1994; O’Farrell & Pourmotabbed, 1998). It should be 

noted that the CBD is still required for the hydrolysis of larger collagen α-chains (Xu et al., 

2004). 

 

By comparison, the CBD is essential for the binding and hydrolysis of gelatin (Xu, Chen, 

Wang, Bonewald, & Steffensen, 2007), as well as elastin (Shipley et al., 1996) and various 

forms of collagens (Steffensen et al., 1995). The digestion of gelatin is a two-step process with 

separate binding site and cleavage site. Gelatin first binds to the CBD, this binding process 

facilitates further hydrolysis at the active site. The CBD deleted mutants of MMP-2 and MMP-

9 lost most of the gelatinolytic activities by 90% and 80%, respectively (Murphy et al., 1994; 

O’Farrell & Pourmotabbed, 1998). In addition, soluble CBD modules competed for the 

binding of gelatin and reduced the gelatinolytic activity of intact MMP-2 and MMP-9 ( Xu et 

al., 2004). These findings strongly suggest that the binding of gelatin and CBD is an essential 

step in gelatinolysis. 

 

These findings suggest that lepteridine may interact with the CBD of MMP-9 instead of the 

MMP-9 active site. By comparison, the mechanism of action of NNGH involves direct 

chelation of the active zinc in the catalytic domain (Bahia & Silakari, 2010; Lee, Moon, Baek, 

& Kim, 2014). The inhibition of gelatinolytic and peptidase activity by NNGH was consistent 

and ranged between 91% to 100%. 
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4.5. Conclusions 

This chapter describes experimental data implicating lepteridine in the regulation of MMP-9 

activity. MMP-9 inhibition was initially shown in mānuka honey phenolic extracts using a 

fluorometric assay. Both lepteridine and leptosperin were incubated with recombinant MMP-

9 at representative concentrations found in mānuka honey. With this assay, lepteridine displays 

an inhibitory potency on MMP-9 with an IC50 of 11.5 µg/mL. By comparison, leptosperin did 

not show a significant level of inhibition on MMP-9. However, mass spectrometry analysis on 

the fluorogenic substrate revealed no inhibition from lepteridine at 40 µg/mL, which questions 

the fluorescence results. Further investigations were carried out using a colorimetric assay and 

gelatin zymography. Lepteridine inhibited MMP-9 activity by 3%–10% using the colorimetric 

assay at concentrations between 2.5 µg/mL to 80 µg/mL. Using the gelatin gel, lepteridine at 

40 µg/mL inhibited the gelatinase activity of both active MMP-9 and refolded pro-MMP-9 by 

31% and 17%, respectively. 

 

The results from this chapter suggest that lepteridine may interact with MMP-9 but probably 

not directly with the zinc-containing active site. The inhibition also appears to be substrate-

dependent as differing degrees of inhibition were observed with different peptides and gelatin 

substrates. These findings are consistent with similar reported substrate-dependent inhibition 

on MMPs where compound inhibitors bind at sites distinct from the catalytic active site. These 

alternative sites are termed “exosites” and have been shown to modulate MMP substrate 

specificity. Inhibitors can interact with the exosite to reduce the binding affinity of the specific 

substrate or interfere with the preparation of substrate for bond cleavage. Apart from exosite 

interactions, it is also possible that lepteridine interacts directly with the substrate or enzyme-

substrate complex. Further studies are required to investigate the specific binding mechanism 

between lepteridine and MMP-9. These findings and their implications are more fully 

discussed in the next chapter. 
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 Investigating the binding 

mechanism between lepteridine and MMP-9 

Executive summary 

This chapter investigates the possible binding mechanism between lepteridine and MMP-9 

using isothermal titration and molecular docking analysis. Isothermal titration is a 

thermodynamic technique that directly measures the binding energy between interacting 

compounds. This assay can provide a complete thermodynamic profile and binding kinetics 

without chemical modification. However, meaningful thermodynamic data was not obtained 

with lepteridine. This is potentially due to low binding affinity or enthalpy between lepteridine 

and MMP-9. The observed isothermal titration calorimetry (ITC) data can also be affected by 

the formation of multiple weak interactions and various experimental parameters. 

 

Molecular docking was used to predict the putative binding interaction between lepteridine 

and MMP-9 using Autodock Vina. Lepteridine was docked into the S1' binding pocket and 

fibronectin type II domain as the primary and secondary binding site for most MMP-9 

inhibitors. The molecular docking results indicate that lepteridine is more likely to interact 

with the fibronectin domain compared to the S1' binding pocket. More docked conformations 

can be found at the fibronectin domain with higher binding scores and more hydrogen bond 

interactions. This could explain the more potent inhibitory activity of lepteridine shown using 

gelatin gel compared to short peptide substrates (fluorogenic and chromogenic substrates). The 

fibronectin domain is essential for the binding of gelatin and collagens, whereas short peptide 

substrates bind directly to the MMP active site.  
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5.1. Mechanism of MMP inhibition 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteolytic enzymes 

involved in homeostasis, host defense and tissue repair. Collectively, the family of MMPs is 

capable of remodelling the ECM by cleaving components such as various collagens, laminins, 

fibronectin, as well as numerous cryptic growth factors embedded in the ECM (Pulkoski-Gross, 

2015). Due to the broad range of substrates, MMPs play important roles in development, 

signalling, and apoptosis (Lee et al., 1998). Unregulated MMP activities have been associated 

with the pathologies of many diseases, including rheumatoid arthritis (Dancevic & McCulloch, 

2014; Itoh, 2017; Tolboom et al., 2002), osteoarthritis (Malemud, 2015; Troeberg & Nagase, 

2012; Yang, Chanalaris, & Troeberg, 2017), cardiovascular diseases (Brown, Hibbs, Kearney, 

Loushin, & Isner, 1995; Pasterkamp et al., 2000), and the progression of various cancers (Lu, 

Lu, Scully, & Kakkar, 2008; Okazaki & Nabeshima, 2012; Rossello, Nuti, Ferrini, & Fabbi, 

2016; Vihinen, Ala-aho, & Kahari, 2005; Zhong et al., 2018). As a result, MMP activities are 

required to be tightly regulated.  

 

5.1.1. Zinc-chelating MMP inhibitors 

The association of MMPs with various diseases has prompted efforts in the development of 

MMP inhibitors over the past decades. Early MMP inhibitors were designed to mimic the 

structure of MMP substrates based on the amino acid sequence of the triple-helical collagen 

cleavage site (Gly-Ile or Gly-Leu) (Whittaker, Floyd, Brown, & Gearing, 1999). These 

inhibitors interact with the active site and inhibit the enzymes by chelating the catalytic Zn2+ 

ion and are often referred to the Zn2+ binding globulin (ZBG) (Skiles, Gonnella, & Jeng, 2004; 

Whittaker et al., 1999). 

 

The most common zinc-chelating MMP inhibitors are hydroxamic acid and its derivatives 

(Jacobsen, Major Jourden, Miller, & Cohen, 2010; Whittaker et al., 1999). The hydroxamic 

acid structure coordinates the catalytic Zn2+ with the two hydroxamate oxygen atoms. This 

coordination is supported by the formation of hydrogen bonds between hydroxamate and the 

carbonyl of the MMP backbone; the MMP-hydroxamate complex is further stabilised by van 

der Waals forces and hydrophobic interactions (Ganea, Trifan, Laslo, Putina, & Cristescu, 
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2007; Jacobsen et al., 2010). Hydroxamic acid-based inhibitors are preferred due to their 

potent binding properties and relative ease of synthesis (Brown, Meroueh, Fridman, & 

Mobashery, 2004). Carboxylate, organoborate and dithiolate are also identified as zinc-

chelating MMP inhibitors. However, its inhibition was less potent compared to hydroxamate 

and their acid derivatives (Ganea et al., 2007; Rosenblum et al., 2003). 

 

Batimastat and marimastat are examples of the first promising hydroxamic acid-based MMP 

inhibitors. Batimastat is a succinyl hydroxamate which inhibit a broad-spectrum of MMPs 

(Kucukguven & Khalil, 2013). In early in vitro studies, batimastat was shown to decrease 

tumour burden, reduce metastatic spread, and ultimately increase survival rates of mice models 

(Chirivi et al., 1994; B. Davies, Brown, East, Crimmin, & Balkwill, 1993; Wang, Fu, Brown, 

Crimmin, & Hoffman, 1994). Intrapleural injection of batimastat was effective for patients 

with early-stage tumours, but showed no benefit in late-stage disease treatment (Alcantara & 

Dass, 2014). Batimastat is not an orally available drug, however its relative marimastat is 

orally bioavailable (Whittaker et al., 1999). Masimastat advanced into clinical trials, but 

patients were reported to suffer from severe musculoskeletal syndrome (MSS) as a side effect 

(Pavlaki & Zucker, 2003). 

 

Despite significant efforts, only a few selective and effective MMP inhibitors with desired 

properties have successfully emerged into clinical applications (Cuniasse et al., 2005; Devel 

et al., 2006; Rao, 2005; Whittaker et al., 1999). The major problem for ZBG MMP inhibitors 

is the lack of selectivity (Jacobsen et al., 2010; Saghatelian, Jessani, Joseph, Humphrey, & 

Cravatt, 2004). These broad-spectrum MMP inhibitors target the active zinc, which could 

unselectively inhibit closely related enzymes including other MMPs and a disintegrin and 

metalloproteinase domain (ADAMs) (Jacobsen et al., 2010; Saghatelian et al., 2004). These 

enzymes have a diverse range of substrates including growth factors, cell adhesion molecules, 

angiogenic factors, chemokines, and cytokines. Consequently, uncontrolled inhibition can lead 

to various unwanted side effects. Musculoskeletal syndrome is a commonly observed side 

effect of hydroxamic acid-based MMP inhibitors, which is mainly attributed to the unselective 

inhibition of MMP-1 and ADAM17/TACE (Becker et al., 2010; Peterson, 2006). As a result, 

there is an absolute need for the search of selective MMP inhibitors. 
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5.1.2. Exosite inhibitors of MMPs 

Exosites are specialised secondary substrate binding sites located outside the active site, which 

modify the substrate affinity and specificity of a particular enzyme (Overall, 2002). Exosites 

modulate and broaden the substrate profile of enzymes by providing additional contact areas 

that are independent from the primary active site. In addition, specific substrates may bind to 

the exosite and undergo essential “substrate preparation” prior to cleavage at the active site 

(Overall et al., 2000). 

 

The presence of exosites have been proposed in all MMPs (Udi et al., 2013). In most MMPs, 

the exosites are found on the hemopexin C-terminal domain, which is linked to the catalytic 

domain by a flexible linker peptide (Overall, 2002; Visse & Nagase, 2003). The hemopexin 

C-terminal domain is essentially required for the triple helix activity, as the isolated catalytic 

domain of MMP loses the ability to cleave triple-helical collagen (Overall, 2002). Structural 

information on fibrillar collagen further confirmed that the substrate-binding site cleft of 

MMPs (5 Å) (Li et al., 1995) is too narrow to accommodate all three α-chains at once (15 Å 

diameter) (Gomis-Rüth et al., 1996). As a consequence, it was suggested that the MMP 

exosites may induce essential local unwinding of the collagen triple helix prior to cleavage 

(Ottl et al., 2000; Perona, Tsu, Craik, & Fletterick, 1997). 

 

 

Figure 5.1. General structure of gelatinases (MMP-2 and MMP-9). Diagram shows the site of 

interaction for general zinc-chelating inhibitors and exosite inhibitors. (Modified from J. 

Vandooren, Van Den Steen, & Opdenakker, 2013; Zhang & Nothnick, 2005). 
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In gelatinases, exosites are found on the three fibronectin type II modules (Overall, 2002) as 

shown in Figure 5.1. The fibronectin II modules account for the binding of gelatin in both 

MMP-2 (Bányai & Patthy, 1991; Bányai et al., 1994; Murphy et al., 1994; Steffensen et al., 

1995) and MMP-9 (Collier et al., 1992). The fibronectin domain was originally termed the 

“gelatin binding domain”; it was later termed the “collagen binding domain” (CBD) due to 

additional collagen binding properties. The CBD accounts for the binding of most native type 

I, V, and X collagens to gelatinases (Abbey, Steffensen, & Overall, 2002; Steffensen et al., 

1995). The CBD also provides binding specificity of denatured types II, IV, V, X collagens 

and elastin (Steffensen et al., 1995). 

 

The exact binding model and specificity of each collagen binding modules (CBD) have been 

difficult to determine due to instability of isolated CBDs in solution. This may be due to the 

exposure of hydrophobic intermodules on isolated CBDs. The stability of CBDs are markedly 

increased when two CBD modules are co-expressed together as CBD12 or CBD23 (Overall, 

2002). The CBD deleted mutants bind to different substrates suggesting each module may be 

responsible for the binding of specific substrates. The CBD23 mutant binds the denatured type 

II, IV or V collagens, whereas CBD12 does not (Abbey et al., 2002). These findings suggest 

that either CBD2 is solely responsible for the binding of these collagens, or a cooperative 

binding site is formed between CBD2 and CBD3 (Overall, 2002). 

 

A cooperative binding model was suggested based on the results from other CBD deleted 

mutant studies. The full-length of MMP-2 CBD123 can bind to two molecules of gelatin or 

native collagen simultaneously (Steffensen et al., 1995). This suggests that either the CBD2 

module has two binding sites for these substrates, or the CBD2 forms two cooperative binding 

sites with CBD1 and CBD3. Abbey et al. (2002) reported that CBD12 and CBD23 could not 

bind two of these substrates at the same time, indicating the substrate binding site is likely 

formed between CBDs. For the binding of native type I collagen, the deletion of either CBD1 

or CBD3 markedly reduced the binding affinity by approximately 10-fold (Abbey et al., 2002). 

A similar effect was observed for the binding of native type I collagen (Overall, 2002). These 

data further demonstrated the deletion of an individual CBD module can considerably reduce 

the binding affinity of the fibronectin domain. Thus, the presence of all CBD modules is 

essential for the optimised binding interaction of specific substrates.   
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The presence of unique CBDs in gelatinases provides unique opportunities to design allosteric 

inhibitors specifically targeting MMP-2 and MMP-9 (Murphy et al., 1994; Xu et al., 2004). 

Triple-helical peptides (THPs) have been reported as effective transition state analogue 

inhibitors of collagenolytic MMPs targeting the MMP exosites (Bhowmick, Stawikowska, 

Tokmina-Roszyk, & Fields, 2015). A short segment of the α1(I) collagen chain (P713) 

inhibited 90% of MMP-2 gelatin cleavage; but less than 20% of the MMP-2 activity on a short 

peptide substrate (NFF-1) which did not require CBD interactions (Xu, Chen, Wang, 

Bonewald, & Steffensen, 2007; Xu et al., 2004). Further experiments were performed on 

MMP-8 and a CBD deleted mutant of MMP-2 , no alteration of proteolytic activity was 

observed upon P713 treatment (Xu et al., 2007).  

 

A collagen-like THP was assembled with an α1(V)GlyY{PO2H-CH2}Val [mep14,32,Flp15,33] 

structure (Lauer-Fields et al., 2007). The α1(V)GlyY{PO2H-CH2}Val inhibitor has a sequence 

analogous to the triple-helical substrate, except that the scissile bond is replaced by a 

phosphinate moiety and creates a transition state analog (Lauer-Fields et al., 2007). This THP 

selectively inhibited the hydrolysis of type V collagen by MMP-2 and MMP-9, but did not 

alter the hydrolysis of types I–III collagen (Lauer-Fields et al., 2008). This demonstrated 

selective inhibition on the collagenolytic activities of MMPs can be achieved by exosite 

inhibitors (Lauer-Fields et al., 2008). 

 

THP inhibitors have been applied in vivo to prevent the decrease of citrate synthase activity 

during post-myocardial infarction (De Castro Brás et al., 2014). Citrate synthase was identified 

as an intracellular substrate of MMP-9 in the cytosol of THP-1 cells (Cauwe, Martens, Proost, 

& Opdenakker, 2009). The phosphinic THP α1(V)GlyΨ{PO2H-CH2}Val [mep14,32,Flp15,33] 

reduced the processing of citrate synthase by MMP-9, resulting in improved mitochondrial 

function (De Castro Brás et al., 2014). 

 

In addition to the fibronectin domain, the MMP-9 hemopexin domain is also a therapeutic 

target of some exosite inhibitors. The hemopexin domain of MMP-9 is mainly involved in the 

localisation and anchoring of MMP-9 during inflammation. The MMP-9 hemopexin domain 

facilitates the binding between MMP-9 and B chronic lymphocytic leukaemia cells by 
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interacting with the α4β1 integrin (Ugarte-Berzal et al., 2012). The structural blades B3B4 are 

primarily involved in the integrin interaction. Peptide P3 (FPGVPLDTHDVFQYREKAYFC) 

is a truncated version of the B4 blade which inhibited cell adhesion of MMP-9 to B-CLL 

(Ugarte-Berzal et al., 2012). Similarly, the compound N-(4-fluorophenyl)-4-(4-oxo-

3,4,5,6,7,8-hexahydroquinazolin-2-ylthio)butanamide inhibited the association of pro-MMP-

9 with CD44 and α4β1 integrin, which in turn reduced cancer cell migration by disrupting the 

EGFR signalling pathway (Alford et al., 2017) 

 

The identification of MMP exosites potentially offers alternative pathways to design highly 

selective MMP inhibitors. Exosite inhibitors based on THPs are reasonably stable to general 

proteolysis in vivo with favourable pharmacokinetics (Ndinguri, Zheleznyak, Lauer, Anderson, 

& Fields, 2012; Yasui et al., 2013). The major problem with ZBG MMP inhibitors is the lack 

of specificity and subsequent side effects, due to the highly homologous features within the 

active site (Sela-Passwell, Rosenblum, Shoham, & Sagi, 2010). In comparison, exosites are 

more unique to individual proteases (Bannwarth, Goldberg, Chen, & Turk, 2012). Despite the 

improved selectivity, inhibitors binding to the exosites are generally weaker compared to 

conventional active site inhibitors (Babine & Bender, 1997; Fields, 2015). Exosite inhibitors 

can also be difficult to identify, as the cleavage of short peptide substrates may not be affected 

(Bannwarth et al., 2012). 

 

5.1.3. Anti-MMP antibody inhibitors 

Anti-MMP antibodies are designed to interact with a specific region of MMP, which often 

mimics the mechanism employed by TIMPs. TIMPs are natural MMP inhibitors with key roles 

in the regulation of MMP activities in various physiological and pathological activities 

(Cuniasse et al., 2005; Franz Xaver Gomis-Rüth et al., 1997; Page-McCaw, Ewald, & Werb, 

2007). TIMPs are highly specific by forming energetic bonds with the active zinc ion, as well 

as the enzyme surface residues (Fernandez-Catalan et al., 1998; Grossman et al., 2010; Nagase 

et al., 2006). Antibody-based inhibitors imitate the inhibitory mechanism of TIMPs to enhance 

MMP selectivity (Devy et al., 2009). Anti-MMP inhibitors can interact with the active binding 

site, the exosite, or a specific region of the catalytic domain.  
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Inhibitory antibodies SD3 and SD4 were found to selectively inhibit full-length MMP-9 and 

MMP-2 (Sela-Passwell et al., 2012). These antibodies are produced with TIMP-like binding 

mechanisms using immunisation strategies and yielded selective function-blocking 

monoclonal antibodies. A similar level of inhibition was observed in full-length MMP-9 

compared to recombinant MMP-9 lacking the hemopexin domain and fibronectin type II 

domain, indicating the antibodies directly bind to the catalytic domain (Sela-Passwell et al., 

2012). These antibodies did not show cross-reactivity with other zinc-dependent enzymes 

toward MMP-1, MMP-7, MMP-12 or TNF-α converting enzyme (TACE), suggesting their 

affinity to the surface residues of MMP-9 and its close analogue MMP-2 (Sela-Passwell et al., 

2012). In vivo, SD3 significantly reduced the severity of dextran sodium sulfate (DSS)-induced 

colitis in mouse models (Sela-Passwell et al., 2012). 

 

Two monoclonal antibodies were identified to selectively inhibit MMP-9, known as AB0041 

and AB0046 (Marshall et al., 2015). These antibodies were generated by immunising mice 

with recombinant human or mouse MMP-9. AB0041 inhibits human MMP-9 and rat MMP-9; 

AB0036 inhibits mouse MMP-9 (Marshall et al., 2015). By comparison to SDS3, AB0041 and 

AB0046 do not bind to the active site of MMPs, but selectively inhibit MMP-9 via allosteric 

interaction. These antibodies exhibited a high level of selectivity without inhibiting other 

MMPs including MMP-2 (Marshall et al., 2015). AB0046 demonstrated a similar level of 

efficacy in treating DSS-induced colitis model as observed with SDS3 (Marshall et al., 2015). 

The monoclonal antibody REGA-3G12 has been described as a selective inhibitor for MMP-

9 (Paemen, Martens, Masure, & Opdenakker, 1995). Unlike the previously described 

gelatinase inhibitors, REGA-3G12 does not recognise the zinc-binding site or the fibronectin 

type II domain. (Martens et al., 2007). Instead, REGA-3G12 interacts with MMP-9 in a unique 

region of the catalytic domain between Trp116 and Lys214 (Martens et al., 2007). A single-

chain form of REGA-3G12 was expressed in E.coli (Zhou, Paemen, Opdenakker, & Froyen, 

1997) and yeast Pichia pastoris (Hu, Van Den Steen, Houde, Ilenchuk, & Opdenakker, 2004) 

which retained bioactivity. The inhibitory bioactivity on MMP-9 has been observed against 

primate MMP-9 in vivo (Pruijt et al., 1999) and human MMP-9 in blistering pathology ex vivo 

(Shimanovich et al., 2004). Antibody inhibitors presented an alternative approach to achieve 

selective inhibition of MMP-9. (Martens et al., 2007). 
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5.2. Protocols 

5.2.1. Isothermal titration calorimetry 

Isothermal titration calorimetry is a widely used thermodynamic technique that directly 

measures the binding energetics of molecular interactions (Velazquez-Campoy, Leavitt, & 

Freire, 2004). Complex formation is accompanied by the release (exothermic reaction) or 

absorption (endothermic reaction) of heat energy, which can be measured by a highly sensitive 

calorimeter. The isothermal calorimeter contains a reference cell and a sample cell. The 

temperature in these cells is kept constant by a dynamic feedback system. The temperature 

change can be measured as the amount of energy required to compensate the temperature 

imbalance upon ligand binding. 

 

Isothermal titration calorimetry is characterised by high sensitivity, robustness and simplicity. 

(Ladbury, Klebe, & Freire, 2010). It is able to provide the complete thermodynamic profile 

including the binding enthalpy (ΔH), binding entropy (ΔS) and Gibbs free energy (ΔG), as 

well as kinetic profiles with a single experiment (Burnouf et al., 2012; Ghai, Falconer, & 

Collins, 2012). Additionally, ITC does not require any chemical modification such as labelling 

and immobilisation, which further extends the use of ITC in enzyme kinetics (Mazzei, Ciurli, 

& Zambelli, 2016). However, the ITC data is measured as the sum of the overall heat effect 

(change in enthalpy), which can be affected by several intrinsic and extrinsic factors (Perozzo, 

Folkers, & Scapozza, 2004). In addition, this method generally requires high concentrations 

of reagents, which can be costly (Taylor, Gilbert, Williams, Pitt, & Ladbury, 2007). 

 

5.2.2. Molecular docking simulation 

Molecular docking is a computational procedure that attempts to predict non-covalent 

interaction between ligands and macromolecular targets. This is a quick and cost-effective 

approach in structure-based drug design to identify potential inhibitors. AutoDock Vina is a 

commonly used computational tool to assist researchers in the determination of biomolecular 

complexes. The programme calculates the minimal binding energy between targeted protein 

and ligand while efficiently exploring all torsional freedom. The free binding energy is 

evaluated by determining the intermolecular energy (van der Waals energy, hydrogen bonding 
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energy, desolvation energy, and electrostatic energy), internal energy and torsional energy. 

The traditional AutoDock tool is based on an empirical free energy force field and rapid 

Lamarckian genetic algorithm search method (Goodsell & Olson, 1990; Morris et al., 2009). 

AutoDock Vina uses a simpler scoring function and rapid gradient-optimisation 

conformational search, which significantly improves the speed and accuracy (Trott & Olson, 

2010). In recent years, docking experiments have been widely used in MMP-9 studies to screen 

for potential inhibitors and predict binding conformation (Jana & Singh, 2019; Pandey, 

Bhattacharya, Shukla, Paul, & Patnaik, 2015; Rathee, Lather, Grewal, & Dureja, 2018; Tandon 

& Sinha, 2011). 

5.3. Aims and objectives 

This chapter investigates the possible binding mechanism between lepteridine and MMP-9. 

We aim to determine the binding kinetics and thermodynamic profile between these 

compounds using ITC. We also aim to identify the potential binding sites for lepteridine using 

Autodock Vina.   



Chapter 5 – Investigating the biding mechanism between lepteridine and MMP-9 

120 

 

5.4. Methods and materials 

5.4.1. Chemicals and materials 

The lepteridine standard was synthesised by the Department of Chemical Sciences at the 

University of Auckland (Daniels et al., 2016). Sodium Chloride (NaCl), Tris base, Calcium 

chloride (CaCl2), zinc chloride (ZnCl2), and 4-aminophenylmercuric acetate (APMA) were all 

purchased from Sigma-Aldrich (Auckland, New Zealand). Double distilled water was purified 

from a Sartorius Arium® Pro (18.2 MΩ cm) water purification system. 

 

5.4.2. Pro-MMP-9 expression and purification3 

A large amount of MMP-9 was required to perform the ITC experiments, which was kindly 

provided by Dr Smitha U. Nair, School of Biological Sciences, University of Auckland, New 

Zealand. The active domain of human MMP-9 was expressed with the plasmid containing the 

truncated form of pro-MMP-9cat (pET-His6-TEV-MMP-9-Pro-Cat), where the hemopexin 

domain is not present. The plasmid was first transformed into BL21 (DE3) E. coli cells and 

was inoculated into ZYM 5052 media. Cells were harvested and lysed by passing through a 

cell disruptor twice. The inclusion bodies were harvested by centrifugation for 20 min at 8,000 

g. The supernatant was discarded and the pellet (where the insoluble pro-MMP-9cat is located) 

was resuspended in wash buffer containing detergent, followed by centrifugation for 20 min 

at 8,000 g. The pellet was further re-suspended in urea denaturing buffer (pH 8) overnight at 

4 ˚C to solubilise the inclusion bodies. The solubilised fraction was separated from insoluble 

debris by centrifugation and purified by immobilised metal ion affinity chromatography 

(IMAC) using a batch binding method. The denatured pro-MMP-9cat was eluted using 50 mL 

of 500 mM imidazole and fractions were collected and analysed using SDS-PAGE. The eluted 

fractions containing denatured purified pro-MMP-9cat were pooled and concentrated using 

Amicon® Ultra– 15 3 K centrifugal filter devices. To purify the refolded protein to 

homogeneity, the concentrated, filtered protein fraction was then subjected to size exclusion 

chromatography (SEC). The SEC buffer is composed of 20 mM Tris, 150 mM NaCl and 0.1 

 

 

3 The MMP-9 enzyme used in the ITC analysis is expressed and purified by Smitha Nair from the School 

of Biological Sciences at the University of Auckland. 
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mM TCEP (pH 8). The protein eluted as a mixed population (peak 1 and 2) and some protein 

present in the void volume was presumed to be aggregated protein. 

 

5.4.3. Pro-MMP-9 concentration and activation 

The purified pro-MMP-9 enzyme required further concentration before running ITC. MMP-9 

concentration was achieved by tangential flow filtration (TFF) with a Amicon® pro affinity 

concentrator (Merck, New Zealand). TFF is a pressure-driven concentration technique, where 

fluid flows tangentially along the membrane surface. This feature prevents the retained 

components from build ingup at the surface of membrane and enables simultaneous 

concentration. The filter size of 30 kDa was selected to retain and concentrate pro-MMP-9 

(~47 kDa). Centrifugation was performed on a Centrifuge 5810R (Eppendorf, Germany) at 

4000 × g for approximately 30 min. The temperature was set to 4 °C to keep the MMP-9 

enzyme stable. 

 

The purified pro-MMP-9 construct was activated by 4-APMA. The reaction buffer for 

activating pro-MMP-9 was prepared with NaCl (100 mM), Tris (100mM), CaCl2 (10 mM), 

and ZnCl2 (1 µM). Prior to activation, an APMA stock solution was prepared by dissolving 

APMA into 0.1M NaOH solution. The final APMA concentration in the reaction mix was 1 

mM. The reaction mixture was incubated overnight at 37 °C. The reaction was stopped by 

removing APMA using exhaustive dialysis. 

 

5.4.4. ITC sample preparation 

One of the main requirements for ITC analysis is that the samples are contained in the exact 

same buffer. Exhaustive dialysis was performed for this purpose. Fresh dialysis buffer was 

prepared by diluting 20 mM Tris and 150 mM NaCl at pH 7.5. Dialysis was performed using 

the Slide-A-Lyzer Dialysis Cassette with 10k MWCO (Thermo Fisher Scientific, New 

Zealand). Before dialysis, the cassette membrane was briefly hydrated by submerging into the 

Tris buffer for two min. The activated MMP-9 sample was loaded into the cassette and 

dialysed in 1 L of dialysis buffer for 2 hours with gentle mixing. APMA was removed from 

the sample during the first dialysis. The cassette was further dialysed for 2 hours and then 
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overnight in fresh dialysis buffer. All three dialysis treatments were performed in a cold room 

at 4 °C to keep the enzyme stable. 

 

Precise concentrations of both MMP-9 and lepteridine are required for ITC analysis. The 

dialysis process often reduces the sample concentration due to diffusion across the 

semipermeable membrane. The final concentration of activated MMP-9 was determined by 

spectroscopic absorbance measurements using Cary 5000 UV-Vis-NIR (Agilent, California, 

United States) at 280 nm with an extinction coefficient of 73,060 M−1 cm−1. The ligand solution 

was prepared by dissolving a weighed amount of the pure lepteridine in the final Tris buffer 

dialysate. 

 

5.4.5. Performing ITC 

The isothermal titration calorimetry was performed using a VP-ITC microcalorimeter 

(Malvern Panalytical, Malvern, UK). The larger macromolecule (MMP-9) was loaded into the 

sample cell, and the smaller ligand (lepteridine) was loaded into the injector cell. The 

concentration of MMP-9 in the sample cell was 70.1 µM. The lepteridine concentration in the 

injection syringe was 1.75 mM (approximately 25-fold higher than MMP-9). Experiments 

were performed in 20 mM Tris buffer with 150 mM NaCl at pH 7.5. All samples were 

thoroughly degassed using a Thermovac degas unit (Malvern Panalytical, Malvern, UK) to 

reduce bubble formation. The stirring speed of the injection syringe was set to 300 rpm. 

Lepteridine was incrementally titrated into the sample cell at a constant temperature of 20 °C. 

After an initial injection of 0.5 µl (which was not used in data fitting), 22 injections of 12 µl 

each were performed at 400-second intervals. An initial blank titration was performed to 

correct for heats of dilution and mixing. Data analysis and graphing were performed using 

Origin 7.0 (Malvern Panalytical, Malvern, UK). The change in observed enthalpy after each 

injection was recorded, which can be plotted as a function of molar ratio to determine binding 

parameters. 
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5.4.6. Molecular docking 

Molecular docking study was carried out on MMP-9 and lepteridine using AutoDock Vina 

v1.1.2. Docking preparation, post-docking analysis and visualisation were performed on 

Chimera v1.13.1 (Pettersen et al., 2004). The 3D structure of lepteridine was drawn on 

Avogadro v1.2.0 (Hanwell et al., 2012). The full 3D crystallographic structure of pro-MMP-9 

(PDB ID: 1L6J) was retrieved through the RCSB Protein Data Bank (PDB) (Elkins et al., 

2002). The broad-spectrum MMP inhibitor NNGH was also included in this study as a 

reference compound. The molecular structure of NNGH (PDB ID: 4G9L) was also retrieved 

through the RCSB PDB (Belviso et al., 2013). 

 

Docking preparation was performed for both MMP-9 and lepteridine using Chimera. 

Lepteridine structure was minimised by employing the Smart Minimiser Algorithm. Detection 

of torsion angles and assignment of Gasteiger charges were also performed on Chimera. The 

MMP-9 structure was prepared by adding hydrogen atoms, merging non-polar hydrogen atoms, 

checking missing atom and assigning Gasteiger charges. Lepteridine was docked into the S1' 

binding pocket and the fibronectin type II domain as the primary and secondary binding site 

for most MMP-9 inhibitors. 

 

Molecular docking was performed on AutoDock Vina with exhaustiveness set as 8 and the 

number of binding modes as 10. The top binding conformations were listed on AutoDock Vina 

and visualised on Chimera. Potential intermolecular hydrogen bond for each binding pose 

were also analysed on Chimera. 
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5.5. Results and discussions 

5.5.1. Isothermal titration calorimetry of lepteridine into MMP-9 

Isothermal titration calorimetry was performed to obtain information on the thermodynamic 

profile and binding kinetics between MMP-9 and lepteridine. In a power compensation 

calorimeter, the raw signal is measured as the power (µcal/sec) applied to the control heater 

that is required to maintain a constant temperature difference as a function of time (Freyer & 

Lewis, 2008). As a result, an endothermic reaction is shown as positive peaks on the ITC 

thermogram, and an exothermic reaction is shown as a negative peak. 

 

 

Figure 5.2. The ITC results between lepteridine and MMP-9. (A) The ITC thermogram (top) 

and binding isotherm (bottom) obtained by titrating lepteridine (1.75 mM) into MMP-9 (70.1 

µM). (B) The ITC thermogram (top) and binding isotherm (bottom) for the blank experiment 

to calculate the “heat of dilution”, obtained by titrating lepteridine (1.75 mM) into the same 

buffer solution with the absence of MMP-9. The assay was performed using a VP-ITC 

microcalorimeter at 20 °C with 23 injections of 12 µl (first injection = 2 µl). Each peak 

represents the heat produced upon a ligand aliquot injection into the receptor solution within 

the calorimetric cell. 
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The result of titrating lepteridine with MMP-9 is shown in Figure 5.2A. Positive peaks are 

shown on the ITC which indicate the enthalpy change (ΔH) is slightly endothermic. Each 

injection led to an endothermic response ranging between 0.05 µcal/sec to 0.025 µcal/sec with 

a decreasing trend overtime (Figure 5.2A, top graph). The first injection (2 µl) is a small 

“throwaway injection”, because the heat observed from the first injection can be arised from 

a backlash in the plunger mechanism (Mizoue & Tellinghuisen, 2004). The integrated titration 

curve (binding isotherm) was plotted as a function of enthalpy change against the molar ratio 

of lepteridine and MMP-9 for further calculations (Figure 5.2A, bottom graph).aaa 

 

A blank experiment was performed to remove the heat of dilution from lepteridine. This was 

done by titrating lepteridine into the same Tris buffer solution in the absence of MMP-9. The 

ITC thermogram and isotherm for the blank experiment are shown in Figure 5.2B. Titrating 

lepteridine into the buffer solution also led to an endothermic response (0.75 µcal/sec – 0.48 

µcal/sec) with a decreasing trend (Figure 5.2B). In comparison, the blank experiment is 

slightly more endothermic than titrating lepteridine into MMP-9. 

 

After removing the heat of dilutions, the net enthalpy changes for titrating lepteridine into 

MMP-9 is exothermic (-0.01 to -0.07 kcal mol-1 of lepteridine). The final binding thermogram 

for lepteridine and MMP-9 is shown in Figure 5.3. The binding energy between MMP-9 and 

lepteridine appears to be weak and incomplete. It was not possible to obtain a binding isotherm 

from this single ITC experiment. The weak ITC signal could result from no binding interaction, 

weak binding affinity/enthalpy, or interference from other experimental factors. It is unlikely 

that binding did not occur as lepteridine demonstrated MMP-9 inhibitory bioactivity using 

both colorimetric assay and gelatin zymography. 
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Figure 5.3. The final ITC results between lepteridine and MMP-9. The top graph shows the 

original thermogram obtained by titrating lepteridine into MMP-9. The bottom graph shows 

the binding isotherm with the “heat of dilution” removed. 

 

It can be difficult to obtain meaningful thermodynamic profiles if the binding affinity is low 

(Tellinghuisen, 2008), or if the enthalpy change is very small (Tochtrop et al., 2002). The ITC 

can detect binding affinities with a Kd range from low nM up to 5 mM. (Ciulli, 2013). A weak 

binding affinity between lepteridine and MMP-9 was suggested from previous inhibition 

results. To compensate the weak binding affinity, the molar ratio between lepteridine and 

MMP-9 was set to 25:1 for the ITC experiment. However, the enthalpy change was still too 

low to obtain meaningful thermodynamic data. Compared to the gelatin zymography 

experiment, the molar ratio between lepteridine and MMP-9 was greater than 1000:1 (193 
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nM:0.135 nM). These findings suggest that a high lepteridine concentration may be required 

for effective binding and inhibition of MMP-9. This is consistent with the previous in vitro 

studies investigating the healing effect of mānuka honey on gastric ulcers (Almasaudi et al., 

2017). The treatment with high doses of mānuka honey (2.5 g/kg) significantly reduced the 

gastric lesion index in rodent models with an ulcer inhibition rate of 67%; whereas treatment 

with medium (1.25 g/kg) and low dose (0.625 g/kg) of mānuka honey showed no significant 

healing effects. The healing effect may be due to the inhibition of proinflammatory cytokines, 

where both pro-TNF-α and pro-IL-1β can be processed by MMP-9 into the active form (Mohan 

et al., 2002; Schönbeck et al., 1998). 

 

The experimental signal from ITC is measured as the sum of the overall heat effects, 

commonly referred to the observed biding enthalpy (ΔHobs). In a binding system, the ΔHobs 

reflects the net formation and disruption of many non-covalent interactions between the 

macromolecule, ligand, and the solvent. Hydrogen bonds are of particular importance as 

aqueous buffers are used in almost all ITC experiments. A complicated network of hydrogen 

interactions can be formed between water and the binding partners (Dunitz, 1995). The 

formation of hydrogen bonds upon ligand binding is usually associated with a decrease in ΔH. 

However, this can be compensated by the loss of hydrogen bonds from bound water molecules 

with an increase in ΔH (Ladbury, 1996). Thus, the reorganisation of waters molecules between 

solvation shell and bulk solvent can be a key contributor to the ΔHobs (Grunwald & Steel, 

1995). Ligand binding changes the flexibility of both the ligand and the side chains of the 

macromolecule, which can also contribute to the overall ΔHobs (Claveria-Gimeno, Vega, Abian, 

& Velazquez-Campoy, 2017). The conformational change and hydrogen interactions are 

considered as an inherent part of a binding process, which cannot be eliminated by changing 

experimental conditions (Claveria-Gimeno et al., 2017). 

 

The ΔHobs can also be significantly affected by the experimental parameters, including the 

choice of buffer, pH and temperature. (Hernandez Daranas, Shimizu, & Homans, 2004; 

MacRaild, Daranas, Bronowska, & Homans, 2007; Syme, Dennis, Bronowska, Paesen, & 

Homans, 2010). These factors are considered as extrinsic contributions to the overall enthalpy, 

which can be possibly removed by changing experimental conditions. 
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The binding between macromolecule and ligand may involve the exchange of protons 

(Bianconi, 2016). In a buffer solution, the buffer molecules may be involved in proton 

exchange to maintain constant pH (Claveria-Gimeno et al., 2017). The protonation and 

deproteination from the buffer can significantly contribute to the ΔHobs and even dominate the 

apparent binding enthalpy (Eftink & Biltonen, 1980). The enthalpy of protonation can be 

determined and possibly removed by performing ITC experiments with different buffer 

solutions (Doyle, Louie, Dal Monte, & Sokoloski, 1995). In addition, buffer salts can also 

influence the thermodynamic signatures during the binding process and mask other effects 

(Harper & Black, 2007). Increasing salt concentration can weaken the binding and positively 

contribute (less exothermic) to the ΔHobs (Kozlov & Lohman, 1998). 

 

The experimental temperature can significantly affect the observed binding enthalpy, which 

directly influences the outcome of ITC analysis. Biochemical systems are characterised by 

enthalpy-entropy compensation where increased bonding (favourable ΔH) tends to be offset 

by increased order (unfavourable ΔS) in a temperature-dependent manner (Dunitz, 1995). 

Temperature-dependent binding enthalpy has been previously observed in a numerous ITC 

studies (Kessler et al., 2012; Lassiseraye, Courtemanche, Bergeron, Manjunath, & Lafleur, 

2008; Pierce, Raman, & Nall, 1999). Kessler et al. (2012) reported the ΔHobs of demicellisation 

of SDS solution in water can change from exothermic at 10 °C (-20.4 kJ/mol) to endothermic 

30 °C (3.7 kJ/mol), while no enthalpy change was observed at 22 °C. In addition, the pH of 

buffer is temperature-dependent. This coupled effect from temperature and pH can alter the 

outcome of ITC results due to proton exchange (Cooper, 1999). Further ITC analyses should 

be performed with different experimental conditions to reduce the heat effect from extrinsic 

factors. However, these experiments were not performed due to limited availability of MMP-

9. The expression of recombinant MMP-9 is beyond the time frame of this study and is costly 

to purchase.  

 

5.5.2. Molecular docking 

Molecular docking was carried out to further evaluate the binding affinity and interactions 

between lepteridine and MMP-9. It is an important in silico technology to study the binding 

interaction between a small ligand and targeted protein (Ripphausen, Stumpfe, & Bajorath, 

2012). This can be predicted based on the binding energy, which is determined by analysing 
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their binding interactions in terms of H-bond, hydrophobic interactions and torsional penalty 

(Chang, Ayeni, Breuer, & Torbett, 2010). In general, a compound with lower binding energy 

(negative score) is preferred as a possible inhibitor candidate and vice versa (Mirza, Ghori, 

Ikram, Adil, & Manzoor, 2015; Nisha et al., 2016). 

 

Computational docking analysis focused on two important regions of MMP-9, the S1' binding 

pocket and the fibronectin domain (Figure 5.4). The S1' pocket is framed in the centre of the 

active site cleft in close proximity to active site zinc ion. This S1' binding pocket comprises of 

Asp 185‐Leu 188 and Pro 421-Tyr 423 from the large “upper” subdomain, and Gln 402-His 

411 from the small “lower” subdomain (Tandon & Sinha, 2011). These residues can act as 

donors and acceptors to form hydrogen bonds with MMP substrates or inhibitors (Tandon & 

Sinha, 2011). The S1' binding pocket is the target for most zinc-binding inhibitors with 

carboxylic acid, sulfonamide hydroxamate groups and thio-ester groups (Tandon & Sinha, 

2011). Zinc-binding inhibitors with a carbonyl group or N–H groups offer opportunities to 

form hydrogen bonds with the S1' pocket. (Tandon & Sinha, 2011). Both of these structures 

are present in lepteridine. 

 

In addition to the primary binding site, exosites play crucial roles in substrate recognition and 

preparation (Overall, 2002). Inhibitors targeting the exosite of MMPs could selectively inhibit 

specific MMP activity and minimise side effects, such as musculoskeletal syndrome 

(Kothapalli et al., 2016). The exosite of MMP-9 was identified on the three fibronectin type II 

modules (Overall, 2002). In this study, lepteridine was also docked into the fibronectin domain 

of MMP-9 to investigate the underlying interactions. 
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Figure 5.4. The 3D structure of MMP-9 (PDB ID: 1L6J) containing both the catalytic (light 

grey) and fibronectin domains (dark blue). The wall of S1' binding pocket is highlighted in 

yellow. The Metal ions zinc, calcium and chloride are shown as purple, grey and green spheres, 

respectively. Diagram is retrieved through the RCSB PDB (Elkins et al., 2002) and processed 

using Chimera.` 
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5.5.2.1. Docking lepteridine into the S1' binding pocket 

Lepteridine was docked into the S1' pocket and three binding poses were found with binding 

scores ranging between -5.5 kcal/mol to -4.4 kcal/mol (Table 5.1). These scores predicted the 

binding affinity between lepteridine and MMP-9 expressed in kcal/mol. For all three binding 

poses, lepteridine was docked into the S1' binding pocket surrounded by the side chains of Leu 

397, His 401 and Arg 424 (Figure 5.5A, B and C). Hydrogen bond interactions were not found 

in the first two binding poses (Figure 5.5A and B). The third binding pose is stabilised by two 

hydrogens formed between lepteridine and the main chains of Leu 397 and Arg 424 with H-

bond distances of 1.829 Å and 1.997 Å, respectively (Figure 5.5C). Despite the formation of 

hydrogen bonds, the third binding pose has a lower binding score due to less favoured 

hydrophobic interaction and torsional penalty. 

 

Table 5.1. The interaction between lepteridine and the S1' binding pocket of MMP-9 predicted 

by Autodock Vina. 

Score Rmsd 

L.B. 

Rmsd 

U.B. 

Number of 

H-bonds 

H-bond 

Residues 

H-bond 

Distance(Å) 

-5.5 0 0 0 N. A N. A 

-5.0 1.143 2.653 0 N. A N. A 

-4.4 1.834 2.177 2 Leu 397 

Arg424 

 1.829 

 1.997 

a RMSD (Root-Mean-Square Deviation) measures the conformation changes relative to the 

best fitting model. RMSD L.B (lower bound) matches each atom in one conformation with the 

closest atom of the same element type in the other conformation. RMSD U.B. (upper bound) 

matches each atom in one conformation with itself in the other conformation, ignoring any 

symmetry. 

 

The interaction between NNGH and MMP-9 was investigated as a reference inhibitor. NNGH 

is a broad-spectrum MMP inhibitor with zinc-chelating activities. Like most zinc-binding 

MMP inhibitors, NNGH binds to MMP-9 at the S1' binding pocket near the active site cleft 

(Bertini et al., 2004; Bertini et al., 2005). NNGH was docked into the S1' binding pocket of 

MMP-9 with an estimated binding score of -8.3 kcal/mol. The optimal docked pose of NNGH 

showed hydrogen bond interactions with the main chain and side chains of Arg 424 with H-

bond distance 2.361Å and 2.152 Å, respectively (Figure 5.5D). NNGH is held in the active 
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site of MMPs by a combination of metal chelation, hydrogen bonds and hydrophobic 

interactions (Bertini et al., 2005). Compared to lepteridine, NNGH has a higher predicted 

binding score as a stronger inhibitor. This is consistent with our previous findings as NNGH 

displayed more potent MMP-9 inhibition compared to lepteridine. 

 

 

Figure 5.5. The top binding poses of lepteridine (A to C) and NNGH (D) into the S1' binding 

pocket of MMP-9. Lepteridine is shown as green ligand, NNGH is shown as pink ligand. Zinc 

and calcium ions are shown in purple and green spheres, respectively. All binding poses are 

surrounded by the side chains of Leu 397, His 401and Arg 424. The corresponding hydrogen 

bonds and distances are shown in light blue. All figures were drawn using Chimera. 
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5.5.2.2. Docking lepteridine into the fibronectin type II domain (collagen 

binding domain) 

Lepteridine was docked into the fibronectin domain which was identified as the exosite of 

MMP-9. The free energy of binding for the top ten binding poses ranged between -5.9 kcal/mol 

and -5.1 kcal/mol ( 

Table 5.2). For the optimal binding pose, lepteridine is stabilised by the formation of two 

hydrogen bonds with the side chains of Arg 332 (Figure 5.6A). The presence of oxygen, 

nitrogen (H-bond acceptor) and N-H group (H-bond donor) allows the formation of multiple 

hydrogen bonds between lepteridine and the fibronectin domain of MMP-9. Lepteridine 

showed possible interactions with the fibronectin domain through multiple hydrogen bond 

interactions with Arg 332, Tyr 277, Thr 331, Ser 363, Glu 364, Ser 240, Thr 362, Ser 362, Lys 

356 (Figure 5.6). The hydrogen bond distance between lepteridine and MMP-9 are mostly less 

than 2.5 Å (except 3.314 Å for the third binding pose), suggesting significant binding at these 

positions.   
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Table 5.2. The interaction between lepteridine and the MMP-9 fibronectin domain predicted 

by Autodock Vina. 

Score Rmsd 

L.B. 

Rmsd 

U.B. 

Number of 

H-Bonds 

H-Bond 

Residues 

H-bond 

Distance(Å) 

-5.9 0 0 2 Arg 332 2.216, 2.328 

-5.7 13.653 13.894 3 Tyr 277 

Thr 331 

2.489 

2.130, 2.459 

-5.6 17.802 19.368 2 Ser 363 

Glu 364 

2.055 

2.097 

-5.5 18.332 18.517 1 Ser 240 3.314 

-5.4 1.084 2.722 0 N. A N. A 

-5.3 1.974 2.414 3 Arg 332 2.245, 2.474, 2.341 

-5.2 18.509 19.956 3 Thr 362 2.871 

-5.2 17.619 19.513 1 Ser 362 

Ser 363 

1.891 

2.193, 2.237 

-5.1 18.154 18.87 2 Ser 240 

Thr 362 

2.247 

2.223 

-5.1 18.258 19.511 3 Lys 356 

Thr 362 

Glu364 

2.207 

1.997 

2.257 
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The result of this study suggests that lepteridine is likely to bind to the fibronectin domain 

rather than the S1' binding pocket. More docking poses were found between lepteridine and 

the fibronectin domain of MMP-9 with higher average docking scores and supported by the 

formation of hydrogen bonds. Lepteridine likely binds between the CBD modules which may 

interfere with the recognition and binding of specific substrates. This hypothesis is supported 

by the findings from the previous chapter. The most potent inhibition was observed using the 

commercial fluorometric MMP-9 inhibitor kit. However, the fluorometric assay is not a direct 

measurement of the MMP-9 activity, the results can be affected by fluorescence quenching or 

auto fluorescent compounds. Further experiments showed more potent MMP-9 inhibition 

using gelatin zymography compared to assays based on chromogenic substrates (colorimetric 

assay). These findings suggest that lepteridine may interfere with the gelatin binding on the 

fibronectin type II domain, which is essentially required for the gelatinase activity of MMP-9 

(Collier et al., 1988; Patterson, Atkinson, Knäuper, & Murphy, 2001). By comparison, the 

cleavage of chromogenic substrates directly reflects the peptide cleavage activity of MMPs at 

the active site, which is much less affected by exosite inhibitors (Lauer-Fields et al., 2008; Xu 

et al., 2007).  
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Figure 5.6. The top ten binding poses of lepteridine with the fibronectin type II domain of 

MMP-9. Lepteridine is shown as the green ligand. The corresponding hydrogen bonds and 

distances are shown in light blue. All figures were drawn using Chimera. 
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5.6. Conclusions 

In this study, we investigated the interaction between lepteridine and MMP-9 using ITC and 

molecular docking. For the ITC analysis, titrating lepteridine with MMP-9 led to a slightly 

exothermic response (-0.01 to -0.07 kcal mol-1 of lepteridine). However, meaningful data 

cannot be obtained from this ITC analysis due to the low heat energy observed from this 

experiment. The binding between lepteridine and MMP-9 may have a low enthalpy change, or 

be masked by the experimental conditions such as the buffer, pH, temperature, or the formation 

of multiple weak bonds. Further ITC should be performed under various experimental 

conditions; however, these conditions were not investigated due to the limited time frame.  

 

The molecular docking analysis focused on the S1' binding pocket and the fibronectin domain 

of MMP-9. Our results showed that lepteridine is more likely to interact with the fibronectin 

domain. The presence of oxygen, nitrogen (H-bond acceptor) and N-H group (H-bond donor) 

can form multiple hydrogen bonds with the residues in the fibronectin domain. The binding of 

lepteridine may interfere with substrate recognition and binding to the fibronectin domain as 

an exosite inhibitor. Exosite inhibitors of MMP-9 can exhibit potent inhibition on the 

gelatinase activity than peptide cleavage activities. In this study, lepteridine showed more 

potent inhibition on the hydrolysis of gelatin compared to the chromogenic substrate.  

 

Like most exosite inhibitors, lepteridine binds to the fibronectin domain via hydrogen bond 

interactions, which is comparably weaker than most zinc-chelating inhibitors. It may be worth 

designing synthetic compounds based on the structure of lepteridine to enhance the binding 

affinity of MMP-9. Further investigation should also be carried out using other MMP-9 

substrates such as different types of collagen (native and denatured) and elastin. Lepteridine 

may inhibit or enhance the hydrolysis of specific substrates. As the fibronectin domain is also 

present on MMP-2, it would be interesting to examine the effect of lepteridine on MMP-2 

activity. 

 

The exact binding mechanism and affinity is still unclear. With an additional supply of the 

MMP-9 enzyme, further ITC studies could be performed under various experimental 
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conditions to obtain binding parameters and thermodynamic data. Information on the binding 

mechanism may also be obtained using other techniques including differential scanning 

fluorimetry (DSF), nuclear magnetic resonance spectroscopy (NMR), protein x-ray 

crystallography (PX), surface plasmon resonance (SPR).  

 

 



 

 

 Summary and future perspectives 

Executive summary 

This chapter summarises the overall findings of the study. The potential applications and 

limitations of lepteridine as a mānuka honey marker compound are discussed. Mānuka honey 

authentication based on lepteridine quantification (HPLC, fluorescence spectroscopy, mass 

spectrometry) is compared with other conventional methods of honey authentication. The 

underlying bioactivity of lepteridine with MMP-9 is also discussed, and future work is 

recommended. 
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6.1. Lepteridine as a candidate marker compound for mānuka 

honey 

Mānuka honey is a premium food product known for its non-peroxide antibacterial activity. 

The unique antibacterial bioactivity is mainly due to the presence of MGO. Traditionally, 

mānuka honey was classified based on the concentration of MGO and its precursor molecule 

DHA. However, this labelling system has caused significant concerns due to the instability of 

these compounds during prolonged storage. As a result, a more reliable authentication system 

is urgently required for the New Zealand honey industry. 

 

This study focused on the utility of lepteridine as a candidate marker compound for mānuka 

honey. Lepteridine was identified as the principal compound responsible for the MM2 (ex330 

nm–em470 nm) signature fluorescence displayed by mānuka honey and nectar. The emission 

spectrum (at ex330 nm) of synthesised lepteridine was identical with both mānuka honey and 

nectar with peak emission at 470 nm. A general quenching effect was observed from the honey 

matrix. Despite this quenching effect, lepteridine concentration was linearly correlated with 

the MM2 fluorescence displayed by mānuka honey (R2=0.942) and mānuka nectar (R2=0.611). 

 

Lepteridine is a nectar-derived compound which is exclusively present in Leptospermum 

honey. The concentration of lepteridine was quantified between 5–52 mg/kg in 27 mānuka 

honey samples using HPLC. Comparatively, lepteridine concentration was five-and-a-half-

fold higher in mānuka nectar (n=5) and ranged between 80-205 mg/kg. The reduction of 

lepteridine concentration from nectar to honey can be partly explained by floral dilution. 

Additionally, some lepteridine may be lost through chemical conversion during the honey 

maturation process. Lepteridine was also detected in closely related Australian Leptospermum 

honeys and nectars. Low concentrations of lepteridine were found in some kānuka honey 

samples. However, this is most likely due to floral dilution by mānuka honey in kānuka honey 

as lepteridine was not detected in kānuka nectar. 

 

The application of lepteridine as a chemical and fluorescence marker compound was 

demonstrated in this study. The minimum lepteridine threshold concentration and MM2 
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fluorescence were determined by ROC analysis between field-collected mānuka honey (n=27) 

and non-mānuka honey samples (n=26). For a honey sample to be classified as mānuka honey, 

the minimum lepteridine concentration was determined as 2.6 mg/kg established by LC-

MS/MS. The corresponding minimum fluorescence threshold was 537 RFU as measured by 

the fluorescence plate reader in the laboratory. These cut-off points were used to determine 

the authenticity of 33 commercially purchased honey samples labelled as mānuka honey. The 

results from mass spectrometry and fluorescence spectroscopy showed almost complete 

agreement. Mass spectrometry identified ten samples as mislabelled, whilst fluorescence 

spectroscopy identified 12 mislabelled samples. 

 

These results were compared with leptosperin-based authentication (minimum threshold of 94 

mg/kg) and the MPI chemical criteria. All four approaches identified 21 honey samples as 

authentic mānuka honey, and four samples as mislabelled mānuka honey. The other eight 

honey samples were classified differently using these approaches. These honey samples 

represent the intermediate cases where mānuka honey is present but contaminated by other 

floral sources. The classification of these samples is more arbitrary and dependent on the cut-

off thresholds of marker compounds. Further studies should determine more precise cut-off 

points of lepteridine concentration and MM2 fluorescence. This requires a larger sample size 

for both mānuka honey and non-mānuka honey. 
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6.2. Comparison of methods for mānuka honey authentication 

This study proposed lepteridine as a candidate marker compound for mānuka honey. The 

lepteridine-based approach is compared with other conventional methods in mānuka honey 

authentication. The strengths and limitations of each approach are discussed in this section. 

 

Traditional methods such as physico-chemical and sensory analysis are limited by their lack 

of robustness and reproducibility. These methods are often used in combination with 

melissopalynology, which is based on pollen composition in honey samples. However, 

melissopalynology is not suitable for mānuka honey authentication as the pollen grains of 

mānuka (L. scoparium) and kānuka (K. ericoides) are virtually indistinguishable. These 

traditional methods can also be laborious and time-consuming. Furthermore, pollen 

composition can be affected by the plant variety and weather, and thus the pollen may not truly 

represent the floral origin of honey samples. 

 

Chemical fingerprinting has become increasingly popular in honey authentication. This 

approach measures the amount of unique compound originating from the plant nectar or 

formed during honey maturation. In comparison with traditional techniques, chemical 

fingerprinting is more reproducible due to advancements in analytical techniques. Not 

surprisingly, MGO and DHA were identified as unique compounds present in mānuka honey. 

MGO is the principal compound responsible for the non-peroxide antibacterial activity of 

mānuka honey. DHA is the nectar precursor of MGO. Although MGO and DHA are uniquely 

present in Leptospermum honey, the concentration of these compounds are unstable as DHA 

irreversibly converts into MGO during honey storage: MGO is also not chemically stable, and 

the concentration decreases over prolonged storage. Moreover, both MGO and DHA are 

commercially available, which further increases the risk of honey adulteration. 

 

The New Zealand MPI has released the standard for a honey sample to be classified as mānuka 

honey. The MPI criteria use four chemical marker compounds in combination with pollen 

DNA analysis. The four chemical markers are 2’-methoxyacetophenone (2’-MAP), 2-

methoxybenzoic acid (2-MBA), 4-hydroxyphenyllactic acid (4-HPA), and 3-phenyllactic acid 
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(3-PLA). Among these chemical markers, 2’-MAP is exclusively present in the mānuka nectar; 

2-MBA is also likely nectar-derived and present in most mānuka populations. However, 4-

HPA is found to be present in the nectars of both mānuka and kānuka; and 3-PLA is found in 

the nectars of mānuka, kānuka, and New Zealand ling. Consequently, 4-HPA and 3-PLA may 

not effectively differentiate mānuka honey from kānuka and New Zealand ling honey. 

 

Another concern is the stability of some MPI proposed marker compounds. 4-HPA and 3-PLA 

are chemically stable in honey after prolonged storage at 37 °C. However, the concentration 

of 2’-MAP and 2-MBA were unstable under the same storage conditions (Bong et al., 2018). 

In particular, the concentration of 2’-MAP decreases significantly when honey is stored under 

elevated temperature due to its volatile nature. Further research is required to investigate the 

stability of these marker compounds during long term storage. 

 

The current MPI chemical criteria are used in conjunction with pollen DNA analysis. The 

pollen DNA test can distinguish mānuka honey from other New Zealand honeys including 

kānuka honey, as well as most Australian Leptospermum honeys. Nevertheless, L.scoparium 

honey harvested from New Zealand cannot be distinguished from L. scoparium var. eximium 

harvested from Australia. For pollen-based techniques such as melissopalynology and DNA 

analysis, the amount of pollen may not truly represent the nectar contribution to honey samples. 

 

Leptosperin is likely the most well-studied candidate marker compound of mānuka honey to 

date. Leptosperin is derived from the Leptospermum nectar and exclusively present in 

Leptospermum honey. It is temporally and thermally stable over prolonged storage. The 

concentration of leptosperin has been quantified using HPLC, mass spectrometry, NMR, and 

immuno-chromatographic assays. Leptosperin is also identified as an autofluorescent 

compound. It is principally responsible for the MM1 signature fluorescence (ex270 nm–em365 

nm) exhibited by mānuka honey. The concentration of lepteridine in honey samples can be 

easily measured using fluorescence-based techniques. Additionally, leptosperin is not 

commercially available and the synthesis is complex, which makes it difficult to be used as a 

honey adulterant. Although leptosperin demonstrated several suitable properties as a mānuka 
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marker compound, it was not selected by the New Zealand MPI as a chemical marker 

compound. 

 

During the course of this study, Bong (2018) proposed an alternative approach based on 

peptide profiling for mānuka honey authentication. In this approach, honey samples are 

prepared by trichloroacetic acid precipitation and trypsin digest, then analysed by a nanoLC-

QqTOF-MS/MS system (Bong, 2018). The study identified 12 candidate peptide markers that 

are present at elevated concentrations in mānuka honey. All of these candidate markers are 

derived from the Leptospermum nectar (Bong, 2018). The peptide-based approach is capable 

of differentiating mānuka honey from Australian Leptospermum honeys, including L. 

scoparium var. eximium (Bong, 2018). However, the stability of mānuka peptide markers is 

unknown. 

 

This present study demonstrated the application of lepteridine as a chemical and fluorescence 

marker compound in mānuka honey authentication. The concentration of lepteridine was 

quantified using HPLC, LC-MS/MS and fluorescence spectroscopy. The choice of analytical 

technique depends on the purpose and the required level of accuracy. 

 

HPLC is a quantification technique which separates compounds based on the polarity. It is 

commonly used in the honey industry and HPLC equipment is readily available in most food 

testing laboratories. In this study, lepteridine was quantified in mānuka honey samples using 

HPLC at concentrations ranging between 5–52 mg/kg. The concentration of lepteridine in 

honey samples can be easily quantified alongside other proposed chemical marker compounds. 

However, the HPLC results may be affected by UV-absorbing compounds which co-elute 

under the same HPLC peak. A co-eluting compound was observed during the isolation of 

lepteridine and later identified as 6,7-dimethyl-2,4(1H,3H)-pteridinedione in a previous study 

(Beitlich et al., 2016; Daniels et al., 2016) 

 

Mass spectrometry is another common analytical technique in food analysis. It is frequently 

regarded as the “gold standard” method in quantitative analysis. Quantitative mass 
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spectrometry is highly sensitive and robust, where components are separated based on two 

independent aspects (mass and charge). The concentration of lepteridine was quantified 

between 3–44 mg/kg using LC-MS/MS with an isotopically-labelled lepteridine standard. This 

is approximately 24% less compared to the HPLC results (5–52 mg/kg). The difference is most 

likely due to co-eluting compounds under the same HPLC peak, such as 6,7-dimethyl-

2,4(1H,3H)-pteridinedione. Consequently, mass spectrometry is a more accurate approach as 

it is not affected by co-eluting compounds. Mass spectrometry is currently employed by the 

New Zealand MPI to quantify the amount of proposed chemical marker compounds. 

Lepteridine could be implemented as an additional marker compound to increase the 

robustness of the MPI mass spectrometry analysis. However, compared to HPLC and 

fluorescence spectroscopy, the running cost for routine analysis is more expensive and mass 

spectrometers are less commonly available. 

 

Fluorescence spectroscopy has become increasingly popular in food analysis due to its 

simplicity, specificity, and sensitivity. It is highly specific as it uses a distinct pair of excitation 

and emission wavelengths. It is more sensitive compared to absorption-based spectroscopic 

techniques and sample preparation is not required. Fluorescence spectroscopy has been applied 

in honey analysis due to the presence of intrinsic fluorophores. In mānuka honey, lepteridine 

was identified as the principal compound responsible for the MM2 signature fluorescence. The 

concentration of lepteridine linearly correlated with the MM2 fluorescence intensity displayed 

by mānuka honey. It should be noted that 6,7-dimethyl-2,4(1H,3H)-pteridinedione also 

contributes to the MM2 signature fluorescence. However, the differentiating power of the 

fluorescence assay should not be significantly affected as 6,7-dimethyl-2,4(1H,3H)-

pteridinedione is also exclusively found in Leptospermum honey. Fluorescence spectroscopy 

does not directly measure the concentration of compounds, which can be affected by 

fluorescence quenching from the honey matrix. 
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6.3. Effect of lepteridine on MMP-9 activity 

Gastric ulcer is a common gastrointestinal disorder with the formation of small mucosal 

lesions in the gut wall. The severity of gastric mucosal damage is directly associated with 

ECM degradation by MMPs. Among all MMPs, MMP-9 is highly involved in the ECM 

degradation, cellular remodelling, and infiltration of inflammatory cells. MMP-9 activity is 

directly associated with the severity and occurrence of gastric ulcer, especially during the 

development stage. Thus MMP-9 has become an attractive therapeutic target for the 

prevention and treatment of gastric ulceration. Honey possesses a high level of polyphenolic 

compounds which is believed to prevent the formation of gastric ulcers, potentially due to the 

anti-inflammatory and antioxidant properties. 

 

The underlying inhibitory bioactivity of mānuka honey was investigated using mānuka honey 

phenolic extract to eliminate interference from the sugar content. The phenolic extracts of 

mānuka honey were found to inhibit MMP-9 activity using a commercially available 

fluorescence screening kit. The activity of MMP-9 was inhibited by 30% to 80% with mānuka 

honey extract (0.675% to 10% w/v). Further investigation found the inhibitory activity is likely 

due to the presence of lepteridine. Synthesised lepteridine standard inhibited MMP-9 activity 

by 12% to 99% at concentrations between 5 μg/mL to 40 μg/mL (IC50=1.5 μg/mL). Lepteridine 

showed complete inhibition of MMP-9 activity at 40 μg/mL. In comparison, leptosperin did 

not show significant inhibition at concentrations between 33.75–500 μg/mL. 

 

Mass spectrometry was performed using the same fluorogenic substrate to confirm the MMP-

9 inhibitory activity of lepteridine. The mass spectrometry approach measured the relative 

concentration of fluorescence substrate remaining in the reaction mix compared to the 

lepteridine-supplemented samples and controls. Interestingly, inhibitory activity from 

lepteridine was not detected using mass spectrometry. These findings contradict the results 

from fluorescence spectroscopy. The fluorescence results may be affected by fluorescence 

quenching and overlapping fluorescence from lepteridine. For the mass spectrometry 

experiment, the addition of acetic acid could possibly promote the formation of pteridine 

radicals, which may react with the fluorogenic substrate in the absence of active MMP-9. 
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Further investigations were carried out using a colorimetric assay and gelatin zymography. In 

the colorimetric assay, lepteridine (2.5–40 µg/ml) showed significant but less inhibition of 

MMP-9 activity between 3.5% to 10%. The inhibitory activity appeared to reach a maximum 

at 10% and increased lepteridine concentration to 80 µg/ml did not further inhibit MMP-9 

activity. These findings suggest that lepteridine may bind to an allosteric site and inhibit MMP-

9 in a non-competitive manner. 

 

Gelatin zymography was performed to investigate the gelatinolytic activity of MMP-9. The 

hydrolysis of gelatin by MMP-9 is a two-step process. Gelatin needs to bind to the fibronectin 

type II domain before being hydrolysed at the active site. By comparison, short peptide 

substrates (fluorometric and chromogenic) bind directly to the MMP-9 active site. In this study, 

gelatin gels were incubated overnight in normal developing buffer and lepteridine- 

supplemented (40 mg/kg) developing buffer. Under these conditions, the gelatinolytic activity 

of active MMP-9 was inhibited by 31%. 

 

It appears that the potency of inhibition of MMP-9 depends on the type of substrate. This type 

of differential inhibition has been previously observed for some MMP inhibitors. These 

inhibitors often interact with secondary binding sites called exosites. The exosite of most 

MMPs is found in the hemopexin domain. In gelatinases, the exosite is present within the 

fibronectin type II domain, which is responsible for the binding and preparation of collagen, 

gelatin and elastin. Inhibitors targeting the exosite of MMP-9 can specifically interfere with 

the hydrolysis of these substrates. The hydrolysis of short peptide substrates is not strongly 

affected as those that can bind directly to the active site of MMPs. These present findings 

suggest that lepteridine may act as an exosite inhibitor by binding to the fibronectin domain. 

 

The binding mechanism between MMP-9 and lepteridine was further investigated using ITC 

and docking analysis. The ITC is a thermal-based technique which measures the enthalpy 

change upon binding between two compounds. ITC can yield information on binding 

parameters and thermodynamic profiles with a single experiment without chemical 

modification. The limitation of ITC is that it requires a large quantity of sample. Also, the 



Chapter 6 – Summary and future perspectives 

 

148 

 

observed enthalpy change is a global parameter, which can be contributed to by multiple 

factors. 

 

The binding between lepteridine and MMP-9 was slightly exothermic with an enthalpy change 

of -0.01 to -0.07 kcal mol-1 of lepteridine. Unfortunately, the observed enthalpy change was 

too low to generate meaningful data. This may be due to low binding affinity between 

lepteridine and MMP-9, low enthalpy change, or compensated by the reorganisation of water 

molecules. The observed enthalpy change can also be interfered by various experimental 

conditions, including the choice of buffer, salts, pH, and temperature. Due to the limited 

amount of sample, the ITC experiment was not repeated. Further ITC studies could be 

performed under different experimental conditions to optimise the observed binding enthalpy. 

 

Docking simulation was also performed to predict the possible binding mechanism between 

lepteridine and MMP-9. This is a common tool in drug design which predicts binding 

conformation between two molecules by calculating the binding energy. The binding 

conformation between lepteridine and MMP-9 was performed using Autodock Vina. The 

Autodock Vina tool calculates the minimal binding energy between two compounds by 

considering the intermolecular energy, internal energy, and torsional energy. 

 

The binding analysis was focused on the S1' binding pocket and the fibronectin type II domain. 

The S1' binding pocket is the primary binding site for most zinc-chelating MMP inhibitors, 

whereas the fibronectin type II domain is identified as the secondary binding site for exosite 

inhibitors. The docking analysis suggested that lepteridine is more likely to bind to the 

fibronectin domain compared to the S1' binding pocket. At least ten binding positions for 

lepteridine were found at the fibronectin domain; while only three binding positions were 

found in the S1' binding pocket. The binding scores were also higher at the fibronectin domain 

(-5.9 kcal/mol and -5.1 kcal/mol) compared to the S1' pocket (-5.5 kcal/mol and -4.4 kcal/mol). 

Furthermore, most of the binding positions between lepteridine and the fibronectin domain 

were stabilised by hydrogen bonds. 
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Overall, most of the findings indicate that lepteridine showed inhibitory bioactivity on MMP-

9, with the fluorescence spectroscopy method showing the most potent apparent inhibitory 

effect. Fluorescence spectroscopy may be influenced by the autofluorescence property of 

lepteridine. Lepteridine demonstrated greater inhibition of the gelatinase activity of MMP-9 

than the peptide cleavage activity as established using a chromogenic substrate. It is suggested 

that lepteridine interacts with the fibronectin type II domain, which is the binding site for 

gelatin and other collagens. An exosite interaction is further supported by the result of docking 

analysis. The interaction between lepteridine and the MMP-9 fibronectin is likely stabilised 

by the formation of hydrogen bonds. 

 

6.4. Future recommendations 

In this study, lepteridine displayed several suitable properties as a mānuka marker compound. 

It is a nectar-derived compound with autofluorescence properties. It is chemically and 

fluorescently stable over prolonged storage at 37 °C. Unlike MGO and DHA, lepteridine is 

not commercially available which makes it difficult to use as a honey adulterant. 

 

A more precise cut-off point for lepteridine concentration should be determined before it is 

applied in routine testing. This requires a large sample size for both mānuka honey and non- 

mānuka honey. Quantitative mass spectrometry should be used to determine the concentration 

of lepteridine in mānuka honey samples. This approach is highly sensitive and less affected by 

co-eluting compounds. The LC-MS/MC method used in this study can be further optimised 

by changing buffer conditions and column selection. Furthermore, quantitative mass 

spectrometry of lepteridine can be easily implemented into the current MPI tests, which is also 

based on LC-MS/MS analyses.  

 

Lepteridine possesses auto-fluorescent properties which allows a quick and easy approach to 

authenticate mānuka honey. This present study demonstrated reliable authentication of 

mānuka honey based on the MM2 signature fluorescence (ex330 nm–em470nm), which is 

mainly contributed by lepteridine. The principal compound responsible for the MM1 signature 
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fluorescence (ex270 nm–em365 nm) has been previously identified as leptosperin. Both 

compounds are derived from Leptospermum nectar and stable over prolonged storage. The 

combined measurements at two signature wavelengths can vastly increase the reliability of the 

fluorescence assay. One major concern is the difficulty to determine a fluorescence cut-off 

point as RFU is an arbitrary unit, which varies between laboratory devices. Relevant 

authorities should consider to develop certified devices that specifically measure the MM1 and 

MM2 fluorescence. The unique fluorescence can be easily measured using a handheld 

fluorescence spectrometer. A certified handheld spectrofluorometer can allow on-site 

application by beekeepers to determine the quality of mānuka honey; or used by market 

retailers and regulatory authorities to protect consumer interests. 

 

The ratio between lepteridine and other unique Leptospermum compounds could be used as a 

tool to determine the originality of Leptospermum honey. The chemical profile of 

Leptospermum honey varies between species. Based on the samples provided in this study, 

one of the characteristics of mānuka honey is elevated concentrations of MGO, DHA, and 

lepteridine. Compared to mānuka honey, Australian jelly bush honeys has a lower lepteridine 

to MGO/DHA ratio; whereas L. subtenue has a relatively higher lepteridine to MGO/DHA 

ratio. Further chemical profile analyses could help to differentiate New Zealand mānuka honey 

and several Australian Leptospermum honey. This is important to ensure that the honey 

products are true-to-label.  

 

This study demonstrated that lepteridine may contribute to the anti-inflammatory bioactivity 

of mānuka honey by inhibiting MMP-9. However, binding parameters could not be determined 

from the ITC experiment in this study, possibly due to the thermodynamic nature of the 

binding interaction or the experimental conditions. The ITC analysis was not performed under 

different experimental conditions due to the cost and limited time frame of this study. Further 

studies are warranted to investigate the binding mechanism between lepteridine and MMP-9. 

Alternative approaches to investigate protein-ligand binding interaction are differential 

scanning fluorimetry (DSF), surface plasmon resonance (SPR), NMR and protein x-ray 

crystallography (PX).  
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Differential scanning fluorimetry measures the change in protein melting temperature (Tm) 

upon ligand binding (Privalov, 1979; Schellman, 1997). The Tm can be determined by the 

binging of fluorescent dye to the exposed hydrophobic region at the melting temperature 

(Niesen, Berglund, & Vedadi, 2007). In SPR, the receptor protein is immobilised on the gold-

plated surface of the SPR chip. Ligands are allowed to flow over immobilised proteins. The 

change in refraction angle of the incident light is directly proportional to the mass of bound 

ligands (Merwe, 2001). The NMR method observes the change of resonance parameters of 

protein or ligand upon binding (Lepre, Moore, & Peng, 2004).The protein-based approach can 

localise the binding site with large quantity of labelled proteins (Lepre et al., 2004). The 

ligand-based approach is much more efficient compared to the protein-based method; however 

this ligand-based approach provides no information on the binding site (Huang, Bonnichon, 

Claridge, & Leung, 2017). In PX, the x-ray diffraction pattern of ordered protein molecules is 

collected to yield an electron density map, which is a detailed “snapshot” of the protein 

structure (Gulerez & Gehring, 2014). Ligand binding can be visible on the electron density 

map, as ligands enter the protein crystal and bind in an ordered way (Carvalho, Trincão, & 

Romão, 2009). Each of these screening methods has advantages and limitations associated 

with sensitivity, throughput, cost, and reaction concentration. These techniques are often used 

in parallel to binding information.  

 

Molecular docking analyses showed that lepteridine is likely to interact with the exosite of 

MMP-9 located at the fibronectin domain. The predicted binding models between lepteridine 

and MMP-9 could lead to the identification of more MMP-9 inhibitors with a pteridine 

structure. This also provided information to allow further molecular optimisation of the 

lepteridine structure to enhance inhibition. Compared to broad spectrum MMP inhibitors, 

exosite inhibitors targeting the fibronectin domain allow specific inhibition on MMP-9. 

Further study should investigate the potential inhibitory bioactivity of lepteridine on MMP-2, 

where the fibronectin domain is also present. However, the orientation of fibronectin type II 

inserts are different, which may have evolved differently for divergent binding specificity 

(Lauer-Fields et al., 2008). The fibronectin type II insert interacts with the catalytic domain of 

MMP-2, but not with MMP-9 (Elkins et al., 2002; Morgunova et al., 1999; Rosenblum et al., 

2007). As a result, an overlapping substrate recognition profile was observed between MMP-

2 and MMP-9 with some differences (Chen et al., 2002). Further studies on the substrate 

profile of MMPs would benefit the design of selective inhibitors.   
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Further studies should also investigate the in vivo effectiveness of lepteridine on gastric 

ulceration. These studies are commonly performed using rodent models induced with gastric 

ulcer by ethanol or indomethacin. After the induction, rodent models are divided into several 

treatment groups with oral administration of mānuka honey, lepteridine, lepteridine 

supplement mānuka honey, and negative control (no treatment). After a few days of treatment, 

the size and occurrence gastric ulcers can be measured and compared between treatment 

groups.  

 

It is also important to investigate the bioavailability of lepteridine in human body. The stability 

of lepteridine in human stomach can be initiated using human gastric simulators. Human 

gastric simulators mimic the motor activity of the antral contractions in human stomach. The 

simulator is filled with 50-70 ml of simulated gastric juice prepared by dissolving pepsin, 

gastric mucin, and NaCl in distilled water. The pH of the simulated gastric juice is adjusted to 

1.3 by 6 N HCl. The gastric simulator can mimic the digestion of lepteridine for 3-5 hours at 

37 °C. The remaining digesta are removed to examine the bioavailability of lepteridine after 

digestion. For more accurate analysis, lepteridine bioavailability can be investigated by 

conducting human trials with oral administration of mānuka honey. The bioavailability of 

lepteridine can be determined by measuring lepteridine concentration in human blood or urine 

samples. 

 

These is also a need to determine the amount of mānuka honey that needs to be consumed to 

effectively prevent gastric ulcer. Based on the result using the commercial MMP-9 

fluorescence kit, the minimum effective dose for lepteridine in 5 μg/ml. The lepteridine 

concentration in a highly monofloral mānuka honey is around 40 μg/ml. The adult human 

stomach fluid volume is approximately 70 ml. Under these conditions, it requires 350 μg of 

lepteridine to reach the effective dose 5 μg/ml. The minimum amount of mānuka honey that 

needs to be consumed is 8.75 g (350 μg divided 40 μg/g), which is about half of a table spoon. 

It should be noted that the current calculation is an estimated value, the gastric fluid flow rate 

and other factors should be considered.  
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Overall, the present study contributes to our understanding of lepteridine as a unique 

compound exclusively present in Leptospermum honey. Lepteridine displayed suitable 

properties as a mānuka honey marker compound and its concentrations can be quantified using 

multiple approaches. The findings of this study may be of assistance to the ongoing 

improvement of New Zealand mānuka honey authentication. This study also showed evidence 

of the potential MMP-9 inhibitory bioactivity of lepteridine. The inhibition of MMP-9 may be 

one of the factors contributing to the overall anti-inflammatory property exhibited by mānuka 

honey. These findings should help to expand our understanding of the therapeutic effect of 

mānuka honey and assist to its application for the treatment of gastric and skin conditions. 
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Appendix A. Three independently prepared calibration curves for lepteridine (1–100 ng/mL) 

based on weighted linear regression of peak area ratios (lepteridine:isotopically-labelled 

lepteridine). The correlation coefficient (r) for each batch was determined to be ≥0.995 

                   . 



 

 

 

Appendix B. Accuracy of isotopically-labelled lepteridine-based mass spectrometry measurement as determined by percentage of theoretical 

concentration, and correlation coefficient. 

Actual 

concentration 

(ng/mL) 

Batch #1 Batch #2 Batch #3 

r=0.9960 r=0.9959 r=0.9957 

Measured 

concentration 

(ng/mL) 

Accuracy (%) 

Measured 

concentration 

(ng/mL) 

Accuracy (%) 

Measured 

concentration 

(ng/mL) 

Accuracy (%) 

1.00 0.885 88.5 0.961 96.1 1.09 109.0 

1.00 1.09 108.7 1.12 111.5 0.883 88.3 

2.00 2.28 114.2 1.40 70.2* 2.11 105.3 

2.00 1.97 98.6 1.78 89.0 2.06 103.1 

5.00 4.55 91.1 4.49 89.9 4.43 88.6 

5.00 4.64 92.7 3.94 78.7* 4.22 84.3* 

10.0 9.15 91.5 9.29 92.9 10.9 109.2 

10.0 10.2 102.4 10.3 103.2 9.90 99.0 

25.0 25.6 102.2 24.1 96.2 23.1 92.2 

25.0 25.0 99.9 26.4 105.7 26.5 105.8 

50.0 50.5 101.0 53.2 106.3 52.8 105.6 

50.0 50.5 100.9 49.9 99.9 47.3 94.6 

100 109 108.6 97.4 97.4 93.1 93.1 

100 99.5 99.5 112 111.9 106 106.2 

* = Individual datapoint removed from regression.  



 

 

 

Appendix C. Precision (intra-day repeatability) of method expressed as % CV. 

 

QC concentration 
(ng/mL) 

Measured 
concentration (ng/mL) 

Mean 
(ng/mL) 

Standard 
deviation 

% CV 

Day 1 3.00 2.59 2.69 0.208 7.7 

2.56 

3.05 

2.84 

2.62 

2.51 

40.0 41.5 40.3 2.97 7.4 

39.9 

40.5 

36.7 

38.1 

45.3 

80.0 82.7 79.9 3.93 4.9 

75.2 

75.8 

83.3 

78.3 

84.0 

Day 2 3.00 2.72 2.91 0.131 4.5 

3.11 

2.92 

2.99 

2.89 

2.85 

40.0 34.7 39.0 2.77 7.1 

36.9 

40.6 

42.2 

38.8 

40.6 

80.0 78.4 79.4 1.92 2.4 

81.3 

80.4 

76.8 

77.9 

81.3 

  



Appendices 

 

190 

 

 

Appendix C continued. 

 

QC 

concentration 

(ng/mL) 

Measured 

concentration (ng/mL) 

Mean 

(ng/mL) 

Standard 

deviation 

% CV 

Day 3 3.00 3.09 3.08 0.162 5.3 

3.06 

3.14 

2.84 

3.01 

3.34 

40.0 40.0 39.7 2.02 5.1 

39.2 

37.0 

39.4 

43.2 

39.6 

80.0 79.3 80.8 7.24 9.0 

82.2 

91.1 

73.6 

72.4 

86.3 

 

 



 

 

 

Appendix D. Reproducibility (inter-day precision) of the LC-MS/MS method determined as % 

CV. 

QC 

concentration 

(ng/mL) 

Measured concentration 

(ng/mL) 

Mean 

(ng/mL) 

Standard 

deviation 

% CV 

Day 1 Day 2 Day 3 

3.00 2.59 2.72 3.09 2.90 0.227 7.9 

2.56 3.11 3.06 

3.05 2.92 3.14 

2.84 2.99 2.84 

2.62 2.89 3.01 

2.51 2.85 3.34 

40.0 41.5 34.7 40.0 39.7 2.53 6.4 

39.9 36.9 39.2 

40.5 40.6 37.0 

36.7 42.2 39.4 

38.1 38.8 43.2 

45.3 40.6 39.6 

80.0 82.7 78.4 79.3 80.0 4.63 5.8 

75.2 81.3 82.2 

75.8 80.4 91.1 

83.3 76.8 73.6 

78.3 77.9 72.4 

84.0 81.3 86.3 

 

 



 

 

 

Appendix E. Representative extracted ion chromatograms for the common fragment ion m/z 

148.05 from unspiked (A) clover honey and (B) mānuka honey showing the lepteridine and 

heavy isotope-labelled lepteridine channels. 

 

 



 

 

 

Appendix F. Representative extracted ion chromatograms showing lack of interference 

following supplementation of heavy isotope lepteridine standard into a blank clover honey 

carrying no measurable level of endogenous lepteridine. Ion counts are based on the common 

fragment ion m/z 148.05 for (A) lepteridine and (B) heavy isotope lepteridine standard. 

 

 



 

 

 

Appendix G. Recovery of lepteridine calculated based on difference between amount recovered from spiked honey and from solution. Analyses carried 

out in triplicate. 

Sample  Measured concentration (ng/mL) Accuracy (%) Recovery (%) 

Replicate1 Replicate2 Replicate3 Mean 

QC 3 ng/mL in solution 2.02 2.68 2.66 2.45 81.7 

104.0 QC 3 ng/mL in honey 2.85 2.48 2.33 2.55 85.0 

       

QC 40 ng/mL in solution 41.0 40.7 43.4 41.7 104.2 

97.6 QC 40 ng/mL in honey 42.2 39.0 40.9 40.7 101.7 

       

QC 80 ng/mL in solution 76.4 79.0 81.4 79.0 98.7 

98.2 QC 80 ng/mL in honey 76.4 75.1 81.0 77.5 96.9 

 

 

 


